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SUMMARY

Sylvatic circulation of African swine fever virus (ASFV) in warthogs and eyeless Ornithodoros
ticks that live in warthog burrows historically occurred in northern South Africa. Outbreaks of
the disease in domestic pigs originated in this region. A controlled area was declared in the
north in 1935 and regulations were implemented to prevent transfer of potentially infected
suids or products to the rest of the country. However, over the past six decades, warthogs
were widely translocated to the south where the extralimital animals flourished to become an
invasive species. Initial transfers were made from a source considered to be free of ticks and
virus, but multiple unrecorded translocations accompanied the subsequent burgeoning of the
wildlife industry. Since 2016, there have been outbreaks of African swine fever (ASF) in pigs
outside the controlled area that cannot be linked to transfer of infected animals or products
from the north. An investigation in 20081 2012 revealed that the presence of Ornithodoros ticks
and ASFV in warthog burrows extended marginally across the boundary of the controlled area.
Furthermore, a recent revision of the taxonomy of Afrotropical Ornithodoros ticks included
description of new species and indicated that some species were present outside the

controlled area.

The present project was undertaken to confirm whether there is sylvatic circulation of ASFV
beyond the controlled area through testing warthog sera for presence of antibody and
Ornithodoros ticks for presence of virus. Although warthogs are widely hunted in South Africa,
logistic problems precluded the recruitment of adequate numbers of samples from hunters,
and hence opportunistic use was made of samples collected during warthog culling operations
in large nature reserves to augment samples obtained from hunters or collected in association

with provincial veterinary authorities on farms in the vicinity of past outbreaks of the disease.

The Greater Kruger National Park (GKNP) inside the controlled area was sampled as
representative of an environment where circulation of ASFV in ticks and warthogs is endemic,
while Addo Elephant National Park (Addo ENP) was included in the study for contrast since
the presence of ASFV had never been recorded in the Eastern Cape Province at the time of
sampling in 2019, although there were outbreaks of the disease about 250 km east of the
national park in the following year. Specific evidence of sylvatic circulation of ASFV was sought
in Mokala National Park (Mokala NP) because contact with warthogs had been reported in
outbreaks of the disease in domestic pigs in the Northern Cape Province and adjacent western
Free State Province. Stored serum samples were also obtained opportunistically from 44
warthogs culled in 2017 in the provincial Rolfontein Nature Reserve (Rolfontein NR), 100km

south of Mokala NP. Besides serum for antibody tests and whole blood samples taken with
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EDTA anticoagulant, opportunity was taken to collect samples of selected visceral organs and
lymph nodes from culled warthogs for determining ASFV presence in warthog tissues to be

reported separately from the present project.

Antibody to ASFV was detected by blocking ELISA in 201/207 (97.1%) warthog sera from
GKNP, 0/66 sera from Addo NP, 0/44 from Rolfontein NR, 76/77 (98.7%) from Mokala NP,
26/29 (89.6%) dried blood samples from hunted warthogs from properties inside the controlled

area and 8/12 (66.7%) warthogs from properties outside the controlled area.

A total of 5078 ticks was collected at 45 locations in 7/9 provinces during 2019i 2021 and
assayed as 711 pools for virus content by qPCR, while 221 pools were also analysed for tick
phylogenetics. Viral nucleic acid was detected in 50 tick pools representing all four members
of the Ornithodoros (Ornithodoros) moubata complex known to occur in South Africa: O. (O.)
waterbergensis and O. (O.) phacochoerus species yielded ASFV genotypes XX, XXI, XXII at
4 |ocations and O. (O.) moubata yielded ASFV genotype | at two locations inside the controlled
area. Outside the controlled area, O. (0O.) moubata and O. (O.) compactus ticks yielded ASFV
genotype | at 7 locations, while genotype Il ASFV was identified in O. (O.) compactus ticks at
a single location. Two of the three species of the eyed O. (O.) savignyi complex ticks known
to be present in the country, O. (O.) kalahariensis and O. (O.) noorsveldensis, were collected
at single locations and found negative for virus. The only member of the Pavlovskyella
subgenus of Ornithodoros ticks known to occur in South Africa, O. (P.) zumpti, was collected
from warthog burrows for the first time, in Addo National Park in the Eastern Cape Province
where ASFV had never been recorded, and it tested negative for the ASF viral nucleic acid.
Since ASF subsequently occurred in Eastern Cape Province, a short communication on the
finding of O. (P.) zumpti in warthog burrows was published separately to stimulate

investigation of the possible involvement of the tick in ongoing outbreaks there.

The current observations extend the known distribution ranges of some tick species and
provided presumptive evidence of their role as vectors of ASFV. While it was confirmed that
there is sylvatic circulation of ASFV outside the controlled area in South Africa, there is a need
for more extensive surveillance and for vector competence studies with various species of
Ornithodoros ticks, including O.(P.) zumpti, and O. (O.) compactus that had previously only

been known as a parasite of tortoises.
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Literature review and motivation
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1.1 Introduction

African swine fever (ASF) is a contagious and lethal viral disease of domestic pigs. The virus
spreads rapidly in naive pig populations and may attain fatality rates approaching 100%, but
where infection is not eradicated strains with reduced virulence can arise (Penrith et al., 2019).
The causative agent, African swine fever virus (ASFV), is presumed to have evolved in eastern
and southern African sylvatic circulation between warthogs, and argasid ticks of the genus
Ornithodoros (Jori and Bastos, 2009; Penrith and Vosloo, 2009). The disease was first
recorded in Kenya in 1909 in domestic pigs farmed in proximity to warthogs (Phacochoerus
africanus) and bushpigs (Potamochoerus larvatus) (Montgomery, 1921). In experimental
infections, both bushpigs and warthogs underwent benign viraemic infection but were not
contagious for domestic pigs (Montgomery, 1921). It was only after the occurrence of the
disease had been recognized in South Africa in 1926 (Steyn,1928) that the virus was
recovered from naturally infected warthogs by inoculation of blood subcutaneously in domestic
pigs (Steyn 1932). Over the next few decades spread of the disease in Africa was facilitated
by a massive increase in small-scale pig farming that frequently involved free-ranging animals

and informal trading in communal and peri-urban areas (Penrith et al., 2019).

Multiple genotypes of the virus are known to exist and in 1957 and again in 1960, genotype |
was accidentally introduced into the Iberian Peninsula, putatively from western Africa in
contaminated swill derived from airline catering. The infection spread in Europe, and to the
Caribbean and South America on the second occasion, taking decades to control. Genotype
Il was introduced into Georgia in 2007, ostensibly from eastern Africa in swill from a ship, and

infection spread progressively in Eastern and Central Europe.

The destructive potential of the disease was fully appreciated with the entry of the virus into
China, the worl dbés bi opg0d& The giseask sprpad mpidly @aerass, China
and into other Asian territories (Dixon etal., 2020).Ch i na 6 s e c o rawdmighadentando wt h
for pork had resulted in an increased number of small-scale farmers. As has been seen in
Africa, small-scale farmers are not able to endure the ever-rising cost of commercially-
produced feeds. Therefore, locally produced feed is used, in many cases containing potentially
infected swill. Informal trading without appropriate biosecurity protocols is also reported. The
sheer size of the pork industry in China renders control and prevention measures extremally

complex (Dixon et al., 2020).

To date, the virus remains active in many countries, including its re-appearance in the

Americas following a near 40-year absence. Losses are far greater abroad than in Africa
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where pig farming occurs on a more limited scale. Consequently, ASF is no longer an African

disease but an unprecedented global problem.

1.2 Aectiology of ASFV

African swine fever virus is the sole member and type species of the Asfivirus genus of the
Asfarviridae family and only DNA virus known to be arthropod-borne. However, a novel
Asfivirus-like virus, provisionally designated as abalone asfa-like virus (AbALV), was recently
described as the cause of abalone amyotrophia (Dixon et al., 2013; Penrith et al., 2019;

Matsuyama et al., 2020).

African swine fever virus is a large, enveloped, double-stranded DNA virus with icosahedral
morphology and an external diameter of approximately 200nm (Figure 1.1) (Salas and Andrés,
2013; Penrith et al., 2019). The core nucleoid contains the genome and nucleoproteins. It is
coated by a 30 nm protein shell that constitutes about 32% of the total mass of the virion. The
core shell is surrounded by an inner single lipid membrane, proposedly derived from the
endoplasmic reticulum (Salas and Andrés, 2013). Next there is the capsid formed by
approximately 2,000 capsomeres (Salas and Andrés, 2013). The virion outer envelope
resembles a plasma membrane and is acquired during virus budding (Salas and Andrés,
2013).

Isolates vary in genomic length between 170 and 193 kilo base pairs (kbp) owing to gains
and/or losses of multigene family members in the central conserved region and left or right
variable regions (Blasco et al., 1989). Available data indicates a genome comprising 151-167
open reading frames encoding 160 7 175 genes including structural and non-structural
proteins, assisting with but not limited to; ontogenesis, replication and evasion of the host cells
defence (Figure 1.1) (Kleiboeker et al., 1998, Penrith et al., 2019; Dixon et al., 2019).

1.2.1 Internalization to uncoating

The virus targets mononuclear phagocytes, preferentially monocytes and macrophages
(Dixon et al., 2020). Infection of other cells is possible, although with notable reductions in viral
growth (Meloni et al., 2022). Several modes of entry have been described which include
receptor and/or non-receptor mediated processes (Angulo et al., 1993; Alonso et al., 2013;
Sanchez et al.,, 2017; Gaudreault et al., 2020). The virus exploits fundamental cellular
processes such as endocytosis and direct fusion through receptor-dependent mechanisms

(Alonso et al., 2013; Dixon et al., 2019; Gaudreault et al., 2020). Many macrophage receptors
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have been implicated in viral entry, but no specific receptor has been identified. Endocytosis
into clathrin-coated pits has been suggested; a process that allows transport across the
plasma membrane in all mammalian cells (Mellman, 1996; Alonso et al., 2013; Sanchez et al.,
2017). Non-receptor mediated macropinocytosis, an actin-dependant process, has also been
widely investigated. The process involves viral triggering of macropinosomes allowing for
introduction into the cytoplasm to form viral factories in the cytosol (Sanchez et al., 2012, 2017;
Hernaez et al., 2015; Dixon et al., 2019; Gaudreault et al., 2020). Fc-receptor-mediated cell
entry following an intricate macrophage/receptor process has been proposed, mediating
ASFV infection of macrophages via IgG antibody-antigen complexes as demonstrated for
many viruses, although the process is complex and further investigations are warranted
(Sanchez et al., 2017; Sunwoo et al., 2019; Gaudreault et al., 2020).

1.2.2 Viral replication to egress

Replication begins in the nucleus, but is predominantly cytoplasmic, starting soon after entry
into host cells (Simdes et al., 2019; Gaudreault et al., 2020; Wang et al., 2021). Early gene
expression starts at 4-6 hours post infection (hpi), with replication proteins, following which the
ASFV genome is replicated at 6-8hpi (Wang et al., 2021). Intermediate expression of new
virion structural proteins follows at 8-16hpi. Late expression occurs at 16-24hpi where the virus
particles are assembled in areas known as viral factories, following which, new viral particles
move toward the plasma membrane for egress via budding at 24hpi, (Jouvenet et al. 2004;
Dixon et al., 2013; Penrith et al., 2019, Wang et al., 2021).

1.2.3 African swine fever virus diversity

Eight serotypes have been identified based on virus hemagglutination inhibition assays.
Malogolovkin et al., (2015) proposed the genotyping of CD2-like protein (CD2v) and C-type
lectin genes as a simplified method to group ASFV into serogroups. To date 24 genotypes (I
XXIV) have been identified based on partial p72 gene sequencing. Other gene targets have
been used for greater resolution of relationships within the genotypes. The following three
gene targets have been extensively used in the epidemiology of the disease (WOAH, formerly

Office International des Epizooties, OIE):
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() P72 (B646L) genotyping

Virus protein 72 (VP72) is the major capsid protein encoded by the B646L or p72 gene and
was one of the first targets used for ASFV genotyping. (Tabarés et al., 1980; Lopez-Otin et al.
1990; Yu et al., 1996). Twenty four genotypes (IT XXIV) have been described using patrtial
sequencing of the C-terminus region of this gene. All 24 genotypes are present in Africa
(Achenbach et al., 2017; Bastos et al., 2003; Boshoff et al., 2007; Lubisi et al., 2005; Quembo
et al., 2018). Only two genotypes, namely genotypes | and Il, have been recorded outside the
African continent and are responsible for the current global occurrence of the disease
(Mulumba-Mfumu et al., 2019). Subtypes within genotype | have been described based on the
occurrence of single nucleotide polymorphisms within p72 (B646L) gene (Amar et al., 2021).

(i) P54 (E183L) genotyping

Virus protein 54 (VP54) encoded by the E183L gene was used to increase intra-genotypic
resolution of p72 genotypes. However, few phylogenetic studies have been conducted in
comparison to the p72 gene. Gallardo et al., (2009) investigated additional strategies to
analyse the phylogeny of ASFV isolates in Kenya and Uganda by evaluating p72 and p54
simultaneously and reported the phylogenetic analysis of both assays was near identical.
During the analysis, four subtypes of genotype | were identified, namely la, Ib, Ic, and Id,
however this designation should not be confused with the same designations applied to ASFV
genotypes defined by p72 gene sequences (Amar et al., 2021). It is advocated that the p54
gene should only be used as an auxiliary to other phylogenetic assays (Qu et al., 2022).

(i)  CVR (9RL/B602L) genotyping

Identifying differences between viruses of the same p72 genotype can also be achieved by
comparing amino acid sequences of tetrameric repeats from the central variable region (CVR),
located within the 9RL open reading frame. Bastos et al., (2004), however, warns that low
genetic diversity occurs and CVR alignments become difficult and biased when used alone to
evaluate ASFV genotypes. This approach, therefore, should be considered complementary to

other genotyping methods.
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1.2.4 Alternative analysis

Since CD2v and C-type lectin gene loci mediate serologic specificity they are useful in
immunological studies (Malogolovkin et al., 2015) However, next-generation sequencing
(NGS) is becoming increasingly available, both in research and clinical settings. This platform
although not without its drawbacks, enables a much more comprehensive analysis of ASFV
isolate relationships, antigenic diversities, epidemiological tracing, diagnostics and may assist
with the identification of potential vaccine candidates (Dixon et al., 2013).
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Figure 1.1: Schematic representation of ASFV structure and viral replication. Adapted from Gaudreault et al., (2020). (A) ASFV host cell entry via
endocytosis; macropinocytosis; Fc-receptor mediated and/or phagocytosis. (B) Intracellular vesicles are formed composed of adaptor protein
coated clathrin producing early endosomes or macropinosomes allowing for viral uncoating. (C) Replication of the ASF viral genome occurs briefly
in the nucleus, but is predominantly cytoplasmic, taking place in viral factories. Gene expression initially involves replication proteins followed by

the production of structural proteins, allowing for viral assembly. (D) Assembled virions are released via budding.
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1.3 Pathogenesis

The present study is principally concerned with the circulation of virus between tick vectors
and warthogs, and since the disease presentation and pathogenesis in domestic pigs has
been extensively reviewed (Penrith et al., 2019; Salguero, 2020) the subject is only briefly
discussed here.

The clinical presentation of ASF infection ranges from peracute to subclinical disease. The
disease outcome has been linked to factors such as age, infectious dose and the virulence of
the isolate. Virus isolates may be of high, moderate or low virulence (Pan and Hess, 1984).
Highly virulent strains cause peracute or acute fatal disease, moderately virulent isolates may
cause acute and subacute disease. Chronic forms of the disease have been reported, while
low virulence isolates produce mild and non-specific signs easily confused with other diseases
(Penrith et al., 2019; Sanchez-Cordén et al., 2021).

1.3.1 Peracute disease

Disease caused by highly virulent ASFV isolates is typically characterized by rapid onset,
anorexia, lethargy, and sometimes sudden death with either no clinical signs before death or
marked pyrexia and animals rapidly becoming comatose or moribund. This form is often
observed when the virus enters naive populations (Penrith et al., 2019; Penrith and Vosloo,
2009).

1.3.2 Acute disease

Acute disease is caused by virulent isolates. It is associated with clinical signs including but
not limited to marked pyrexia, tachycardia and tachypnoea, lethargy, anorexia, and
recumbency. Pigs may also exhibit haemorrhage, and/or petechia of the skin. Death follows
from 2-13 days after infection and mortality approaches 100% (Penrith et al., 2019; Penrith
and Vosloo, 2009).

1.3.3 Subacute disease
Subacute forms of the disease are usually caused by low or moderately virulent isolates and

in many cases are altogether subclinical. When clinical signs are apparent, they are generally

milder than seen in acute forms and the onset of the disease is usually 2-10 days. Clinical
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cases last approximately 20 days and pigs usually succumb to the disease two weeks after

infection. Mortality may reach 70% (Penrith et al., 2019).

1.3.4 Chronic disease

In the chronic form of the disease onset may be insidious and clinical signs atypical and
persistent. Non-specific signs may include skin ulceration, arthritis, stunted growth,
emaciation, pneumonia and abortion. Mortality rates may be low (>30%) (Penrith et al., 2019).

Sub-clinically or chronically infected survivor pigs, can remain persistently infected for months,
and long term survival of up to 465 days has been reported. This may contribute to
transmission and play an important role in disease persistence in endemic areas, including
sporadic outbreaks and ASF introductions into disease-free populations (Penrith and Vosloo,
2009). However, such pigs are not considered subclinical carriers in the traditional sense, as

they are unhealthy and eventually die of the disease (Stahl et al., 2019; Penrith et al., 2019).

1.4 Epidemiological cycles

Historically, three epidemiological transmission cycles have been described for ASF: a sylvatic
cycle, a tick-pig cycle and a domestic pig-pig cycle (Costard et al., 2013). However, a fourth
transmission cycle involving the wild boar population of Europe has been proposed (Figure
1.2) (Chenais et al., 2018).

1.4.1 Sylvatic Cycle

Infected adult warthogs show no clinical signs of long-term infection; with virus persisting in
lymphoid tissues and viraemia is usually undetectable or of low-titre (Thomson, 1985).
Horizontal and vertical transmission does not appear to occur between warthogs, and likewise
there is no direct transmission from warthogs to domestic pigs. Maintenance of the virus is
dependent on the relationship between the ticks that inhabit warthog burrows and the warthog
piglets that become infected during the farrowing season (October T December). Warthog
piglets develop intense viraemia for several weeks after being bitten by infected ticks in
burrows, allowing naive ticks that take blood meals to become infected and thus perpetuate

the transmission cycle (Thomson et al., 1980, Plowright et al., 1994, Costard et al., 2013).
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Warthogs can transmit infection to domestic pigs indirectly by conveying infected ticks to the
vicinity of piggeries, or else when tissues of infected warthogs are fed to pigs as swill, although
the infectivity of warthog tissues for domestic pigs is disputed (Costard et al., 2009, Costard
et al., 2013; Penrith et al, 2019).

Bushpigs (Potamochoerus porcus) have been shown to develop more intense viremia than
warthogs and to be transiently contagious for domestic pigs (Anderson et al., 1998). Since
bushpigs do not live in burrows it is surmised that they are not exposed to infection from
Ornithodoros ticks. Natural infection of bushpigs has been detected in East Africa and
Madagascar. It is thought that they become infected through environmental contamination in
East Africa and may transmit infection to domestic pigs in the same manner. In South Africa,
bushpigs occur in wooded areas in the north of the country and inland from the eastern and
southern coastlines but are absent from the more arid northwest and are considered unlikely
to play a significant role in infecting domestic pigs (Detray, 1963; Mansvelt, 1963; Thomson et
al., 1980; Anderson et al., 1998; Oura et al., 1998; Ravaomanana et al., 2011; Okoth et al.,
2013; Stahl et al., 2014; Kukielka et al., 2016; Salguero, 2020).

Another member of the Potamochoerus genus, the red river hog (P. porcus), that occurs in
rain forests from Senegal to the Congo Basin and, the giant forest hog (Hylochoerus
meinertzhageni) that occurs in tropical forests of Central Africa have been found infected with
ASFV on isolated occasions but the distribution of these species is much more restricted than
bushpigs and even more so than warthogs and therefore, they are unlikely to be a regular
sources of infection for domestic pigs (Heuschele and Coggins, 1965; Luther et al., 2007).

1.4.2 Domestic pig-tick cycle

A transmission cycle involving domestic pigs and Ornithodoros ticks was first reported to occur
in the Iberian Peninsula after escape of the virus to Europe. In Africa, ASFV was found in
Ornithodoros ticks that had become established in the cracks and crevices of rudimentary pig
shelters in Malawi, Madagascar and Mozambique (Sanchez Botija, 1963; Haresnape et al.,
1988; Ravaomanana et al., 2011; Quembo et al., 2018). It is not apparent from the literature

that the domestic pig-tick cycle has been adequately investigated elsewhere in Africa.
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1.4.3 Domestic pig-pig cycle

Once ASFV is introduced into a domestic pig population, it is transmitted rapidly by direct
contact between infected and susceptible pigs causing high mortality, with a few potential
survivors, remaining chronically infected (Costard et al., 2009, 2013). Chronically infected

individuals do not usually transmit infection beyond 20-40 days6 post i nfecti

Ferreira et al., 2013), unless they are slaughtered and their tissues fed to other pigs in swill.
However, where outbreaks are not rigorously controlled by slaughter and re-stocking, ASFV
isolates with reduced virulence tend to emerge and persist in pig populations (Penrith et al.,
2019).

1.4.4 Eurasian wild boar-habitat cycle

Both direct transmission between infected and susceptible wild boars and indirect
transmission through contamination of the habitat by infected carcasses occur in Eastern
Europe, with the cold climate facilitating long term survival of virus in carcasses (Chenais et
al., 2018). This cycle is currently considered one of the main drivers of persistent infection in
the Caucasus, Russia, and the Baltic States, posing a major threat to the European pig
industry (Guberti et. al., 2019).
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Figure 1.2: ASFV transmission cycle schematic; Adapted from Gaudreault et al., (2020). In Eurasia and Africa, ASFV is commonly transmitted between domestic
pigs through direct contact, consumption of contaminated pig products and through fomites (Pig-Pig). In Eurasia, transmission between domestic pigs and wild
boars takes place at the livestock-wildlife interface, linked to breaks in biosecurity. ASF circulation occurs within wild boar populations via indirect environmental
contamination (wild boar habitat). ASFV can be transmitted between soft ticks of the genus Ornithodoros established in domestic pig enclosures, therefore
serving as persistent reservoirs of ASFV as seen in the Iberian Peninsula, East and Southern Africa (Pig-Tick cycle). No interactions between wild boar and soft
ticks has been described. Sylvatic circulation in Eastern and Southern Africa involves virus transmission between warthog (Phacochoerus africanus) piglets and
Ornithodoros ticks. Warthogs piglets develop intense viremia facilitating infection of naive ticks which feed on them. Adult, warthogs undergo long-lasting
infection of lymphoid tissues and are considered dead-end hosts. Ornithodoros tick vectors are able to transmit the virus transstadially, sexually, and
transovarially.
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1.5 Ornithodoros tick vectors

Ticks of the genus Ornithodoros within the family Argasidae have a near global distribution,
almost all occurring in tropical and/or sub-tropical habitats and comprise over 100 species; the
exact number varying with periodic discoveries and taxonomic revisions (Taylor et al., 2007;
Bakkes et al., 2018; Mans et al., 2019). In South Africa, argasids are colloquially referred to
as 0t a mheiawasy@uticle confers resistance to desiccation, facilitating their occurrence
in warmer and the more arid regions (Figure 1.3) (Hafez et al., 1970; Vial, 2009; Kaufman,
2013). Male and female soft ticks are similar in appearance and sexual dimorphism is only
visible in adults that can be distinguished by the shape of the genital aperture.

The ticks are nidicolous, living in close association with their hosts with distinction made
between endophilous nidicoles such as eyeless Ornithodoros moubata sensu lato ticks that
live within host habitations including animal burrows, and harbourage nidicoles, such as eyed
Ornithodoros savignyi s.l. ticks that live in the environs of their hosts, such as sand at animal

resting sites above ground (Vial, 2009; Gray et al., 2013).

The type species of the genus Ornithodoros, O. savignyi (Audouin, 1827), was originally
described as Argas savignyi Audouin, 1827 from specimens collected from sand in Egypt. The
name Ornithodoros moubata (Murray) (1877), sensu Walton, 1962, was originally applied as
Argas moubata, Murray, 1877 to a tick found in Angola. Both species were subsequently
transferred to the genus Ornithodoros that was erected by Koch, (1884). Many authors simply
distinguish between eyeless ticks of the O. (0.) moubata complex and eyed ticks of the O. (O.)
savignyi complex, but the ticks of the Ornithodoros subgenus have a complex taxonomic
history culminating in the recent revision of the subgenus including recognition of new species,

as discussed in detail in Chapter 4.

Unlike ixodids, larval ticks of the subgenus Ornithodoros tend to moult directly into the first
nymphal instar without feeding and nymphs undergo 21 8 moults depending on species and
adequacy of blood meals. Furthermore, argasid ticks including Ornithodoros species generally
feed rapidly in minutes to hours, and leave their hosts to moult to the succeeding instar within

weeks to months or to lay eggs as adult females (Vial, 2009; Gray et al., 2013).

The involvement of arthropods in transmission of ASFV was considered a possibility at an
early stage in the investigation of the disease (Montgomery, 1921). However, transmission of
the virus by Ornithodoros ticks of the Pavlovskyella subgenus was only recognized after the

virus had been introduced into Spain (Sanchez Botija, 1963). Transmission of ASFV by

13| Page



Ornithodoros ticks was subsequently confirmed in Africa (Plowright et al., 1969a; Plowright et
al., 1969b). The life cycles of Ornithodoros ticks and their relationships to warthogs and ASFV
are discussed in Chapter 4.
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Figure 1.3: Prominent morphological features of an adult Ornithodoros (Ornithodoros) spp. Female, (A) Dorsal view (B) Ventral view
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1.6 Diagnosis of ASFV infection

Methods for diagnosis of ASFV infection currently approved by WOAH (OIE) include detection of
viral nucleic acid by conventional or quantitative PCR, isolation of virus in monocyte or
macrophage cultures prepared from peripheral blood leucocytes or bone marrow of pigs, or
detection of viral antigen by immunofluorescence or enzyme-linked immunosorbent assays
(ELISA). The PCR tests are more sensitive than isolation of virus, provide rapid diagnoses and
can be used in conjunction with sequencing for identification of virus genotypes. Immune
responses can be detected by blocking ELISA (kits are commercially available), indirect
immunofluorescence, indirect immunoperoxidase test, or immunoblotting. Rapid pen-side
diagnostic tests and the use of cell lines in place of primary pig cell cultures have been
investigated and while none have yet been approved by WOAH, portable next generation
sequencing devices could find diagnostic and epidemiological application (Sanchez-Vizcaino and
Heath, 2019; Penrith et al., 2019; Gaudreault et al., 2020; Pikalo et al., 2021).

1.7 African swine fever in South Africa

Outbreaks of disease similar to the then newly-described ASF in Kenya, were reported in 1926 in
pigs farmed in the northernmost Limpopo Province of South Africa, and it was found that pigs
could be infected by inoculation with blood from warthogs shot in the district involved (Steyn,
1928, 1932). Outbreaks of the disease elsewhere were caused by movement of infected pigs or
pork products from the north, notably to farms in the environs of Johannesburg in Gauteng
Province and from there to properties in Western Cape Province. Consequently, a controlled area
(Figure 1.4) was declared in the north and regulations were implemented to prevent transfer of
infected suids or products to the rest of the country (De Kock et al., 1940). The northern most tip
of KwaZzZulu-Natal Province was included in the controlled area and the presence of the sylvatic
cycle was later confirmed there in Mkhuze Game Reserve (Thomson et al., 1983). However, no
outbreaks of ASF have been recorded in that province. No ASFV was found in ticks collected in
Mkhuze Game Reserve in 2002, and more recently no ticks were found in warthog burrows in the

nearby Ndumo Game Reserve (Arnot et al., 2009; Mapendere et al., 2021).

It was not until 1939 that the last outbreak of the disease outside the controlled area was
eradicated in Western Cape Province. Apart from isolated outbreaks in 1951 associated with swill
from abattoirs in Gauteng Province, one of which had received infected pigs from Namibia, no

further cases of ASF were reported outside the controlled area until 1996, when pigs on 3 farms
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close to the boundary of the controlled area in northern Gauteng Province were suspected of
acquiring infection from contact with warthogs and/or ticks (Neitz, 1963; Penrith and Vosloo, 2009;
Penrith et al., 2013). Thereafter, the regulatory measures proved effective until 2012, when a
series of outbreaks on smallholdings in adjacent areas of Gauteng Province and Mpumalanga
Province were traced to illegal movement of infected pigs from Limpopo Province followed by
local spread of infection involving sale of animals at auctions (Geertsma et al., 2012; Magadla et
al., 2016; Penrith et al., 2013, Jansen van Rensburg et al., 2020a, b; Amar et al., 2021). However,
from 2016 onwards, there were successive series of outbreaks of ASF in the Gauteng,
Mpumalanga, North West, Northern Cape and Free State provinces that could not be linked to
movement of infected pigs or products from the controlled area (DALRRD, 1993-2019; Janse van
Rensburg et al., 2020a; Mulumba-Mfumu et al., 2019; WAHIS, 2005-2020).

A structured serosurvey found that the outbreaks of 2016 and 2017 had been eradicated
effectively, with no evidence of persistence of infection in local pig populations (Janse van
Rensburg et al., 2020a, c). Nevertheless, outbreaks continued to occur outside the controlled
area, and currently there are three active outbreak events. The first, beginning in 2019, has
affected the Free State, Gauteng, Mpumalanga, and North West provinces. The second event
constitutes the first known outbreak of ASF in the Eastern Cape Province and started in 2020.
The third event, involving the Western Cape Province represents the first outbreak in the province
since the disease was eradicated in 1939 (DALRRD 2020, 2021; Janse van Rensburg et al.
2020a, b, c; Amar et al., 2021). Ten of the known 24 genotypes have been identified in South
Africa based on p72 sequencing (I, II, lll, IV, VII, VIII, XIX, XX, XXI and XXII) (Boshoff et al., 2007;
DALRRD, 2021; Janse van Rensburg et al. 2020a, b; Amar et al., 2021; Mushagalusa et al.,
2021; Craig et al., 2022). Two genotypes (I and Il) have been identified as drivers of the outbreaks
south of the controlled area in domestic pig populations.

Outbreaks of ASF are notifiable to WOAH (OIE) and are subject to compulsory control in South
Africa by the Department of Agriculture, Land Reform and Rural Development (DALRRD) through
State Veterinarians of the Provincial Veterinary Services. The controlled area and ASF
regulations promulgated in 1935 have been amended over the years and currently Section 31 of
the Animal Diseases Act (Act 35 of 1984) and the associated Animal Disease Regulations apply
as set out in the DALRRD Veterinary Procedural Notice for African Swine Fever Control in South
Africa of 2018. Although Act 35 of 1984 has been repealed and replaced, Section 31 and certain
other sections remain in force. Essentially, the control measures consist of supervised slaughter

and safe disposal of infected pig herds, disinfection of premises and re-stocking with disease free
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animals after a prescribed interval that varies with conditions on the property involved. Pig farming
and disposal of live animals or products in the controlled area are also subject to regulation.
Carcasses of hunted or culled wild suids may be transported from the property of origin under
veterinary permit provided that the skin, head, hooves and viscera with lymph nodes have been

removed.

The ASF controlled area as delimited in 1935 corresponded to the known distribution range of
warthogs in South Africa at the time (De Kock et al., 1940), but since then there have been major
translocations of warthogs to the south of the country (Figure 1.5). Legal changes relating to
wildlife utilization and land ownership encouraged the growth of an extensive wildlife industry
based on state-owned and private nature reserves plus game ranches that generate income from
tourism, hunting and live animal sales (Benson, 1991; Barnes and De Jager, 1996; Castley et al.,
2001; van der Merwe and Saayman, 2003; Lindsey et al., 2013; Swanepoel, 2016).
Translocations usually represent reintroduction of indigenous species into sites where they had
become locally extinct, but in the instance of the common warthog (P. africanus) it has been
introduced into the southern parts of South Africa considered to be the former range of the extinct

Cape warthog (P. aethiopicus) (Swanepoel, 2016).

Initial translocations were conducted by the South African National Parks Board (SANParks) and
involved transfer of warthogs considered to be free of ASF from the Hluhluwe-iMfolozi Game
Reserve complex in KwaZulu-Natal Province to the Golden Gate National Park in Free State
Province in 1963 and 1968 (Penzhorn, 1971), and from the same source to the Andries Vosloo
Kudu Reserve (AVKR) (now incorporated into the Great Fish River Nature Reserve) in the
Eastern Cape Province in 1976 and 1977 (Somers, 1994). In 1984, warthogs were translocated
from AVKR to Rolfontein Nature Reserve in the Northern Cape Province (unpublished records
cited by Swanepoel, 2016). Since then there have been numerous unrecorded introductions on
a continuing basis into private game reserves and ranches in the above provinces as well as

within KwaZulu-Natal Province (Spear and Chown, 2009; Maciejewski and Kerley, 2014).

Warthogs are primarily grazers and have been introduced into favourable areas, often lacking
predators and with water and food crops readily available. They are non-territorial and non-
migratory, but are difficult to contain by wire, netting or electric fences. Consequently, family
groups may have overlapping home ranges that extend over adjacent farms and nature reserves.
They have a high reproductive capacity and annual population growth rates. There is breeding

dispersal of young animals to neighbouring groups, and as population densities increase at sites
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of introduction individuals or groups move to establish new populations. Continued translocations
add propagule pressure and hybrid vigour. Hunting contributes to dispersal (Somers and
Penzhorn, 1992; Muwanika et al., 2003; Cumming, 2005; Swanepoel, 2016).

Thus warthogs are widely considered to be an invasive species but are valued for tourism and
commercial hunting (Swanepoel, 2016). There are no recent estimates of total warthog
populations in southern Africa and counts of animals owned or hunted are commonly regarded
as intellectual property. It was made known by one organization that 3,849 warthogs were shot
by international trophy hunters in 2013 (Professional Hunters Association of South Africa, 2014).
Possibly several times that number of warthogs are hunted annually for meat by local clients or
culled by landowners to control crop damage and by conservationists for population control in
nature reserves and game farms (Swanepoel, 2016).

In a survey conducted on farms up to 20 km north and south of the boundary of the controlled
area in 2008-2012, Ornithodoros ticks were found in warthog burrows marginally south of the
controlled area, including ASFV-infected ticks in one instance. It was concluded that there was
no need as yet to realign the boundary of the controlled area, but continued surveillance was
advised (Magadla et al., 2016)
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Figure 1.4: African swine fever controlled area within South Africa
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Figure 1.5: Distribution records for common warthog (Phacochoerus africanus) (Derived from Swanepoel et al., 2016).
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1.8 Motivation and development of project strategy

There was clearly a need to determine whether there was sylvatic circulation of ASFV in
warthogs and Ornithodoros ticks in locations where outbreaks of disease had occurred south
of the controlled area in South Africa during recent years. Accordingly, it was decided to test
serum samples from extralimital warthogs for presence of antibody to ASFV with commercially
available INgezim PPA Compac R.11.PPA.K3 kits (Eurofins Technologies Ingenasa, Madrid,
Spain). The kits are based on a blocking ELISA, so theoretically they can be used to detect
antibody activity to ASFV in the serum of any species. Nevertheless, since the tests are not
accredited for use on warthog sera, positive findings were to be supported by detection of
virus in ticks collected from warthog burrows on properties where antibody was found.
Moreover, the tests would be applied to samples collected on properties inside the controlled
area where sylvatic circulation of virus is known to be endemic as well as to samples from the
broader zone south of the controlled area where the presence of extralimital warthogs had
been confirmed in recent years (Figure 1.5) (Swanepoel et al., 2016), but where the presence

or absence of the virus was speculative.

Since definitive determination of the prevalence and distribution of antibody in extralimital
warthogs lay beyond the resources and time available to a postgraduate research project, a
sampling procedure was designed to provide a yes or no answer to the occurrence of sylvatic
circulation of ASFV outside the controlled area. The findings would determine whether broader

surveillance by provincial veterinary services was warranted.

For calculation of the samples required to establish the presence or absence of antibody to
ASFV at 95% confidence | evel, a conservative est
was assumed for the presence of ASFV antibody within the controlled area and a minimal

expected detection rate of O1% for the presence

Using the equation for sampling of a | arge (infi
In g, where n = required sample s i z e-,confillense leVel (= 0.05) and q =11 prevalence,
the samples required for the two defined areas were determined to be one serum sample for
each of 30 random locations inside the controlled area, and one serum sample for each of 300
locations outside the controlled area (locations were generated with QGIS random point
selection). Samples recruited from the field as described below would be assigned to the

random geographic point closest to the location of origin of the sample.
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Animal research projects require approval by the University of Pretoria Animal Ethics
Committee and the Faculty of Veterinary Science Research Ethics Committee, plus permits
from DALRRD in terms of Section 20 of the Animal Diseases Act (Act 35 of 1984). Neither the
University of Pretoria nor DALRRD allows disclosure of names of owners, or names and
addresses or accurate locations of properties, and this information is also covered by the
South African Protection of Personal Information Act 4 of 2013. The data has to be
anonymized. Furthermore, it was not permissible to solicit owners for consent to capture,

immobilize or euthanize wild animals in order to obtain samples for research projects.

However, many public institutions or companies, such as national and provincial nature
reserves, openly support hosting of duly registered academic research projects and even
require acknowledgement of the organizat:i

in conference presentations and scientific publications.

Hunters, businesses that arrange hunts for clients (hunting outfitters) and game ranch owners
are represented by several associations in South Africa. It seemed logical to recruit blood
samples from hunted warthogs through the associations representing the hunting industry, but
a simple and approved method was required for collection of the samples, Dried blood
samples collected on filter paper or Nobuto cellulose strips (Advantec, Tokyo, Japan) have
been used successfully in antibody surveys on a wide range of wildlife species, as for example
on waterfowl for Avian Influenza studies (Dusek et al., 2011). Accordingly, Dr Livio Heath of
the Agricultural Research Council-Onderstepoort Veterinary Research Transboundary Animal
Diseases Laboratory (TADL) arranged for a small feasibility study to be conducted by his staff,
in which a few pig blood samples known to positive or negative for the presence or absence

of antibody to ASFV were adsorbed to Nobuto strips, dried, eluted and successfully tested.

Discussions with the University ethics committees established that it would be acceptable to
approach land owners (game owners) or their duly authorised representatives (farm managers
or supervisors of hunting activities) through associations representing their interests, for
access to blood samples collected on Nobuto strips from hunted or culled animals. The
associations would approach their members online with documents prepared by the
investigator and comprising a one-page description of the project in plain language plus an
approved informed consent form (Appendices D and E) to be signed by participating land
owners or authorised representatives. An amendment to the Section 20 permit for the project
was obtained from DALRRD to allow collection of dried blood samples from warthogs by

hunters and for transport of the samples in appropriate biosafety packaging to the Animal
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BSL3 facility at TADL to be covered by the veterinary transport permit issued for removal of
the hunted carcass, and for conveyance of the samples to be facilitated through the network
of the hunting association involved. Samples were to be accompanied by a duly signed
consent form and information including the number of the veterinary transport permit, the
coordinates of the property concerned, the date of sampling, plus gender and estimated age
group of the warthog. Although the project was concerned specifically with warthogs, it was
deemed logical to obtain clearance to include other wild suids that may be hunted, namely,
feral domestic pigs, bushpigs, and Eurasian wild boars (Sus scrofa ferus).

Nobuto strips for collection of samples, appropriate biosafety packaging, project information
sheets, consent forms and instruction sheets for taking and onward transmission of samples
(Appendices D, E and F) were to be provided by the investigator to hunting associations
involved for distribution to participating members.

In preliminary discussions to establish the feasibility of collecting blood samples from hunted
warthogs, some organizations indicated reluctance to participate but the largest association
representing hunters and game owners in South Africa agreed to cooperate. They canvassed
their members and initial expressions of interest gave cause for optimism that the projected
sampling requirements would be met. However, logistic problems and hesitancy to participate

soon emerged and it became clear that a change in strategy was required.

A more targeted approach to sampling was adopted with emphasis on culling operations in
national parks and other nature reserves, and with appropriate amendment of the Section 20
permit, registration of research projects with parks authorities and securing of requisite
materials transfer agreements (Appendices C and G). The Greater Kruger National Park
(GKNP) inside the controlled area represented an environment where sylvatic circulation of
ASFV is endemic, Addo Elephant National Park (Addo ENP) provided contrast since the
presence of ASFV had never been recorded in the Eastern Cape Province at the time of
sampling, while Mokala National Park (Mokala NP) was included specifically because contact
with warthogs had been suspected in outbreaks of the disease in domestic pigs in Northern
Cape Province and adjacent western Free State Province. Emphasis was on collection of
blood samples for the serosurvey, but opportunity was taken to collect samples of selected
visceral organs and lymph nodes from culled warthogs for determining prevalence of ASFV in
warthog tissues, to be reported separately from the present project (Figure 1.6). In addition,
provincial veterinary officials assisted with access for collection of samples on a few farms in

the vicinity of past outbreaks disease in domestic pigs. Tests for antibody to ASFV were also

24| Page



performed on a limited number of serum and blood samples from spotted hyaenas (Crocuta
crocuta) and leopard tortoises (Stigmochelys pardalis) as alternative vertebrate hosts of
Ornithodoros ticks. Collection of ticks was performed in the national parks and on numerous
other properties, including many where warthog serum samples were not available, and the
project incidentally provided additional information on distribution ranges and potential

involvement of some species as vectors of ASFV (Figure 1.7).

Description of the field and laboratory studies, plus outcomes and evaluation of the findings
are presented in Chapters 2, 3 and 4 which represent manuscripts accepted and published in
peer-reviewed scientific journals. The findings are briefly collated and evaluated in the

concluding Chapter 5.
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Figure 1.6: (A) Collection of blood and selected visceral organ and lymph node samples from culled warthogs. (B) Sampling instruments and

containers. Sampling team consisted of study supervisors, the research student, a postgraduate colleague and two undergraduate veterinary

research elective volunteers, in association with state veterinary officials.
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Figure 1.7: Collection of Ornithodoros ticks. (A) Armed game guards required in nature reserves. (B) Removal of
soil from burrows in search of Ornithodoros ticks (C) Soil content sifted into sorting trays for collection of Ornithodoros ticks and (D)

Ornithodoros tick collection.
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2.1 Abstract

African swine fever virus (ASFV) causes a lethal and contagious disease of domestic pigs. In
South Africa, the virus historically circulated in warthogs and ornithodorid ticks that were only
found in warthog burrows in the north of the country. Regulations implemented in 1935 to
prevent transfer of infected animals or products to the south initially proved effective, but from
2016 there have been outbreaks of disease in the south that cannot be traced to transfer of
infection from the north. From 1963 there were widespread translocations of warthogs to the

south, initially from a source considered to be free of ornithodorid ticks and ASFV.
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We undertook to determine whether sylvatic circulation of ASFV occurs in the south, including
identification of potential new vectors, through testing extralimital warthogs for antibody and

ticks for virus.

Results of testing warthogs for antibody and other species of ticks for virus will be presented
separately. Here we report finding Ornithodoros (Pavlovskyella) zumpti ticks in warthog
burrows for the first time. This occurred in the Eastern Cape Province (ECP) in 2019. Since
African swine fever was recognized in the ECP for the first time in 2020 and outbreaks of the
disease in domestic pigs continue to occur there, priority should be given to determining the
distribution range and vector potential of O. (P.) zumpti for ASFV.

2.2 Research communication

The argasid tick Ornithodoros (Pavlovskyella) zumpti was described in 1953 as a new species
from the burrow of a four-striped field mouse (Rhabdomys pumilio sensu lato) in the Cathcart
district of the Eastern Cape Province (ECP) of South Africa (Heisch and Guggisberg, 1953).
In 1961, the same species was collected approximately 300 km south-west of the type locality
from the nest of a Saunders' vlei rat (Otomys saundersiae) in Kariega district, formerly
Uitenhage, ECP, during investigation of the bionomics of the tick (Fearnhead, 1962). More
recently, in 2014, O. (P.) zumpti was again found in Cathcart district, in a porcupine (Hystrix
africaeaustralis) burrow, and also in the burrow of a springhare (Pedetes capensis) in
Makhanda district, formerly Grahamstown, during a phylogenetic study of the Argasidae
(Figure 2.1) (Mans et al. 2019).

Argasid ticks of the genus Ornithodoros serve as biological vectors of African swine fever virus
(ASFV) that causes lethal disease in domestic pigs. The virus is maintained in the savannah
areas of eastern and southern Africa in sylvatic circulation between warthogs (Phaecochoerus
africanus) that develop benign viremic infection and eyeless argasid ticks of the Ornithodoros
(Ornithodoros) moubata complex that live in warthog burrows (Penrith et al., 2019). Warthogs
develop intense viremia after infection by ticks while still confined to their burrows as young
piglets, but naive adults develop viremia of low intensity after infection and have not been
shown to be contagious for domestic pigs. However, they can convey infected ticks to the
environs of piggeries, or infected warthog offal may be fed to pigs in swill. The infection is

contagious in domestic pigs and spreads without need for the tick vectors (Penrith et al., 2019).
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Figure 2.1: Map showing the African swine fever (ASF) controlled area in South Africa, the distribution of extralimital warthogs derived from

Swanepoel (2016), the sites of ASF outbreaks in domestic pigs in the Eastern Cape Province in 2020, and the sites of collection of Ornithodoros

(Pavloskyella) zumpti ticks from host-associated sites as indicated.
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Vector-borne transmission of ASFV was first recognized in domestic pigs and Ornithodoros
(Pavlovskyella) erraticus ticks in Spain after the virus had accidentally been introduced into
Europe (Sanchez Botija 1963). Over recent decades both pig farming and the occurrence of
ASFV have spread from east to west across Africa (Penrith et al., 2019), and in 2006 the virus
was found in O. (P.) sonrai ticks collected in rodent burrows close to piggeries in Senegal
although the epidemiological significance of the finding was regarded as uncertain (Vial et al.
2007). Only members of the subgenus Ornithodoros have been identified as vectors of ASFV
elsewhere in sub-Saharan Africa. Nevertheless, vector competence studies in various
countries abroad have established that the ability to transmit ASFV is a general property of
ticks of both the Ornithodoros and Pavlovskyella subgenera, but the efficiency of transmission

varies with virus isolate and species of tick (Pereira De Oliveira et al., 2020).

In South Africa, ASF was originally prevalent in the northern part of the country where
domestic pigs had contact with warthogs (Penrith et al., 2019). Hence, a controlled area was
declared in 1935 to include the known distribution range of warthogs at the time (Figure 2.1),
and regulations were implemented to prevent transfer of infected suids or products to the south
(de Kock 1940). The regulations initially proved effective, but from 2016 onwards there have
been a series of ASF outbreaks in domestic pigs south of the controlled area that cannot be
linked to transfer of infection from the north, culminating in 2020 in the first known outbreaks
of ASF in the ECP, and in 2021 in the first outbreaks in Western Cape Province since the
disease was eradicated there in 1939 (Janse van Rensburg et al., 2020; DALRRD, 2020;
2021).

From 1963 onwards, there were widespread translocations of warthogs from the north to
nature reserves and game ranches in the southern half of South Africa where the extralimital
animals flourished to become an invasive species (Figure 2.1) (Swanepoel, 2016). Originally,
the warthogs were obtained by officials of national and provincial parks from Hluhluwe-iMfolozi
Game Reserve considered to be free of ornithodorid ticks and ASFV, but it has been
suggested that later there were multiple unrecorded translocations from other sources to
private nature reserves (Swanepoel, 2016). Further, the taxonomy of the Afrotropical
members of the subgenus Ornithodoros was recently revised, including description of new
species (Bakkes et al., 2018). Although information on the distribution ranges and vector
capacity of the ticks remains incomplete, the implication is that the potential exists for sylvatic
circulation of ASFV in ornithodorids and extralimital warthogs to occur beyond the controlled
area in South Africa. We conducted a survey for evidence of ASFV infection in warthogs and
ticks outside the controlled area, to be reported separately, and in the process encountered

new hosts for O. (P.) zumpti ticks.
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We collected ornithodorid ticks identified as O. (P.) zumpti from warthog burrows in Addo
Elephant National Park (Addo ENP), ECP, in 2019 before ASF had been recorded in the
province and found no ASFV nucleic acid in the ticks. Approximately 10% w/v suspensions
were prepared by homogenizing pools of 1-2 adults or 5-25 nymphal ticks in phosphate-
buffered saline, pH7.2, and automated nucleic acid extraction was performed with IndiMag
Pathogen kits (Indical Bioscience, Leipzig, Germany) using slight modifications to the
manufacturerdéds instruction. 2000L tick homogenat
(Qiagen, Dusseldorf, Germany), incubated at 70°C for 10 min and 200puL of the AL lysate
added to the extraction buffer. Eluates were tested for ASFV nucleic acid using the real-time
guantitative PCR (qPCR) assay of Zsak et al. (2005) as modified by Sunwoo et al. (2019).

Positive and no template controls were included in each PCR run.

The ticks were collected in the Nyathi (33.25070S, 24.29166E), Main Camp (33.44492S,
25.78378E) and Colchester (33.41170S, 25.78466E) sections of the park from burrows
observed over the course of a week to be occupied by warthogs. The same species was also
obtained from a small burrow in Main Camp section (33.44492S, 25.78378E) observed to be

occupied by a family of yellow mongooses (Cynictis penicillata) (Figure 2.1).

Identification of the ticks was based on morphology (Heisch and Guggisberg, 1953), confirmed
by the Gertrud Theiler Tick Museum of the Agricultural Research Council-Onderstepoort
Veterinary Research, Onderstepoort, South Africa, and by amplification and comparison of
partial tick mitochondrial 16s rRNA gene sequences with GenBank data (Figure 2.2) (Bakkes
et al., 2018; Mans et al., 2019). The O. (P) zumpti sequences fell into 3 clades with 94-96%
identity, and more extensive sequencing studies are required to determine whether the

differences represent within-species variation or novel cryptic species.

Partial cytochrome B sequences of mammalian mitochondrial DNA were determined from
suspensions of partially engorged ticks (Lah et al., 2015), and compared with sequences in
GenBank (NCBI) using a BLASTx search to confirm warthogs as blood meal donors for O.
(P.) zumpti. Insufficient nucleic acid of ticks from the mongoose burrow remained available for

cytochrome B analysis.

The morphology of O. (P.) zumpti was well described by Heisch and Guggisberg (1953), but
since it is presently the only known representative of the subgenus Pavlovskyella in South
Africa preliminary identification can be based on macroscopic features in the field. In each
instar of their life cycle O. (P.) zumpti ticks are noticeably smaller than members of the
Ornithodoros subgenus that occur in warthog burrows. From a dorsal view, ticks of the

Ornithodoros subgenus have a broadly rounded shape at both the anterior and posterior ends
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and are slightly concave bilaterally. O. (P.) zumpti ticks have a bluntly pointed hood that covers

the basis capituli at the anterior end, while the sides are roughly parallel (Figure 2.3).

76 ——— MF415615 O. (O.) waterbergensis

93

MF415620 O. (O.) phacochoerus

91 L DQ159449 0. (0.) porcinus

—— MF415609 O. (O.) compactus

100 99

MF415625 O. (O.) moubata

93 MF415629 O. (O.) pavimentosus

MF415645 O. (O.) savignyi

75 ———————  MF415635 O. (O.) kalahariensis

80 MF415640 O. (O.) noorsveldensis

99 | MZ411419 TP260 AENP ECP (present study)
MZ411418 TP259 AENP ECP (present study)

100 MZ411417 TP254 AENP ECP (present study)
NC033857 O. (P) zumpti
o8 \ KR907257 O. (P) zumpti

KC311541.1 O. (P.) erraticus

82

DQ159446.1 A. hebraeum

0.050

Figure 2.2: Neighbour-joining tree based on partial mitochondrial 16S rRNA gene sequence
(276 nt) depicting phylogenetic relationships between the 3 Ornithodoros (Pavlovskyella)
zumpti tick pools from the present study (GenBank accession numbers in bold) and
representative Ornithodororos species sequences from GenBank. The corresponding gene
sequence of Amblyomma hebraeum was included as an outlier. Percentage bootstrap support
values were derived following 10,000 replications. Evolutionary analyses were conducted in

MEGA X software.
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Figure 2.3: Dorsal and ventral views of adult female Ornithodoros (Pavlovskyella) zumpti tick.

In view of the ongoing outbreaks of the ASF in the ECP it should be a priority to determine the
distribution range and vector competence of O. (P.) zumpti ticks for ASFV, and even to
investigate whether warthogs and O. (P.) zumpti ticks may already have become involved in

circulation of the virus in that province.
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3.1 Abstract

Sylvatic circulation of African swine fever virus (ASFV) in warthogs and Ornithodoros ticks that
live in warthog burrows historically occurred in northern South Africa. Outbreaks of the disease
in domestic pigs originated in this region. A controlled area was declared in the north in 1935
and regulations implemented to prevent transfer of potentially infected suids or products to the
rest of the country. However, over the past six decades warthogs have been widely
translocated to the south where the extralimital animals have flourished to become an invasive
species. Since 2016 there have been outbreaks of ASF in pigs outside the controlled area that
cannot be linked to transfer of infected animals or products from the north. An investigation in
2008-12 revealed that the presence of Ornithodoros ticks and ASFV in warthog burrows
extended marginally across the boundary of the controlled area. We found serological
evidence of ASFV circulation in extralimital warthogs further south in the central part of the

country.

3.2 Introduction

African swine fever virus (ASFV) was first recognized in 1910 as the causative agent of a
contagious and lethal disease of domestic pigs introduced into Kenya during the colonial era
and farmed in proximity to wild suids (Montgomery, 1921). It subsequently emerged that the
virus was maintained in the savannah areas of eastern and southern Africa through sylvatic
circulation in the common warthog (Phacochoerus africanus) that does not become ill after
infection and eyeless argasid ticks of the Ornithodoros (Ornithodoros) moubata complex that
live in warthog burrows (Plowright et al., 1969; Pini, 1977; Thomson, 1985; Thomson et al.,
1983). More importantly, the virus can also be maintained through uncontrolled spread in
populations of domestic pigs, and this has been facilitated in recent decades by widespread
increase in small-scale pig farming in Africa that frequently involves free-ranging animals and

informal trading in communal and peri-urban areas (Penrith et al., 2019a; b).

In South Africa, the disease was first recognized 1926 in pigs farmed in the northernmost
Limpopo Province (LP) where warthogs were present (Steyn, 1928, 1932). Outbreaks of the
disease either occurred in the north of the country, or were initiated elsewhere through
movement of infected pigs or pork products from the north, notably to farms in the environs of
Johannesburg in Gauteng Province (GP) and from there to properties in Western Cape
Province (WCP) (De Kock et al., 1940). Consequently, an ASF controlled area was declared
in 1935 to include the known distribution range of warthogs at that time (Figure 3.1) (De Kock
et al., 1940). Regulations were instituted to prevent movement of infected pigs or products

from the controlled area, and to ensure that outbreaks were eradicated through slaughter of
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infected herds plus disinfection and quarantine of premises. Carcasses of hunted or culled
wild suids could be transported under veterinary permit provided that the skin, head, hooves,

and internal organs were removed (De Kock et al., 1940).

The last outbreak in WCP was only eradicated in 1939. There were a few outbreaks of ASF
in 1951 associated with the feeding of swill from 5 local abattoirs in GP, one of which is known
to have received a consignment of infected pigs from Namibia (Neitz, 1963). In 1996, isolated
outbreaks occurred on three adjoining farms in northern GP close to the boundary of the
controlled area (Figure 3.2) (Penrith et al., 2013).

Thereafter, the regulatory measures approved effective until 2012 when a series of outbreaks
on smallholdings in adjacent areas of GP and Mpumalanga Province (MP) were traced to
initial illegal movement of infected pigs from LP followed by local spread of infection involving
sale of animals at auctions (Geertsma et al., 2012; Magadla et al., 2016; Penrith et al., 2013).
The virus genotype involved, XXIl, had previously been detected in the district of origin of the
infected pigs in LP (Janse van Rensburg et al., 2020a, b). From 2016 onwards, there have
been successive series of outbreaks of ASF in domestic pigs in GP, MP, North West Province
(NWP), Northern Cape Province (NCP) and Free State Province (FSP) that cannot be linked
to movement of infected pigs or products from the controlled area (Figure 3.3) (DALRRD,
1993-2019; Janse van Rensburg et al., 2020a; Mulumba-Mfumu et al., 2019; WAHIS, 2005-
2020). A structured serosurvey found that the outbreaks of 2016 and 2017 had been
eradicated effectively, with no evidence of persistence of infection in local pig populations

(Janse van Rensburg et al., 2020c).

Meanwhile, from 1963 onwards there had been widespread translocation of warthogs to the
south of the country associated with the growth of an extensive wildlife ranching and
conservation industry, and the extralimital animals flourished to the extent that they are
regarded as an invasive species (Figure 3.3) (Penzhorn, 1971; Carruthers, 2008; Swanepoel,
2016; Swanepoel et al., 2016). An investigation conducted in 2008-12 on farms within 20 km
of the boundary, revealed the presence of Ornithodoros ticks in warthog burrows beyond the
controlled area in NWP, GP, LP and MP, with ASFV detected in one pool of ticks from MP
(Magadla et al., 2016) [There is inconsistency between the text and map in Magadla et al.,
(2016) regarding the location of the single ASFV positive tick pool]. We were prompted to test
warthog sera acquired opportunistically for evidence of sylvatic circulation of ASFV further

south, and the findings are presented here.
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Figure 3.1: Distribution of 37 outbreaks of African swine fever in South Africa, 1926-1939, for which approximate coordinates (correct to 0.1
degree) were derived from references cited in the text. The South African Protection of Personal Information Act 4 Of 2013 precludes divulging

names and accurate coordinates of private property.
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Figure 3.2: Distribution of 89 outbreaks of African swine fever in South Africa, 1940-2011, for which approximate coordinates (correct to 0.1

degree) were derived from references cited in the text.
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Figure 3.3: Distribution of 85 outbreaks of African swine fever in South Africa, 2012-2020, for which approximate coordinates (correct to 0.1
degree) were derived from references cited in the text. The distribution of warthogs outside the controlled area was plotted with QGIS (Penn

Libraries, Philadelphia, PA) using data from Swanepoel et al., (2016).
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3.3 Materials and methods

3.3.1 Study sites

Baseline observations were made on serum samples obtained from warthogs in the Greater
Kruger National Park (GKNP) that comprises the national park plus 20 adjoining private parks
and lies within the controlled area where ASFV is known to be prevalent (Figure 3.4). For
contrast, serum samples were collected in 2019 during a warthog culling operation in Addo
Elephant National Park (Addo ENP) in ECP where ASF had never been recorded. Specific
evidence of sylvatic circulation of ASFV beyond the controlled area was sought in the NCP by
testing samples collected during a warthog culling operation in 2019 in Mokala National Park
(Mokala NP), plus stored serum samples that had been collected earlier in the same park and
in the provincial Rolfontein Nature Reserve (Rolfontein NR) that lies south of Mokala NP
(Figure 3.4). In addition, blood samples from wild suids hunted or culled on private properties
were sought through negotiation with organizations representing the wildlife industry, or
collected in association with provincial veterinary officials in the vicinity of past outbreaks of
ASF (Figure 3.4).

3.3.2 Samples

Altogether, 2,469 samples were collected from 546 warthogs in one provincial and three
national nature reserves, including 783 duplicate tissue samples in formalin-fixative (Table
3.1).

Samples from GKNP consisted mainly of serum collected from warthogs translocated
internally or culled for managerial purposes from 1999 to 2020 and stored at -80°C, but
included a few blood samples and a number of lymph node and visceral organ samples

collected from culled animals for an unrelated study (Roos et al., 2016) (Table 3.1).

Samples collected during the culling operations in Addo ENP and Mokala NP in 2019
comprised clotted blood for serum, whole blood collected with EDTA, mandibular, mediastinal,
and mesenteric lymph nodes, plus spleen and bone marrow. Thymus and adrenal samples
were collected from two fetuses encountered in Mokala NP. Samples other than blood or
serum were collected mainly for a subsidiary study on distribution of ASFV in warthog tissues
to be reported separately. A serial number was allocated to each warthog and the date of
sampling, gender and age group estimated from size and dentition (Mason, 1984) were
recorded. Access was obtained retrospectively to 23 warthog sera that had been collected

during a culling operation in 2017 in Mokala NP and stored at -80°C, plus 44 warthog sera
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collected in 2016 and stored at -20°C in the provincial Rolfontein NR situated approximately
100 km south of Mokala NP.
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Figure 3.4: Sites where samples from warthogs and Eurasian wild boars were obtained and tested for evidence of infection with African swine

fever virus, and farms outside the controlled area where African swine fever outbreaks in domestic pigs were ascribed to contact with warthogs
in 2017 and 2019.
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Table 3.1: Samples obtained from warthogs in four nature reserves in South Africa

(abbreviations as given in the text).

GKNP Addo ENP Mokala NP Rolfontein NR
Years of sampling 1999-2020 2019 2017 2019 2016
Serum 207 116 23 77 44
EDTA blood 3 114 0 75 0
Spleen 11 36 0 82 0
Miscellaneous organs 14 0 0 0 0
Peripheral LN 95 137 0 82 0
Mediastinal LN 49 134 0 82 0
Mesenteric LN 41 14 0 81 0
Bone marrow 34 50 0 81 0
Fetal thymus 0 0 0 2 0
Fetal adrenal 0 0 0 2 0
Sub-total 454 601 23 564 44
Formalin-fixed duplicates 0 371 0 412 0
Total samples 454 972 999 44
Total warthogs sampled 241 154 107 44

Blood samples from animals hunted or culled on private properties were intended to include
any wild suids that may be encountered, not just warthogs. In the event, only 48 samples were
received from 19 properties (farms or small nature reserves), 10 of which were situated inside
the controlled area and 9 outside (Table 3.2). The samples comprised dried blood collected
on Nobuto cellulose strips (NCS) (Advantec, Tokyo, Japan) or clotted blood from warthogs
and Eurasian wild boars submitted by landowners and hunters from properties 1 to 17, plus
clotted blood, mediastinal lymph node and spleen samples from 4 warthogs collected in
association with provincial veterinary officials during investigations on properties 18 and 19 in
the vicinity of past ASF outbreaks in NCP (Table 3.2).

3.3.3 Detection of antibody to ASFV

Tests for antibody to ASFV protein 72 (VP72) in serum samples were performed with INgezim
PPA Compac R. 11.PPA.K3 blocking enzyme-linked immunosorbent assay (ELISA) kits
(Eurofins Technologies Ingenasa, Madr i d, Spain) used according t
instructions. Dried blood samples on NCS were eluted with kit buffer before testing

(Randriamparany et al., 2014).
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Table 3.2: Dried blood samples on Nobuto cellulose strips (Ncs) and clotted blood samples

from warthogs or Eurasian wild boars received from hunters or landowners from 10 properties

inside and 9 outside the African swine fever controlled area in South Africa during 2019 and

2020 (abbreviations as given in the text).

Property  Municipal area  Province Species Sample No. of ASF I_EI__ISA
samples positive

Properties inside the ASF controlled area
1 Makhado LP Warthog Ncs 3 3
2 Lephalale LP Warthog Ncs 4 4
3 Lephalale LP Warthog Ncs 3 3
4 Thabazimbi LP Warthog Ncs 4 4
5 Thabazimbi LP Warthog Ncs 2 2
6 Thabazimbi LP Warthog Ncs 3 3
7 Modimolle LP Warthog Ncs 1 0
8 Bela Bela LP Warthog Ncs 1 1
9 Bela Bela LP Warthog Ncs 4 4
10 Mbombela MP Warthog Ncs 4 2

Properties outside the ASF controlled area
11 Bela Bela LP Warthog Ncs 2 2
12 Elias Motsoaledi LP Warthog Ncs 1 0
13 Tlokwe NWP Eu wild boar  Blood 1 0
13 Tlokwe NWP Warthog Blood 1 0
14 Ekurhuleni GP Eu wild boar  Blood 1 0
15 Tshwane GP Warthog Ncs 2 2
16 Ngwathe FSP Warthog Ncs 2 0
17 Ngwathe FSP Eu wild boar Ncs 1 0
18 Dikgatlong NCP Warthog Blood* 2 2
19 Dikgatlong NCP Warthog Blood* 2 2

44 34

*Additionally, mediastinal lymph node and spleen samples were obtained from the same

animals.

3.3.4 Nucleic acid extraction, ASFV DNA detection and p72 genotyping

Approximately 10% (w/v) suspensions of warthog tissues were prepared by homogenizing

samples in phosphate-buffered saline, pH7.2 (PBS). Automated nucleic acid extraction was
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performed with IndiMag Pathogen kits (Indical Bioscience, Leipzig, Germany) using slight
modi fications to t he manufacturer o0s i nst
supernatant was added to 300uL ATL buffer (Qiagen, Dusseldorf, Germany) and 40puL of
proteinase K (Qiagen) and incubated at 56°C for 2 hours before 200uL of the lysed sample
was added to 200uL AL buffer (Qiagen) and incubated at 70°C for 10min. For whole blood
samples, 200uL was added directly to 200uL AL buffer and mixed well. For all samples, 200uL
of the AL lysate was added to the IndiMag buffer for extraction. Each extraction included

known ASFV positive controls. Eluates were stored at -80°C until further use.

Eluates were tested for ASFV nucleic acid using the real-time quantitative PCR (gPCR) assay
of Zsak et al. (2005) with modifications (Sunwoo et al., 2019). Briefly, 5uL DNA was amplified
in 20uL reactions using 20 pmol of the published primers and 7 pmol of probe in Perfecta
Fastmix Il (Quanta Biosciences, Beverly, MA). Positive and no template controls (NTC) were
included for each PCR run. Sampl es wi -bffwalu@q

based on the analytical sensitivity limits of the gPCR assay) were considered positive.

To confirm that ASFV was identified in warthog tissues from Mokala NP, nucleic acid from the
gPCR positive spleen sample with lowest Cq mean value, was amplified using primers p72-D
and p72-U and the cycling conditions of Bastos et al. (2003). An appropriately-sized band of
amplification product was excised from the agarose electrophoresis gel, purified and subjected
to Sanger nucleotide sequencing. The sequence was viewed, and maximum likelihood
phylogenetic comparisons made with representative sequences of the 24 known ASFV p72

genotypes (Quembo et al., 2018) using MEGA X software (Kumar et al., 2018).

3.4 Results

The results obtained in the ELISA for antibody to ASFV in warthog sera from the four nature
reserves are presented in figures 3.4 and 3.5. As expected, a high prevalence of antibody was
found in the sera of warthogs from GKNP, 97.1% (201/207), with doubtful reactions recorded
in a further two juveniles, while no antibody activity was detected in sera from Addo ENP in
ECP where no ASF outbreaks had ever been recorded. In contrast, a high prevalence of
antibody was detected in sera collected during the 2019 culling operation in Mokala NP, 98.7%
(76/77), some 400 km south of the controlled area, and also in the sera collected there in
2017, 91.3% (21/23), while no antibody was detected in the 44 samples collected in Rolfontein
NR in 2016.

A high prevalence of antibody, 26/29 (89.6%), was detected in dried warthog blood samples
obtained from 9/10 private properties within the ASF controlled area (Table 3.2; Figure 3.4).
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Outside the controlled area antibody was detected on only 4/9 properties. These included
positive reactions in 4 warthog blood samples from properties 11 and 15 (a small nature
reserve), that lie close to each other and to the 3 farms where ASF outbreaks occurred in 1996
within 40 km south of the boundary of the controlled area near Pretoria in northern GP, plus 4
warthog sera from properties 18 and 19 that are situated about 100 km north and west of
Mokala NP in the vicinity of past outbreaks of ASF in pigs in NCP. The remaining samples
tested negative despite the fact that two sera from properties 13 and 17 in NWP and FSP
came from Eurasian wild boars shot as free-ranging animals in proximity to free-ranging
warthogs. In the course of the investigations histories were obtained to confirm that fresh
warthog offal had been fed to pigs on one farm where an outbreak of ASF had occurred in
NCP in 2017, and that free-roaming pigs had been in contact with warthogs, including
carcasses, on a farm where an outbreak occurred in the adjacent eastern* FSP in 2017, with
both locations being over 100 km distant from Mokala NP (Table 3.2; Figure 3.4) (WAHIS,
2005-2020). In addition, an outbreak of ASF in 2019 involved both pigs and Eurasian wild
boars that had escaped their pens on a farm where warthogs were present 10 km south of the
controlled area in NWP (Table 3.2; Figure 3.4) (WAHIS, 2005-2020).

The ELISA is not accredited for detection of ASF antibody in warthog sera and in order to
confirm the presumptive evidence for presence of the virus in Mokala NP, all 75 warthog EDTA
blood samples and the 412 other tissue samples collected in Mokala NP in 2019 were tested
for ASFV nucleic acid by gPCR (Zsak et al., 2005; Sunwoo et al., 2019). All EDTA blood
samples tested negative but 13 of the other samples from Mokala NP, including mandibular,
mediastinal and mesenteric lymph nodes plus spleen tested positive. The sample with the
lowest Cg mean value, spleen from warthog Mokala NP 77, was selected for PCR with the
Bastos et al. (2003) p72 primers and the product determined to belong to the p72 genotype |
of ASFV as had been identified in the disease outbreaks outside the controlled area in 2016
and subsequently in the same districts (Janse van Rensburg et al., 2020a). The more recent
outbreaks of ASF that occurred in ECP and WCP in 2020 and 2021 subsequent to the present
sampling (Figure 3.3), were associated with genotype Il virus, also detected in an outbreak in
NWP in 2019 on the boundary of the controlled area, but otherwise associated with
Mozambique, Madagascar, Mauritius, Tanzania, Zambia and Zimbabwe (Bastos et al., 2003;
Bastos et al., 2004; Penrith et al., 2019a; b; DALRRD, 2020; 2021; WAHIS, 2005-2020).

3.5 Discussion

Bushpigs (Potamochoerus larvatus) are the only indigenous wild suids present in South Africa

apart from warthogs (Venter et al., 2016). They are widely distributed in wooded areas and
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sleep in lairs. Consequently, they do not have the same exposure to Ornithodoros ticks in
burrows as warthogs. Bushpigs do not become ill following experimental inoculation with
ASFV but develop viremic infection and can be transiently contagious for domestic pigs
(Anderson et al., 1998; Oura et al., 1998; Salguero, 2020; Thomson et al., 1980). Natural
infection of bushpigs with ASFV, presumed to involve environmental contamination, has been
reported in East Africa with some evidence of transmission of virus to domestic pigs (De Tray,
1963; Kukielka et al., 2016; Okoth et al., 2013; Stahl et al., 2014).

In South Africa, bushpigs were stated to be less commonly infected with ASFV than warthogs
and have never been implicated in outbreaks of the disease in domestic pigs, although on
occasion warthogs and Eurasian wild boars have been misidentified as bushpigs (Mansvelt,
1963; Janse van Rensburg et al., 2020b). They are less frequently hunted than warthogs and

no samples from bushpigs were received for testing during the present study.

Feral domestic pigs and Eurasian wild boars, Sus scrofa ferus, are exotic to sub-Saharan
Africa. They are susceptible to the disease and can be involved in spread of infection by
contagion. A recently discovered mechanism for maintenance of ASFV involves survival of
infectivity in carcasses in the cold climate of northern Europe and scavenging by wild boars
(Penrith et al., 2019b, Chenais et al., 2018).

Eurasian wild boars were introduced into South Africa to control pine tree moths in WCP where
residual populations still exist, but apparently they did not adapt well to conditions in that region
(Botha, 1989). Attempts were made to farm with Eurasian wild boars and cross-bred domestic
pigs inside the controlled area in LP and MP, and to utilize them for hunting, but the animals
succumbed to ASFV (Penrith, 2014; DALRRD, 1993-2019; Janse van Rensburg et al., 2020b;
WAHIS, 2005-2020). As mentioned in results, an outbreak of ASFV involving domestic pigs
and Eurasian wild boars occurred on a farm where warthogs were present in NWP in 2019,
and 3 blood samples were received from wild boars in NWP, GP and FSP for the present
project (Table 3.2; Figure 3.4). Since Eurasian wild boars usually succumb to ASFV infection
it was to be expected that the 3 blood samples tested negative for antibody to the virus, but
the presence of these animals in NWP, GP and FSP suggests that there is need to monitor
the distribution and growth of populations in South Africa, particularly since the species has

proved to be a highly invasive elsewhere.

The present findings confirm that there is circulation of ASFV in warthogs beyond the
controlled area in South Africa (Table 3.2; Figure 3.4; 3.5), but the full extent of spread of
infection and the mechanisms involved remain largely undetermined. Unbeknown to the

present authors, aliquots of 91 of the same GKNP sera were included in an unrelated survey
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with similar ASFV findings (Neiffer et al., 2021), but this is immaterial since the samples were
used in the current study mainly to confirm the validity of the antibody test for warthog sera.

Samples from extralimital warthogs were of central interest.

Warthog piglets are infected by ticks while confined to burrows during early life and develop
intense viremia that in turn facilitates infection of ticks (Thomson, 1985). Low intensity viremia
and infection of lymphatic tissues may persist for months but warthogs are not contagious for
domestic pigs or each other (Montgomery, 1921; Thomson et al., 1980). There is controversy
about the infectivity of warthog offal for domestic pigs, but it has recently been confirmed that
low doses of virus are infective for pigs by mouth (Penrith et al., 2019b; Niederwerder et al.;
2019). The majority of outbreaks of ASF recorded within the controlled area in South Africa
involved known contact between domestic pigs and live warthogs, carcasses, or offal (Janse
van Rensburg et al., 2020b).

Transmission of ASFV by ticks was discovered in Spain after introduction of the virus into
Europe and involved domestic pigs and Ornithodoros (Pavlovskyella) erraticus ticks
(Sanchez-Batija, 1963). Circulation of ASFV in domestic pigs and O. (O.) moubata complex
ticks living in crevices of poorly constructed animal shelters was documented in Malawi and
probably occurs elsewhere in Africa, but has not been reported in South Africa (Haresnape
and Mamu, 1986; Penrith et al., 2019b). Ornithodoros ticks generally engorge blood meals in
minutes to hours and detach while animals are at rest but can be conveyed passively on their
hosts between burrows or to the environs of domestic pigs to transmit infection (Plowright et
al.,, 1994; Horak et al., 1983, Horak et al., 1989, Boomke et al., 1991). Transport of
Ornithodoros ticks on live warthogs or carcasses to the environs of piggeries has been

observed in the controlled area (Janse van Rensburg et al., 2020b).

The original warthog translocations in South Africa were undertaken by officials of national
and provincial parks in order to replace the Cape warthog (P. aethiopicus aethiopicus),
formerly present in the south of the country but extinct after the rinderpest epidemic of 1896
(Grubb, 1993; Vercammen and Mason, 1993). Warthogs were sourced from the Hluhluwe-
iMfolozi Game Reserve in KwaZulu-Natal Province considered to be free of Ornithodoros ticks
and ASFV at the time (Penzhorn, 1971; Penrith et al., 2019b). Translocations were made to
the ECP in 1976-77 and from there to Rolfontein NR in NCP in 1984. From 1991 onwards,
Rolfontein NR served as the source for transfers to other reserves in NCP (Somers and
Penzhorn, 1992; Swanepoel, 2016). The lack of antibody to ASFV in warthog sera collected
in Rolfontein NR in 2016 and Addo ENP in ECP in 2019 (Figure 3.5), implies that the virus

was not disseminated during the original warthog translocations.
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When Mokala NP was established in 2007 many animals were transferred from the former
Vaalbos National Park in NCP, but warthogs were not included since they were already
present on the farms incorporated into the new park (Mr J. de Klerk, Manager, Mokala NP,
personal communication, 2019). Hence, the high prevalence of antibody found in Mokala NP
in 2017 and 2019 implies that the virus is endemic in the region, not just in the park. This is
consistent with the detection of seropositive warthogs on farms 18 and 19 (Table 3.2) and the
histories of contact of domestic pigs with warthog tissues in the outbreaks of ASF recorded on
farms in NCP and adjacent FSP in 2017 (Figure 3.4).

Major nature reserves have not been implicated in triggering outbreaks of ASF in domestic
pigs in South Africa, but the large populations of warthogs present on private land appear to
play a direct role. To what extent multiple unrecorded translocations of warthogs that
accompanied the burgeoning of game ranches and private nature reserves (Maciejewski and
Kerley, 2014; Swanepoel, 2016) promoted dispersal of ticks and ASFV is less important than
the potential threat posed by continued expansion of extralimital warthog populations and
possible utilization without due regard to biosafety measures. The threat is greater for small-
scale pig farmers who exercise little control on potential introduction of infection (Penrith et al.,
2019a; Fasina et al., 2015; Etter et al., 2019) than it is for commercial producers that apply

strict compartmentalization procedures.

The taxonomy of Afrotropical Ornithodoros ticks was recently reviewed with description of new
species and type localities, but little is known about ASFV vector competence and distribution
ranges for some species (Bakkes et al., 2018). Observations on the occurrence of
Ornithodoros tick species and their ASFV infection status in relation to a selection of the

current study sites will be presented separately.

69| Page



9042
80—

T i eSS ST
.~ .

E nad

Positive cut-off

0 Doubtul

ELISA blocking %

Negative cut-off

120
110

T T T T
50 100 150 200

Warthog sera ex GKNP 1999-2020 (n=207)

100 _0'..~.. *.1Po...‘~o. \..'.“hc...v".' .‘."0“..‘

90
80
70
60

2017 2019
Positive cut-off

50

Doubfful

40
30—
20—
10

0_

ELISA blocking %

Negative cut-off

-10
0

| T
50 100

Warthog sera ex Mokala NP 2017 & 2019 (n=100)

100
90
80
70
60—

Positive cut-off

50

Doubtful

40
30
20
10—,

o b X

ELISA blocking %

Negative cut-off

-10— . 'o.: v .8 . ° *

-20-

I
50 100
Warthog sera ex Addo ENP 2019 (n=116)

Positive cut-off

Doubtful

ELISA blocking %

Negative cut-off

Warthog sera ex Rolfontein NR 2016 (n=44)
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sera obtained from four nature reserves in South Africa (abbreviations as given in the text).
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4.1 Abstract

We investigated the possibility that sylvatic circulation of African swine fever virus (ASFV) in
warthogs and Ornithodoros ticks had extended beyond the historically affected northern part
of South Africa that was declared a controlled area in 1935 to prevent spread of infection to
the rest of the country. We recently reported finding antibody to the virus in extralimital
warthogs in the south of the country, and now describe detection of infected ticks outside the
controlled area. A total of 5,078 ticks was collected at 45 locations in 7/9 provinces during
2019-2021 and assayed as 711 pools for virus content by gPCR, while 221 pools were also
analysed for tick phylogenetics. Viral nucleic acid was detected in 50 tick pools representing
all four members of the Ornithodoros (Ornithodoros) moubata complex known to occur in
South Africa: O. (0.) waterbergensis and O. (O.) phacochoerus species yielded ASFV
genotypes XX, XXI, XXII at 4 locations and O. (O.) moubata yielded ASFV genotype | at two
locations inside the controlled area. Outside the controlled area, O. (O.) moubata and O. (O.)
compactus ticks yielded ASFV genotype | at 7 locations, while genotype Il ASFV was
identified in O. (O.) compactus ticks at a single location. Two of the three species of the O.
(O.) savignyi complex ticks known to be present in the country, O. (O.) kalahariensis Bakkes
et al., 2018 and O. (O.) noorsveldensis Bakkes et al., 2018, were collected at single locations
and found negative for virus. The only member of the Pavlovskyella subgenus of Ornithodoros
ticks known to occur in South Africa, O. (P.) zumpti, was collected from warthog burrows for
the first time, in Addo National Park in Eastern Cape Province where ASFV had never been
recorded, and it tested negative for the viral nucleic acid. While it is confirmed that there is
sylvatic circulation of ASFV outside the controlled area in South Africa, there is need for more
extensive surveillance and for vector competence studies with various species of Ornithodoros
ticks.

4.2 Introduction

African swine fever virus (ASFV) causes a contagious and lethal disease of domestic pigs. In
the savannah areas of eastern and southern Africa, the virus is maintained in sylvatic
circulation between warthogs that develop benign viremic infection and eyeless ticks of the
Ornithodoros (Ornithodoros) moubata complex that live in warthog burrows [1-3]. In South
Africa, the disease in domestic pigs was first recognized in the north of the country, where the
common warthog (Phacochoerus africanus) was prevalent [4]. Consequently, a controlled
area was declared in the north in 1935 and regulations were implemented to prevent transfer

of infected suids or products to the rest of the country [5].
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The regulations initially proved effective, however, from 2016 there were outbreaks of the
disease in domestic pigs in the south that could not be linked to recent transfer of infected
animals or materials from the controlled area. The genotype of ASFV involved, genotype I,
had been isolated decades earlier from outbreaks of disease in pigs in South Africa, and from
ticks inside the controlled area. The same genotype had long been associated with the disease
in domestic pigs in countries of western Africa from where it is believed to have been
accidentally introduced into Europe in 1957 and 1960 [6-14]. In South Africa, since 1963, there
has been widespread translocation of warthogs to game farms and nature reserves in the
south of the country, originally from a source considered to be free of ticks and virus, but in
2008-2012 Ornithodoros ticks were found in warthog burrows on farms approximately 20 km

south of the controlled area, including ASFV-infected ticks in one instance [15-19].

Although the most recent outbreaks of the disease outside the controlled area were of
undetermined origin, there were indications that contact with warthogs was involved in at least
three instances in the North West, Northern Cape and Free State Provinces (Figure 4.1) [6-
9,11,12]. Hence, we sought evidence of the occurrence of sylvatic circulation of ASFV outside
the controlled area and found antibody to the virus in opportunistically acquired serum samples
from extralimital warthogs [20]. We now report detection of ASFV nucleic acid in Ornithodoros
ticks collected from warthog burrows both within and beyond the controlled area in South

Africa.

The taxonomy of the Afrotropical Ornithodoros ticks was recently revised with description of
new species [21], and the present observations incidentally extend the information available
on the distribution ranges, host associations and potential roles of certain tick species as
vectors of ASFV. Moreover, tests for antibody to ASFV were performed on a limited number
of blood and serum samples from tortoises and hyaenas to determine whether they are

exposed to infection as alternative hosts for Ornithodoros ticks.
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W, ASF controlled area
..., Extralimital warthog distribution, derived from Swanepoel et al. (2016)

@® ASF outbreaks in domestic pigs 01/2016 - 03/2021 (Janse van Rensburg et al., 2020a;b; DALRRD 2016-2021)

¥ ASF outbreaks in domestic pigs with suspected warthog involvement outside the ASF controlled area
2016-2021 (Janse van Rensburg et al., 2020b)

* "KwaZulu-Natal Province' * ~

Northern Cape Province
NCP

?

100 200 300 km

Western Cape Province

Figure 4.1: Spatial distribution of outbreaks of African swine fever in domestic pigs in relation to the ASF controlled area and
the extralimital distribution of warthogs in South Africa, 2016-2021. Approximate coordinates (correct to 0.1 degree) were
derived from references cited in the text. The South African Protection of Personal Information Act 4 of 2013 precludes

divulging names and accurate coordinates of private property.
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Table 4.1: Summary of locations where Ornithodoros ticks were collected, numbers of ticks collected and pools tested and found
positive for African swine fever virus nucleic acid by qPCR, genotypes of virus identified, numbers of tick pools subjected to 16S
rRNA sequencing, and species of ticks identified.

ASFV ASFV

Location Collection Ticks Pools gPCR p72 16S rRNA
Location Province! type QDGC? sites collected tested positive genotype sequences Tick species
Locations inside ASF controlled area
LPO1 LP Farm E029S022CB 1 218 7 6 0. (0.) waterbergensis
LP02 LP Farm E027S024CA 1 2 1 0. (0.) waterbergensis
LPO3 LP Farm E026S024DB 3 160 27 1 XXI 2 0. (0.) waterbergensis
GKNPO1 LP Nature Reserve  E031S024AC 1 82 12 XX 12 0. (0.) phacochoerus
GKNPO02 LP Nature Reserve  E031S022CA 1 316 46 2 0. (0.) phacochoerus
GKNPO3 LP Nature Reserve  E031S022CA 1 26 4 2 0. (0.) phacochoerus
GKNPO0O4 LP Nature Reserve  E031S023CC 1 192 64 2 0. (0.) phacochoerus
GKNPO05 LP Nature Reserve  E031S023DC 1 115 15 2 0. (0.) phacochoerus
GKNPO6 LP Nature Reserve  E031S023CD 1 60 11 1 0. (0.) phacochoerus
GKNPO7 MP Nature Reserve  E031S024BA 1 104 31 2 XXI 31 O. (0.) phacochoerus
GKNPO8 MP Nature Reserve  E031S024BA 1 150 26 1 0. (0.) phacochoerus
GKNPOQ9 MP Nature Reserve  E031S024BC 1 58 10 1 O. (0.) phacochoerus
GKNP10 MP Nature Reserve  E031S024BC 1 23 8 1 0. (0.) phacochoerus
GKNP11 MP Nature Reserve  E031S024DB 1 129 36 1 O. (0.) phacochoerus
GKNP12 MP Nature Reserve  E031S024DD 1 84 8 1 0. (0.) phacochoerus
GKNP13 MP Nature Reserve  E031S024DB 1 157 15 1 O. (0.) phacochoerus
GKNP14 MP Nature Reserve  E031S025BA 4 558 25 2 0. (0.) phacochoerus
GKNP15 MP Nature Reserve  E031S025BA 1 56 10 2 O. (0.) phacochoerus
GKNP16 MP Nature Reserve  E031S025BC 1 219 57 1 0. (0.) phacochoerus
GKNP17 MP Nature Reserve  E031S025BD 1 120 14 1 O. (0.) phacochoerus
GKNP18 MP Nature Reserve E031S025BD 4 254 14 4 XX, XXI 4 0. (0.) phacochoerus
NWPO01 NWP Farm E026S024CD 5 148 25 3 la 3 O. (0.) moubata
NWP02 NWP Farm E026S025AA 3 12 1 1 0. (0.) moubata
NWPO03 NWP Farm E026S025AA 1 136 10 2 Ib 3 O. (0.) moubata
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Locations outside ASF controlled area

NWP04 NWP Nature Reserve  E026S025CA 7 2 Ib 0. (0.) moubata
NWPO05 NWP Farm E026S025CA 2 227 37 6 Ib 5 0. (0.) moubata
MPO1 MP Nature Reserve ~ E029S025CA 10 0
GPO1 GP Nature Reserve  E028S025BC 1 8 5 4 0. (0.) moubata
GP02 GP Nature Reserve  E028S025AD 3 92 6 2 0. (0.) moubata
GPO3 GP Farm E028S025CB 1 1 1 1 0. (0.) moubata
GP04 GP Nature Reserve  E028S025BA 1 10 5 5 0. (0.) moubata
GP05 GP Nature Reserve  E028S025BC 1 10 4 2 0. (0.) moubata
GP06-GP0O7 GP Farms E027S026CB 2
GP08-GP11 GP Farms E027S026CA 4
GP12-GP13 GP Farms E028S025DA 2
GP14-GP18 GP Farms E028S025CB 5 0
MNPO1 NCP Nature Reserve  E024S029AB 6 287 54 4 la, Ic 53 0. (0.) compactus
NCPO1 NCP Farm E024S028BC 3 316 51 19 la, Ib, Ic® 19 0. (0.) compactus
NCPO02 NCP Farm E024S028AD 2 86 11 3 la,b 4 0. (0.) compactus
NCPO03 NCP Nature Reserve  E024S028BC 6 65 9 1 0. (0.) compactus
NCP04*4 NCP Nature Reserve  E024S028CB 1 32 3 1 la 3 0. (0.) compactus
NCP044 NCP Nature Reserve  E024S028CB 1 27 1 1 0. (0.) kalahariensis
NCPO05 NCP Farm E023S028DD 1 53 2 1 0. (0.) compactus
NCPO06 NCP Farm E022S028CC 3 31 3 1 | 1 0. (0.) compactus
FSPO1 FSP Nature Reserve  E024S028DD 1 2 1 1 0. (0.) compactus
FSP02 FSP Farm E025S029AC 3 97 7 Ic 3 O. (0.) compactus
FSP03 FSP Farm E024S029BD 1 8 1 1 1] 1 0. (0O.) compactus
AENPO1 ECP Nature Reserve  E025S033BD 1 7 1 1 O. (P.) zumpti
AENPO2 ECP Nature Reserve  E025S033BD 1 234 23 23 O. (P.) zumpti
AENPO3 ECP Nature Reserve  E025S033DB 2 91 5 5 O. (P.) zumpti
ECP0O1 ECP Farm E024S033AB 2 8 2 1 0. (0.) noorsveldensis
105 5078 711 50 221

1ECP = Eastern Cape Province; FSP = Free State Province; GP = Gauteng Province; LP = Limpopo Province; MP = Mpumalanga Province; NCP = Northern
Cape Province; NWP = North West Province. 2 QDGC = Quarter degree grid cell. 3 Three tick pools yielded ASFV genotypes la plus Ib. 4 Two species of tick were
collected on same property.
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4.3 Material and methods

4.3.1 Study sites and collection of ticks

Ornithodoros ticks were collected in the same three national parks where warthog serum
samples were obtained to test for antibody to ASFV [20]. The Greater Kruger National Park
(GKNP) inside the controlled area was sampled as representative of an environment where
circulation of ASFV in ticks and warthogs is endemic, while Addo Elephant National Park
(Addo ENP) was included in the study for contrast since ASF had never been recorded in the
Eastern Cape Province at the time of sampling in 2019, although there were outbreaks of the
disease about 250 km east of the national park in the following year. Specific evidence of
sylvatic circulation of ASFV was sought in Mokala National Park (Mokala NP) because contact
with warthogs had been reported in outbreaks of the disease in domestic pigs in Northern
Cape Province and adjacent western Free State Province (Figure 4.1). In addition, ticks were
collected on private farms and nature reserves in seven provinces, either inside the controlled
area, or in the vicinity of past outbreaks of ASF in domestic pigs outside the controlled area
(Table 4.1).

The ticks were collected during 2019-2021 and each property was designated as a separate
location, except for the large GKNP where multiple locations were sampled. Within locations,
tick collection sites were defined as single warthog burrows or clusters of burrows sometimes
overtlyinter-l eadi ng but separated from other sit
km. Assuming a minimal ASFV infection rate of 1% the intention was to collect at least 300
ticks per location to confirm the presence or absence of virus [22], but this number could not
always be attained. Coordinates of collection sites were recorded according to the quarter
degree grid cell (QDGC) system [23].

Ticks of the eyeless O. (0O.) moubata complex were collected with entomological forceps from
sand scraped from the roofs, walls and floors of warthog burrows with a long-handled shovel,
or from sand taken from culverts utilized by warthogs [24]. Members of the eyed O. (O.)
savignyi complex that live in sand at animal resting sites instead of burrows, were reportedly
present on four of the properties visited and attempts were made to collect them at sites
indicated to be infested. Ticks were placed alive in labelled screw-top 40 ml plastic sample
containers with loose filter paper liners and transported under veterinary permit in prescribed
secondary and tertiary biosecurity packaging to the laboratory for examination under animal

biosafety level 3 conditions. The ticks were held at laboratory temperature (22°C) for 3 weeks
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prior to processing to reduce the detectability of residual virus that may have been engorged

in viraemic blood meals [25].

Ticks were identified morphologically and a few specimens from each collection location were
preserved in 70% ethanol as taxonomic vouchers for confirmation of identity by the Gertrud
Theiler Tick Museum of the Agricultural Research Council-Onderstepoort Veterinary
Research, Onderstepoort, South Africa. The remaining ticks were pooled according to
sampling site, developmental instar and size into groups of 1-2 adults or 5-25 nymphs and

stored at -80°C until virus and phylogenetic assays were performed.

4.3.2 Nucleic acid extraction and gene amplification

Tick pools were homogenized using 1.4 mm zirconium oxide beads in centrifuge tubes
containing phosphate-buffered saline, pH7.2 (PBS) to create 10% (w/v) suspensions.
Automated nucleic acid extraction was performed with IndiMag Pathogen kits (Indical
Bioscience, Leipzig, Germany) using slight modi fi cati ons to the manuf ac
Briefly, 200uL of tick homogenate supernatant was added to 200uL AL buffer (Qiagen), mixed
well, and incubated at 70°C for 10 min. 200puL of the AL lysate was added to the IndiMag buffer

for extraction. Each extraction included known ASFV positive controls.

Eluates were stored at -80°C until tested for ASFV nucleic acid using the real-time quantitative
PCR (gPCR) assay of Zsak et al. [26] with modifications [27]. Briefly, 5uL DNA was amplified
in 20uL reactions using 20 pmol of the published primers and 7 pmol of probe in Perfecta
Fastmix Il (Quanta Biosciences, Beverly, MA). Positive and no template controls (NTC) were
included for each PCR run. Sampl es wi-bftvall@q mean

based on the analytical sensitivity limits of the gPCR assay) were considered positive.

To confirm the identification of ASFV detected in tick pools and classify the virus genotypes
involved, nucleic acid from gPCR positive pools was amplified with primers p72-U and p72-D
and the cycling conditions of Bastos et al. [10]. Appropriately-sized bands (~478 bp) of
amplification product were excised from agarose electrophoresis gels, purified, and subjected
to Sanger nucleotide sequencing. The sequences were viewed, 399 base fragments of DNA
aligned using MEGA X software [28], and neighbour-joining phylogenetic analysis was
performed with representative sequences of the 10 ASFV p72 genotypes confirmed to occur
in South Africa plus one unassigned virus (L. Heath, unpublished) using MEGA X software
[28,29]
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To confirm the potential significance of intra-genotypic single nucleotide polymorphisms
(SNPs) observed among p72 virus genotype | sequences, partial characterization of the
central variable region (CVR) of the 9RL open reading frame of ASFV was performed on the
relevant tick pool DNA extracts using the PCR primers and cycling conditions of Bastos et al.
[30] followed by nucleotide sequencing of the products and deduction of amino acid

sequences.

Phylogenetic characterization of ticks was based on partial sequencing of the mitochondrial
16S rRNA gene [31]. Appropriately sized bands (~313 bp) were excised from agarose
electrophoresis gels, purified, and subjected to Sanger nucleotide sequencing. The
sequences were viewed, 263 base fragments aligned, and neighbour-joining phylogenetic
analysis performed with representative species sequences from GenBank using MEGA X

software [28].

4.3.3 Isolation of virus

In attempts to isolate virus from ASFV qPCR-positive tick pools, aliquots of clarified
supernatant fluid from the original 10% suspensions were inoculated at 10-fold dilutions into
duplicate wells of primary pig bone marrow macrophage cultures in 96 well microplates, and
examined for hemadsorption (HAD) and cytopathic effect (CPE) at 48 and 72 h incubation
[32]. Negative samples were scheduled to be sub-cultured twice, and isolation of virus in HAD-

or CPE-positive samples confirmed by performing gPCR [27] on culture extracts.

4.3.4 |dentification of tick blood meal donor species

In attempts to identify blood meal donors, partial cytochrome b sequences of mammalian
mitochondrial DNA were determined from selected suspensions of pools of engorged ticks

[33] and compared by BLASTx search with sequences in GenBank (NCBI).

4.3.5 ASFV antibody tests on alternative vertebrate hosts of Ornithodoros ticks

Dried blood samples were collected on Nobuto cellulose strips (NCS) (Advantec, Tokyo,
Japan) from 5 leopard tortoises (Stigmochelys pardalis) killed in road accidents in the
Kimberley area of Northern Cape Province and in the southern GKNP in 2020-2021. Serum
samples from 97 spotted hyaenas (Crocuta crocuta) obtained from the GKNP came from
animals translocated internally or culled for managerial purposes in the south of the national
park from 1997 to 2018 and had been stored at -80°C. Tests for antibody to ASFV were
performed on the blood and serum and samples with INgezim PPA Compac R. 11.PPA.K3
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blocking enzyme-linked immunosorbent assay (ELISA) kits (Eurofins Technologies Ingenasa,

Madrid, Spain) as described previously [20].

4.4 Results

4.4.1 Collection and identification of Ornithodoros ticks

A total of 5,078 ticks was collected at 82 sites in 45 locations in 7/9 provinces of South Africa
during 2019-2021. An additional 23 sites in 14 locations failed to yield ticks, including a nature
reserve in Mpumalanga Province bordering Gauteng Province, plus 7 small contiguous farms
in north-eastern GP where acaricides were used liberally, and 6 farms in western Gauteng
Province where warthogs were rarely seen, and the burrows appeared to be occupied by
porcupines (Table 4.1). Ticks were identified morphologically, and a subset of 436 ticks was
preserved as taxonomic vouchers. The remaining 4,642 ticks were assayed in 711 pools for

virus content.

Partial mitochondrial 16S rRNA gene sequences were determined for 221 tick pools, including
pools that tested positive for ASFV nucleic acid plus at least one pool per collection location
and all pools from some locations, except for location LP02 where inadequate DNA remained
available (GenBank accession numbers MZ411417-MZ411419, OK136965-OK137179,
0OK323967, OK323968 and OL870945) (Table 4.1).

All 221 partial mitochondrial 16S rRNA tick gene sequences were aligned and subjected to
neighbour-joining phylogenetic analysis [28] with 74 corresponding gene sequences obtained
from GenBank for Afrotropical Ornithodoros ticks, mainly from South Africa but including O.
(0O.) porcinus Walton, 1962 from Tanzania and O. (O.) savignyi (Audouin, 1826) from Sudan,
plus the ixodid tick Amblyomma hebraeum as an outlier. The 221 data sets from the present
study resolved into 11 unique sequences while the 74 data sets from GenBank represented
19 unigue Ornithodoros sequences, corresponding to a collated total of 23 unique sequences
clustering as 10 currently recognized species of Ornithodoros ticks [21] (data not shown). For
sake of clarity the analysis was repeated using only representative unique sequences from
the present study and from the GenBank data, resulting in the generation of a dendrogram
showing the same topology and phylogenetic relationships as the full range of data sets
(Figure 4.2).
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Figure 4.2: Neighbour-joining tree based on partial mitochondrial 16S rRNA gene sequence
(263 nt) depicting phylogenetic relationships between 11 unique sequences generated from
African Ornithodoros (Ornithodoros) ticks in the present study (GenBank accession numbers
in bold) and 19 representative unigue Ornithodoros species sequences from Genbank, mainly
from South Africa (RSA) but including O. (O.) porcinus Walton, 1962 from Tanzania (TAN)
and O. (0.) savignyi (Audouin, 1826) from Sudan (SUD), plus the ixodid tick Amblyomma
hebraeum as an outlier. Percentage bootstrap support values were derived following 10,000

replications. Evolutionary analyses were conducted in MEGA X.
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The ticks collected in the present study were found to include all four species of the O (O.)
moubata complex known to occur in South Africa: O. (O.) moubata (Murray) (1877) sensu
Walton, 1962, O. (O.) waterbergensis Bakkes et al., 2018, O. (O.) phacochoerus Bakkes et
al., 2018 and O. (O.) compactus Walton, 1962, each within a distinct distribution range (Table
4.1). Furthermore, two of the three species of the O. (O.) savignyi complex ticks known to be
present in the country, O. (O.) kalahariensis Bakkes et al., 2018 and O. (O.) noorsveldensis
Bakkes et al., 2018, were found at single locations in Northern Cape Province and Eastern
Cape Province. In addition, the only member of the subgenus Pavlovskyella yet recorded in
South Africa, O. (P.) zumpti Heisch and Guggisberg, 1953, was collected from warthog
burrows and a yellow mongoose (Cynictis penicillata) burrow in Addo ENP in Eastern Cape
Province (Table 4.1).

4.4.2 Detection and p72 phylogeny of ASFV nucleic acid in ticks

Of the 711 pools of ticks screened by gPCR for ASFV nucleic acid, 50 pools tested positive
with a Cq mean value of 26.00 (range 20.23-36.11), including members of all four of the O
(0.) moubata complex sampled. A further 10 pools of ticks produced doubtful reactions in the
gPCR and failed to react in the p72 PCR or could not be sequenced, and the findings were
discarded since the presence of virus was already confirmed in other tick pools at the same
collection sites. As expected, the few O. (O.) kalahariensis and O. (O.) noorsveldensis ticks of
the O. (O.) savignyi complex that do not live in burrows failed to yield ASFV nucleic acid, as
did the O. (P.) zumpti ticks from Eastern Cape Province where the presence of the virus had
never been recorded at the time that the ticks were collected (Table 4.1). The locations where
ASFV nucleic acid was detected in ticks collected during the present study are shown in Figure

4.3 in relation to locations where ASFV was not found in ticks.
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Figure 4.3: Spatial distribution of locations where different Ornithodoros tick species were collected during the present study.
Locations where African swine fever virus nucleic acid was detected in ticks (closed symbols) are shown in relation to locations

where viral nucleic acid was not found in ticks (open symbols).
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All 50 of the gPCR-positive tick pools also tested positive in the p72 PCR and phylogenetic
analysis revealed that the ASFV nucleic acid detected in the ticks represented five p72
genotypes of the virus (Figure 4.4; Table 4.1), with SNPs that distinguished 4 variants of
genotype | supported by marked size differences in the CVR compatible with subtypes
recorded in recent outbreaks of the disease in domestic pigs outside the controlled area [13];
see Discussion below. Only 20 sequences from the present study were included in the
analysis, comprising one unique partial p72 sequence per tick species per collection site plus
one sequence (GenBank accession number OL415194) from a warthog [20], along with 29
representative sequences of the genotypes known to occur in South Africa including isolate
Spencer that has not been assigned to a p72 genotype; see Discussion below. The inclusion
of a type Il isolate (RSA 08/2019, Figure 4.4) (L. Heath, unpublished) in the analysis
incidentally raises the number of known genotypes confirmed to be present in South Africa to
10, but an update on ASFYV isolations from recent outbreaks of the disease will be presented
separately. In the present study, ticks of the O. (O.) waterbergensis and O. (O.) phacochoerus
species yielded ASFV genotypes XX, XXI, XXII at 4 locations and O. (O.) moubata yielded 2
subtypes of ASFV genotype | at two locations inside the controlled area. Outside the controlled
area, O. (0O.) moubata and O. (O.) compactus ticks yielded 4 subtypes of ASFV genotype |
variously at 7 locations with 3 pools of O. (O.) compactus ticks yielding two subtypes, la and
Ib, of genotype | at location NCPO1. In addition, genotype Ill ASFV was identified in O. (O.)
compactus ticks at a single location outside the controlled area in western Free State Province
(GenBank accession numbers OK148637-OK148688 and OM135580) (Table 4.1). Two
separate GenBank submissions were made for each of three tick pools that yielded subtypes
la and Ib of genotype | ASFV (Table 4.1). The detection of genotype Il virus outside the
controlled area was confirmed by re-extraction of an aliquot of the original tick suspension and

repeating the partial characterization of the p72 gene.

The distribution patterns of the ASFV genotypes identified in ticks during the present study
are summarized on a regional basis in Figure 4.5 in relation to virus genotypes identified in
outbreaks of ASF in domestic pigs during 2016-2021 [6-9,12,12,34]. The extant information
on the distribution ranges of the currently recognized species of Ornithodoros ticks in South
Africa is collated in Figure 4.6 by plotting the locations where ticks were collected during the
present study in relation to locations where ticks with cognate partial mitochondrial 16S RNA

gene sequences or morphological identity were previously reported [21,31,35-38].
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Figure 4.4: Neighbour-joining tree based on partial C-terminal p72 gene sequence (399 nt) of
African swine fever virus depicting phylogenetic relationships between 20 representative
sequences detected in African Ornithodoros (Ornithodoros) ticks in the present study
(GenBank accession numbers in bold) and 29 representative sequences of the genotypes
known to occur in South Africa. Only one unique sequence detected per tick species per
collection site in the present study is included in the analysis and these comprise 5 genotypes
of virus. Percentage bootstrap support values were derived following 10,000 replications.

Evolutionary analyses were conducted in MEGA X.
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