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Abstract

Exposure of wildlife to anthrax in Kruger and Etosha National Parks and the effect of
haemoparasite coinfections

By
Sunday Ochonu Ochai
Supervisor: Henriette van Heerden
Department of Veterinary Tropical Diseases, University of Pretoria
Co-supervisor:Wendy Turner

U.S. Geological Survey, Wisconsin Cooperative Wildlife Research Unit,
Department of Forest and Wildlife Ecology, University of Wisconsin-Madison.

Degree: Master of Science Veterinary Science Tropical Diseases

Anthrax has a global distribution and it is enzootic in Kruger National Park (KNP) in South
Africa and Etosha National Park (ENP) in Namibia. These parks share some similarities such as
hosts species and both have endemic and non-endemic areas, but host species differ in their
susceptibility between the parks. We measured the presence of anti-PA antibodies in zebra and
kudu from both parks using ELISA and also their ability to neutralize anthrax lethal toxin vis-a-
vis haemoparasite coinfections detected with reverse line blot probes of Theileria, Babesia,
Anaplasma and Ehrlichia. It was found that kudus in KNP had higher titres and proportion (95%)
of positive animals than ENP (40%). ENP zebras had higher titres and proportions of positive
animals (83%) than those of KNP (63%). Animals in anthrax endemic areas in KNP had higher
titres than those in non-endemic areas, but this was not so in ENP. ENP kudus and KNP zebras
showed better and higher proportion of neutralization. Animals positive to haemoparasites
(Theileria, Babesia, Ehrlichia and Anaplasma) showed a significant difference between the kudu
in KNP (100%) compared to 70% in ENP, while all ENP zebra (100%) tested positive compared
to 84.6% KNP zebra. An increase in toxin neutralization was significantly associated with less
likelihood of infection with haemoparasites in zebras. In summary, this study shows that rarity
is largely a function of resistance toward anthrax, which could have emanated from both the dose

of infection and the interval between exposures and the interplays of other infections in the host.
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Chapter 1
INTRODUCTION

Anthrax is a zoonosis that affects a myriad of species, including humans, although its most
susceptible hosts are mammalian herbivores (W.H.O., 2008). Anthrax is caused by the gram-
positive, capsule-forming, endospore-forming Bacillus anthracis bacterium. This pathogen must
kill its animal host in a bid to further spread. After the death of the host and the shedding of
infectious materials containing the vegetative part of the organism, the bacilli begins to undergo
sporulation forming endospores. The endospores can persevere in the soil for numerous years
until uptake (normally ingestion) by a susceptible host and germinate forming vegetative cells.
This is followed by further propagation and increase of cells (Sterne, 1959, W.H.O., 2008, World
Health Organization 2015) producing toxins that ultimately leads to the death of the host (Leppla,
1982). In a broader sense, there is a progression of the disease which occurs either as acute or
peracute septicaemia following incubation of 2-8 days. The variation in the incubation period
could occur due to the infectious dose intake and exposure intervals (Klein et al., 1962, W.H.O.,
2008, Beyer and Turnbull, 2009). Due to the acute and peracute nature of anthrax, diagnosis is
mainly based on, molecular identification, microscopy and culture and not on serology (Gates et
al., 2001, Lembo et al., 2011, Bagamian et al., 2013).

Environmental factors like rainfall, humidity, precipitation, temperature and the type of soil
affect the survival of the B. anthracis endospore. Generally, anthrax endemic regions are found
in places with warmer temperatures, even though there are pieces of evidence that outbreaks can
occur in places close to the Arctic circle (Minett and Dhanda, 1941). This happens mostly in
summer when daylight can get to about 24 hours, as such, heating the spores of B. anthracis
survive in soils that are alkaline and also have an abundance of calcium (Minett and Dhanda,
1941, Van Ness and Stein, 1956, Van Ness, 1971), as well as moderately high moisture content
(W.H.O., 2008, Hugh-Jones and Blackburn, 2009). As anthrax is non-contagious, dissemination
of B. anthracis relies on various vectors and factors like soil, water, vegetation and host grazing
behaviour ,(de-Vos, 1990, Lindeque and Turnbull, 1994, de-Vos and Bryden, 1996, Hugh-Jones
and de Vos, 2002, Saile and Koehler, 2006, W.H.O., 2008, Hampson et al., 2011, Turner et al.,
2014), flies (de-Vos, 1990, Blackburn et al., 2010, Fasanella et al., 2010, Beyer et al., 2018),
scavengers such as vultures (Pienaar, 1967, Houston and Cooper, 1975, Lindeque and Turnbull,
1994, Hugh-Jones and de Vos, 2002), jackals and hyena (Lindeque and Turnbull, 1994, Bellan
et al., 2013). Bacillus anthracis thus has a lifecycle consisting of soil/environment, endospore,
vegetative cells producing toxins, disseminating vectors and hosts. In a natural system, the latter
consist of resistant and susceptible hosts whose immunity is also under pressure of other

pathogens as well as endo-and ectoparasites.



Anthrax is endemic in Kruger National Park (KNP) in South Africa and Etosha National Park
(ENP) in Namibia. Southern Africa, including KNP and ENP, is considered the origin of anthrax
(Keim et al., 1997). These two parks have anthrax endemic and nonendemic regions. In the
endemic region of ENP, deaths of plains zebra (Equus quagga) and other herbivores climax at
the closing of the raining season while African elephant (Loxodonta africana) deaths climax
during the late dry season, though cases in all species can be observed sporadically through the
year (Ebedes, 1976b, Lindeque and Turnbull, 1994, Beyer et al., 2012, Turner et al., 2013).
Seasonal outbreaks have been linked to differences in host foraging behaviour altering exposure
rates (Turner et al., 2013, Havarua et al., 2014, Cizauskas et al., 2014) and and seasonal immune
trade-offs (Cizauskas et al., 2015). Anthrax primarily affects grazing and mixed-feeding
herbivores in ENP. Of all recorded cases, 52% are plains zebras, 22% are blue wildebeest
(Connochaetes taurinus) (both grazers) (Turner et al., 2013), and only 1.7% are browsers which
include kudu (Tragelaphus strepsiceros) and impala (Aepyceros melampus) (Havarua et al.,
2014). In KNP, anthrax is endemic in the northern part of KNP, Pafuri in South Africa (Hugh-
Jones and de Vos, 2002). The main host species in KNP over time has been greater kudu
(Tragelaphus strepsiceros), a browser contributing up to 75% of recorded cases from 1960-1990s
(de-Vos and Bryden, 1996). Anthrax was historically associated with dry seasons or droughts in
KNP, occurring in explosive outbreaks on a roughly decadal cycle (Pienaar, 1960, Pienaar, 1961,
de-Vos, 1990, de-Vos and Bryden, 1996, Hugh-Jones and de Vos, 2002). Since 2008, lesser
outbreaks have occurred annually and mainly in the wet season, and primarily affecting impala
(Aepyceros melampus), a mixed grazing-browsing species (Basson et al., 2018). Exposure of
browsing species has been hypothesized to occur via blowflies (Chrysomya spp.) feeding on
anthrax infected carcasses and then depositing B. anthracis spores onto the leaves of trees/shrubs
near the carcass (Braack and De Vos, 1990, Blackburn et al., 2014, Basson et al., 2018). Plains
zebra and wildebeest have been relatively rare host species, contributing at most 10% of cases in
outbreaks (personal communication with Skukuza State Veterinary Services). These national
parks are an ideal environment to investigate the pathogens, environmental factors,
dissemination, host factors as well as the influence of ectoparasites and haemoparasites on the
susceptibility of the hosts to anthrax (Horak et al., 2003, Dondona et al., 2012).

Haemoparasites such as Rickettsiales of the genera Anaplasma and Ehrlichia (Dumler et al.,
2001) and protozoans like Babesia and Theileria are pathogens that are transmitted by ticks
(Mehlhorn and Schein, 1985, Duh et al., 2008). These protozoans can infect and destroy red
blood cells and/or the white cells of different wildlife and livestock (Duh et al., 2008), and hence
may affect susceptibility to anthrax mortality. Hosts including humans and animals alike are

often infected with more than one pathogen at a particular moment (Christensen et al., 1987,



Lello and Hussell, 2008). These interplays could be in the form of protozoa-bacteria, virus-
bacteria, helminth-protozoa, protozoa-protozoa interactions amidst other interactions. These
interactions often modulate and/ or alter the immunity of the host and hence increasing
susceptibility of the host to one or the other pathogen (Chen et al., 2005) or increase the severity
of other pathogenic organisms (Borkow et al., 2001). With the knowledge of such interactions
between microparasites in the body of the host, an in-depth understanding of the immunological
subtleties of the relationship of a co-infection with haemoparasites and the ability of an animal
host to neutralize anthrax lethal toxin is imperative.

Anthrax is considered a part of the natural ecosystem of KNP and ENP and is primarily
unmanaged. The long history of unmanaged anthrax in these systems, with no evidence of an
increase in cases over time, suggests that anthrax in these areas is at or near an endemic
equilibrium. Both parks contain high and low incidence areas, allowing the study of host
resistance evolution in sub-populations with and without regular pathogen exposure. These two
parks share some similarities in that they share many of the same hosts species and both have
low and high incidence areas within the parks, but a striking difference between the parks is that
a susceptible species (kudu) in KNP is a rarely affected species in ENP and susceptible species
(zebra) in ENP is a rare affected species in KNP. This difference, therefore, calls for intra- and
interspecific host comparisons between parks and between high/low incidence areas within
parks.

With abounding knowledge of how pathogens evolve, it has, therefore, become imperative to
study within-host infection and between-host transmission for envisaging virulence progression
and epidemiological subtleties (Mideo et al., 2008, Restif and Graham, 2015, Cressler et al.,
2016). The changeability in anthrax ecology worldwide has served as an impediment for the
blending of knowledge and outbreak forecasting (Mullins et al., 2013) and therefore, identifying
the factors responsible for the various forms and disease outbreak patterns warrants substantial
attention. No research of this nature in literature has been conducted before now to measure and
compare the variability in the exposure status and protection level of animals in different areas
(e.g. KNP and ENP) and other factors such as coinfections with haemoparasites. It has, therefore,
become necessary to investigate the immunological dynamics of anthrax infection in the two
national parks with a bid to understanding if rarity and susceptibility are a function of low/no
exposure or higher resistance respectively. Additionally, our methodology seeks to reveal the
understanding of host-specific immunological differences vis-a-viz haemoparasite coinfections

among systems by comparing two areas that differ in anthrax dynamics yet share host species.



1.1 Aim

The study aims at understanding the exposure to anthrax in Kruger and Etosha National Parks

and the effect of haemoparasite co-infection.

1.2 Objectives

1. To ascertain antibodies present in hosts in KNP and ENP using B. anthracis-specific

anti-protective antigen (PA) ELISA antibody titers, and make comparisons:

a. between endemic vs. non-endemic populations within parks, and

b. between parks where a given species is considered to be a more (ENP: zebra,
KNP: kudu) or less (ENP: kudu, KNP: zebra) susceptible host, and

c. among the three host species examined in each park (ENP: zebra, kudu,
wildebeest; KNP: kudu, zebra, impala).

2. To measure neutralizing antibodies between parks where a given species is considered
to be a more (ENP: zebra, KNP: kudu) or less (ENP: kudu, KNP: zebra) susceptible
host, and within parks between zebra and kudu

3. To measure the association between haemoparasite diversity and the ability of the

animals to neutralize anthrax lethal toxins.



Chapter 2
LITERATURE REVIEW

2.1  Anthrax Aetiology, Distribution, and Transmission

Anthrax is a multispecies animal disease, but the most susceptible hosts are herbivorous
mammals. While primarily a fatal disease in herbivorous wildlife and livestock, humans are
susceptible to anthrax infections and human cases occur largely due to the handling of dead
carcasses, infected meat, hides and skin (Kamal et al., 2011, World Health Organization 2015).
Other routes of human infections include via injections by heroin addicts (Ringertz et al., 2000),
inhalation exposure to infected animal products, during outbreaks in animal populations, or when

used as a biological weapon (Jernigan et al., 2002).

Bacillus anthracis is the bacterium that causes anthrax and emanates from the phylum
Firmicutes, family Bacillaceae and belongs to the group referred to as the B. cereus group. The
B. cereus group consist of 8 Bacillus species (B. anthracis, B. cereus, B. thuringiensis, B.
mycoides, B. pseudomycoides, B. weihenstephanensis, B. cytotoxicus, and B. toyonensis) that
have closely related phylogeny. B. anthracis is nearly affiliated to B. cereus sensu stricto, B.
mycoides, B. psuedomycoides, B. weihestephanesis and B. thuringiensis because they share some
genetic similarities but vary phenotypically (Radnedge et al., 2003, Rasko et al., 2005). These
organisms also differ in their aetiology, pathogenesis, clinical manifestations and also host
preferences (Drobniewski, 1993, Rasko et al., 2005, Pilo and Frey, 2011).

Bacillus anthracis is an aerobic, non-motile, gram-positive rod-shaped (bamboo-like) bacterium
that produces endospores. This bacterium occurs in two forms; the spore form and the vegetative
form (Vilas-Boas et al., 2007). The spore form occurs in an oxygen sufficient environment which
is mostly outside the body of the host and is capable of enduring severe climatic conditions for
an extended period owing to their morphological makeup (Leppla, 1982, Turnbull et al., 1998).
Upon exposure to the spores, germination occurs at the site of infection before being drained by
the regional or associated lymph nodes. Depending on the form of the disease, the vegetative
cells grow and replicate at the initial site of entry of spores either in the Peyer’s patches or the
respiratory-related lymphoid organs (Glomski et al., 2007). After this, they spread to the
lymphatic system before going into the bloodstream which is then elicited by further proliferation
of the bacilli leading to bacteremia(Glomski et al., 2007). The vegetative form occurs in the
oxygen-deficient environment and occurs strictly within the host (W.H.O., 2008). The vegetative
form of B. anthracis is the growth form, responsible for the production of a combination of fatal
toxins that are accountable for the different clinical indications as well as the lesions associated
with anthrax (Lincoln and Fish, 1970, Hoover et al., 1994).
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2.2  Anthrax Toxins and Pathogenesis

The virulence factors of B. anthracis are encoded on two plasmids namely pX01 which is largely
responsible for the production of the toxins, while the pX02 synthesizes the poly-y-D-glutamic
acid capsule (Makino et al., 1989, Okinaka, 1999). The pX01 is made up of genes, responsible
for the protective antigen (PA), lethal factor (LF) and the oedema factor (EF) proteins. These
proteins are grouped in two forms namely the A and the B form. The A form which consists of
the EF or LF bears the enzymatic activity (Leppla, 1982, Moayeri and Leppla, 2004, Moayeri
and Leppla, 2009) (Figure 2.1). The B component consisting of PA, which is the receptor-binding
component of the two toxins namely lethal toxin (LT) and oedema toxin (ET) and the courier of
LF and EF respectively into the host cells (Smith et al., 1955, Leppla, 1982, Barth et al., 2004,
Moayeri and Leppla, 2009). The poly-y-D-glutamic acid (PGDA) capsule protects the bacilli
from the effect of the immune system owing largely to its ability to cause a very low immune
response and its effect on phagocytes (Makino et al., 1989, Little and Ivins, 1999, Moayeri et al.,
2015). The PA combines with LF to produce lethal toxin, which is responsible for the induction
of the death of macrophages by unsettling the pathways of mitogen-activated protein kinase
kinases (Turk, 2007) (Figure 2.1 and 2.2). The PA combines with the EF to produce the oedema
toxin (ET) that deactivates the phagocytes of the host by inducing a continuous activation of the
animal’s cyclic adenosine monophosphate (CAMP) pathway (Turk, 2007) (Figure 2.1; 2.2). It is
these complexes (ET and LT) that work to bring about the reduction in the phagocytic effect of
the body’s defence mechanism, as well as alteration of the blood clotting system and rise in the
permeability of the membranes (Hoover et al., 1994, W.H.O., 2008).

This PGDA capsule directly attaches to the peptidoglycan surface of host cells, which has been
suggested to potentiate the effect of the lethal toxin (Scorpio et al., 2007, Jang et al., 2011).
PGDA has been incriminated in the pathogenesis of anthrax and recent studies have demonstrated
that this is achieved by its ability to target the cytokine pathway and in turn inhibiting the host
immune response (Smith et al., 1955, Makino et al., 2002, Jelacic et al., 2014, Jeon et al., 2015).
The number of pX02 in a cell is closely related to the level of virulence (Pannifer et al., 2001).
Some studies have reported that animals that are resistant to lethal toxin are more susceptible to
challenge by anthrax spores and that the inverse is also true (Lincoln et al., 1967, Welkos et al.,
1989, Terra et al., 2010). The prevalence of the lethal toxin-susceptible macrophages over the
resistant ones yielded better protection in mice infected by B. anthracis (Terra et al., 2010). In
another report, it was shown that there is a relationship between deaths in rats caused by LT and
the susceptibility of macrophages to the effect of the lethal toxin (Newman et al., 2010).
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Figure 2-1  Figure illustrating how proteins combine to form anthrax exotoxins.

5 - . ‘q
~ exotoxins

4
LF

PA-heptamer
w endDCY‘OSiS
<
EF \ ATP Yy

= furin o MAPKK
(&)
receptor (ATR)® CAMP caimodulin{CaM) o gcell death

Figure 2-2  Mechanism of action of anthrax toxin in the host. The protective antigen (PA) binds to one of the two
anthrax toxin receptors (ATR) and becomes proteolytically activated. The resultant PA-heptamer then
binds to the lethal factor (LF) leading to induction of the death of macrophages by unsettling the
pathways of mitogen-activated protein kinase kinases (MAPKK) or binds the oedema factor (EF).
This deactivates the phagocytes of the host by inducing a continuous activation of the animal’s cyclic
adenosine monophosphate (cCAMP) following a rapid conversion of the cells adenosinetriphosphate
(ATP), ultimately leading to oedema. The anthrax exotoxins are then endocytosed and translocated
into the host’s cell where it destroys the host immune mechanism. Obtained from

https://en.wikipedia.org/wiki/Anthrax_toxin.

2.3  Clinical signs and lesions

The pathological manifestations of anthrax depend on the form of the disease which could be

defined based on the portal of entry of the organism. Although, other studies have shown that

once the disease is established, it is quite difficult to differentiate between the forms through

post-mortem identification of lesions (Glomski et al., 2007, Easterday et al., 2020). The three

commonly identified forms of anthrax are cutaneous, inhalational and gastrointestinal forms.
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Studies have demonstrated that inoculation of the skin with spores, results in germination and
establishment of oedema-like regions containing capsules of the organism within 2-4 hours
(Cromartie et al., 1947). Widespread oedema and shock have also been reported as clinical
presentations of cutaneous anthrax in humans (Turnbull, 2008). The inhalational form of anthrax
Is characterised by lesions in the lungs as well as the enlargement of regional lymph nodes, this,
in turn, leads to some of the signs associated with this form of anthrax (Gleiser et al., 1963).
Signs such as dysphagia, hemoptysis, dyspnea and other signs are commonly associated with this
form (Gleiser et al., 1963). Other lesions include enlargement of the spleen and shortly after death
there occurs oozing of blood (with impaired clotting factors) from natural orifices (Gleiser et al.,
1963, Hugh-Jones and de Vos, 2002).orifices (Gleiser et al., 1963, Hugh-Jones and de Vos,
2002). Gross pathologic lesions associated with the gastrointestinal type of this disease include

haemorrhage, necrosis and inflammation of the small intestine (Nieberle and Cohrs, 1967).

2.4 Host immunity against B. anthracis

Development of antibodies following natural or experimental infection with any or a combination
of the three proteins (PA, LF and EF) of the pXO1 component of B. anthracis has been
demonstrated using enzyme-linked immunosorbent assay (ELISA) (lvins and Welkos, 1988,
Turnbull et al., 1992, Hanson et al., 2006, Lembo et al., 2011, Cizauskas et al., 2014). PA is the
most crucial part of the components of the pX01 and strains of B. anthracis lacking the pX01
plasmid fail to confer immunity as they become avirulent to animals except for mice (Leppla et
al., 2002). For the conferment of immunity to occur against anthrax, the host must be able to
resist the establishment of disease or stall the progression (Mahlandt et al., 1966). To stall the
progression of the disease it becomes important for the host to have specific antibodies against
PA. The deleterious effect of B. anthracis and pathogenesis has been attributed to the ability of
the PA to bind to both LF and EF and the subsequent uptake (translocation) into the host cell’s
internal environment (Leppla et al., 2002). PA is considered the most important immunogen in
most anthrax vaccines (lvins et al., 1994) and antibodies against PA have been shown to inhibit
the germination of spores and enhance the activities of macrophages against the spores (Welkos
et al., 2001). Anti-PA antibodies have been detected in several wildlife species following
sublethal exposures to anthrax spores (Turnbull et al., 1992, Lembo et al., 2011, Cizauskas et al.,
2014). Antibodies to EF and LF have been reported in some species of animals (Turnbull et al.,
1992) but the extent to which the EF and/or LF confer immunity and how they provide protection
is not fully understood (Taft and Weiss, 2008). Mahlandt et al. (1966) showed that both EF and
LF have an augmenting effect on the protective ability of anti-PA antibodies in some laboratory

animals. Vaccination with antigens containing regions for the binding of LF and PA have been



shown to yield better and broader protection as against using only PA (Baillie et al., 2010) and
using EF as an adjuvant has been shown to have a potentiating effect on the activities anti-PA
IgG response in mice immunised with PA (Quesnel-Hellmann et al., 2006).

The toxin neutralisation assay (TNA), a cell-based assay, is used to measure the capability of the
anti-PA antibodies to neutralize the cytotoxic effect of LT and also the ET-induced rise in
intracellular ;cAMP (Ngundi et al., 2010). The presence of neutralising antibodies against anthrax
have been reported in vaccine studies (Hering et al., 2004, Taft and Weiss, 2008, Ngundi et al.,

2010, Ndumnego et al., 2013) and also in natural exposure to anthrax (Dumas et al., 2020).
2.5  Anthrax distribution in Kruger and Etosha National Parks

With anthrax being endemic in the northernmost part of KNP in South Africa (Hugh-Jones and
de Vos, 2002), the most susceptible host species has been greater kudu, which contributes up to
75% of recorded cases from 1960-1990s (de-Vos and Bryden, 1996). Outbreaks in KNP occur
in almost decadal cycles and this has been associated with dry seasons or droughts (Pienaar,
1960, Pienaar, 1961, de-Vos, 1990, de-Vos and Bryden, 1996, Hugh-Jones and de Vos, 2002).
Although, this trend seems to have shifted a bit with the impala, a mixed grazing-browsing
herbivore being affected most during annual outbreaks and mainly in the wet season (Basson et
al., 2018). Grazers which constitute of zebra and wildebeest are reported to contribute only a
paltry 10% of anthrax related deaths in this park (personal communication with Skukuza State
Veterinary Services). It has been suggested that browser exposures occur by means of these

browsers browsing on leaves contimanted with B. anthracis spores deposited by blowflies

Diagnosis of anthrax in ENP was first reported in 1964, even though grey literature suggests the
existence of this disease long before its first report (Ebedes, 1976a). Through nearly 50 years of
investigation, cases in ENP exhibit marked seasonality. As stated earlier, the primary host in ENP
Is the plains zebra contributing about 52% of all the deaths in the Park (Turner et al., 2013). The
death of the plains zebra and other herbivores in the central part of ENP peaks at the end of the
wet season and African elephant deaths climax at the end of the dry season (Ebedes, 1976b,
Lindeque and Turnbull, 1994, Beyer et al., 2012, Turner et al., 2013). Another grazer that
contributes significantly to anthrax deaths is the blue wildebeest contributing about 22% of the
total anthrax mortalities in the park (Turner et al., 2013). Browsers in this park such as kudu,
impala and others account for only 1.7% of the deaths (Havarua et al., 2014). Contact between
herbivores and B. anthracis spores in the environment is not unconnected to the fact that spores
promote grass growth (Ganz et al., 2014, Turner et al., 2014) and nutrients from animal carcasses
improve grass quality and productivity (Turner et al., 2014). These positive effects on vegetation

attract grazing herbivores to infectious carcass sites 1-2 years after death, where they graze on



grasses polluted with spores of B. anthracis (Turner et al., 2014). Thereafter, host-pathogen
contact is likely to be reduced, since attraction ceases and spore concentrations decay with time
(Turner et al., 2014, Turner et al., 2016). Older carcass sites may serve as “vaccinator” sites,
exposing grazing hosts to a low dose, sub-lethal infections , and may promote the development

of host resistance.

In herbivorous wildlife, anthrax transmission from one infected host to a susceptible host occurs
via the death of the infected host and release of long-lived B. anthracis spores into the
environment and onward ingestion. It has been demonstrated how B. anthracis relies on various
factors and vectors for its dissemination. The primary transmission mode in herbivorous wildlife
and livestock is through ingestion of spore-contaminated vegetation (Turnbull, 2008, Turner et
al., 2014, Turner et al., 2016). Anthrax can also be spread by the activities of scavengers mostly
hyenas (Crocuta crocuta), wild dogs (Lycaon pictus), lions (Panthera leo), birds such as vultures
(different species), ravens (Corvus corax) as well as other scavengers such as the wild cats (Felis
lybica ) (Pienaar, 1967, Ebedes, 1976a, Turnbull and Snoeyenbos, 1989, W.H.O., 2008). When
an animal dies, the carcass is often opened by scavengers, this exposes the vegetative bacilli to
the aerobic environment and encourage sporulation, thus making the spores domiciled in the soil
available for subsequent ingestion and spread (Pienaar, 1967, Hugh-Jones and de Vos, 2002).
Bellan et al. (2013) on the other hand showed that the vegetative cells were able to escape into
the environment even in the absence of vertebrate scavengers. They reported no significant
difference in the spore counts with or without scavengers. Other vectors such as flies have also
been incriminated in the dissemination of anthrax especially in the browsing population of
animals in the wild. A linkage has been established between the dissemination of anthrax and
high concentrations of blowflies with anthrax outbreaks in southern Africa (Braack and De Vos,
1990). Blowflies feed on carcasses and deposit B. anthracis on close by leaves and shrubs on
which they animals browse (Braack and De Vos, 1990, Basson et al., 2018). This blowfly
infection pathway has been postulated to be the main means of transmission for wildlife species
such as kudu, impala and other animals (Blackburn et al., 2010, Hampson et al., 2011, Basson et
al., 2018). Various environmental factors also contribute to the transmission and propagation of

anthrax.
2.6  Effects of environmental factors in the persistence of anthrax spores

There are several reports on the relationship between anthrax and some environmental players
such as soil composition, temperature, humidity and pH. In a study conducted in the temperate,
boreal, and arctic North, there was a close association between warming temperature changes

and increasing anthrax suitability, as well as a relationship between increasing suitability and
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water-soil balance that supported slightly to modest water stress (Walsh et al., 2018). Previous
findings have shown a significant effect of seasonal difference on the occurrences of anthrax in
different regions (Chikerema et al., 2012, Nsoh et al., 2016). According to Nsoh et al. (2016),
most of the epidemics happen at the closing of the dry season and the beginning part of the rainy
season which could force animals to feed closer to the ground and as such, increasing the
likelihood of these animals acquiring anthrax. Outbreaks in regions of KNP appear to be
influenced by rainfall and other water activities of the location (de-Vos and Bryden, 1996). In
support of the above mentioned claim, this postulates that disease usually occurs during the end
of winter and dry environmental situations are good for anthrax survival in KNP (Steenkamp et
al., 2018). Although outbreaks have also been associated with floods which have been suggested
to be due to the excavation of the spores (Lewerin et al., 2010). Studies have been conducted to
illustrate how precipitation, temperature and soil type influence anthrax occurrences, and it was
shown that annual precipitation of 100 mm and above and the temperature of >15.5°C support
the presence of anthrax spores (Van Ness, 1971, Blackburn et al., 2007, Steenkamp et al., 2018).
Soil pH greater than 6.1 has been demonstrated to be a key factor in determining the survival of

the spores in any location (Van Ness and Stein, 1956, Nsoh et al., 2016).
2.7  Diagnosis and Identification of Bacillus anthracis

Most common confirmatory diagnoses of anthrax are usually by means of culture and post-
mortem identification of lesions and signs that are classical to this disease (Bagamian et al.,
2013). However, relying only on the mortality reports or the discovery of carcasses in the field
often lead to a misrepresentation of the species affected and as well as the severity of exposure
(Bellan et al., 2012). Surveillance of anthrax in wildlife species is very uncommon except in the
face of an outbreak (Bagamian et al., 2013). Serology which operates on the principle of antigen
binding to the specific antibody is rarely used in the antemortem diagnosis of pathogenic and
progressive zoonotic diseases such as anthrax (Jacobson, 2007). Measuring antibodies to the
protective antigen is the most reliable means of ascertaining previous exposure status to anthrax
(Turnbull et al., 1992).

Previous studies have shown that wild animals, especially carnivores, are regularly exposed to
anthrax with evidence of recovery (Turnbull and Snoeyenbos, 1989). Even though Pienaar (1967)
described that lions can succumb to anthrax infection, this is infrequent. Very scarce information
is available on the immunity to anthrax conferred by natural means and the degree to which
herbivorous livestock and wildlife acquire and recover from anthrax infection. Herbivores have
been reported to succumb more to anthrax and as such do not produce antibodies against it except

for a few species such as wood bison (Bison bison) and the African buffalo that show medium to
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a higher presence of antibodies to anthrax (Rijks, 1999, Lembo et al., 2011, Hugh-Jones and de
Vos, 2002). Zebras showed a high level of susceptibility in both Serengeti and ENP (Turnbull
and Snoeyenbos, 1989, Lembo et al., 2011). However, in another study conducted in ENP where
they utilised enzyme-linked immunosorbent assay (ELISA) to measure the seroprevalence of
anthrax, it was demonstrated that zebras, elephants, and springboks had antibodies to the
protective antigen and zebras were able to seroconvert (Cizauskas et al., 2014). ELISA is the
most widely used serological technique and owing to its versatility, it can be utilised in different

ways.
2.7.1 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA, also known as enzyme immunoassay is a technique that depends on the use of plates
specifically designed for the detection and quantification of antibodies as well as other substances
(Voller et al., 1974). The enzyme-linked technique of detection of antigen-antibody (Ag-Ab)
interaction was first brought to fore by Engvall and Perlmann as a replacement for the
radioisotope technique of detection (Engvall and Perlmann, 1971). The ELISA for the
recognition of the antibodies to B. anthracis was first modified and adopted by Anna Johnson-
Winegar (Johnson-Winegar, 1984, Turnbull et al., 1992). First, an an antigen is restricted on a
firm surface of a plate, followed by the addition of the sample antibody which then binds with a
secondary antibody that is connected to an enzyme and this conjugated enzyme reaction is
measured by incubating with a chromogene substrate (ThermoFisher Scientific 2019).
Horseradish peroxidase (HRP) and alkaline phosphatase are the most commonly used enzymes
conjugated with the secondary antibodies (Voller et al., 1974, Payment and Descoteaux, 1978,
Rennard et al., 1980). ELISA in different forms has been used over the years since its advent and

of the most common forms are the sandwich, direct, and indirect ELISA.

Sandwich ELISA is a less used type of ELISA but is very effective for the detection of antigens
in a sample. This technique quantifies the antigen sandwiched between two layers of antibodies
referred to as the capture and detection antibody (Claire, 2020). In brief, the technique involves
binding the capture antibody on a solid surface; a flat bottom 96 or 12 wells microtitre plate.
After washing the plate, the sample containing the antigen is added. This is followed by a wash
step after which the secondary antibody (detection antibody) is added and allowed to bind. This
is followed by the addition of a substrate and the colour change is measured. The advantage of
this technique is that it provides fast and specific recognition of antigen concentration in a sample
that is not known (Verma et al., 2013). The major setback of this technique is that the antigen to
be quantified must possess a minimum of two antigenic epitopes able to bind to antibody, this is

because a minimum of two antibodies are present in the sandwich (Verma et al., 2013).
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The direct form of this assay against B. anthracis allows for the identification of the antigen (AgQ)
that is already fixed on the polystyrene plate using attachment of a conjugated specific antibody
(Ab) (Van Weemen and Schuurs, 1971, Engvall and Perlmann, 1971, Crowther, 2000). The
aforementioned interaction is then measured by the addition of a chromogen which produces a
varying degree of chroma depending on the concentration of the Ag and Ab (Engvall, 2010).
This form of ELISA is often regarded as the simplest and fastest of the three and it’s highly
resourceful when monoclonal antibodies are conjugated or Ag that are clearly defined are utilised
(Crowther, 2000). This technique is though, not without limitations especially owing to the facts
that it has low sensitivity, rigidity in its application and it is only efficient when the sample has a
high concentration of the antigen (Aydin, 2015).

The Indirect form of this assay was established on the foundation of measuring the presence of
specific antibodies by introducing a secondary antibody conjugated with an enzyme (Lindstrém
and Wager, 1978). That is to say, the formed Ag-Ab complex is identified through the use of an
enzyme-labelled secondary antibody (conjugate); thus, the term indirect ELISA. Following the
initial immobilization of the antigen on the polystyrene surface, the primary antibody is then
added to form the complex (Figure 2.3). This is then trailed by the addition of the conjugate.
Subsequently, the substrate (chromophore) is then added to produce the needed colour change
which correlates to the complexes formed (Figure 2.3). The chroma increases with higher
concentrations of complexes and decreases with lower concentrations (Lindstrom and Wager,
1978, Crowther, 2000). This system of ELISA affords the comparative advantage that many
antibodies can be examined using one non-species specific conjugate such as Protein A/G (PAG)
which is chimeric construct or protein A (ProtA) and protein G (ProtG) (Eliasson et al., 1988,
Crowther, 2000). A key problem with this system of ELISA is the problem of cross-reactivity
owing to the varying extent of non-specificity in antigen binding (Crowther, 2000, Gan and Patel,
2013).

There is a paucity of information regarding the use of ELISA in wildlife herbivorous species,
with few studies conducted at Serengeti in Tanzania and ENP in Namibia.(Turnbull and
Snoeyenbos, 1989, Lembo et al., 2011, Cizauskas et al., 2014). This is probably as a result of the
absence of conjugated secondary antibodies that are specific to each species and other difficulties
associated with such studies. Kelly et al. (1993) measured the binding ability of antibodies to
different commercial conjugates, the authors tested the binding activity of protA and a chimeric
construct of PAG in 4 laboratory animals, 10 domestic and 16 wildlife species. It was shown that
crocodile and birds (chicken, goose, ostrich) reacted weakly to both protA and PAG, while the

impala, waterbuck (Kobus ellipsiprymnus), kudu, wildebeest, bushbuck (Tragelaphus scriptus)
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and horse (Equus caballus) showed weak reactivity to protA and strong reactivity to PAG. But
other studies revealed that impala reacted weakly to PAG (Stobel et al., 2002, Smith, 2017) and
also to protA and protG (Feir et al., 1993). The elephant, rhinoceros (Diceros bicornis), giraffe
(Giraffa spp) and mouse (Mus musculus) showed moderate reactions to PA and strong reaction
to PAG. The non-human primates as well as dogs, pigs and other laboratory animals showed
strong reactivity to both conjugates. It was therefore concluded that the chimeric PAG has a wider
spectrum of reactivity across a large number of wildlife animals (Kelly et al., 1993). It has been
reported that kudu showed strong binding reactivity with PAG (Stobel et al., 2002), this is in
contrast with the work performed by Smith (2017) who reported that kudu did not react to PAG.
Furthermore, zebra bound sturdily to protein A and G as well as PAG as described by previous
studies ((Feir et al., 1993, Stobel et al., 2002, Kramsky et al., 2003, Smith, 2017).
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Figure 2-3  Image demonstrating the process of performing an indirect ELISA. Microtitre plate is coated with the
antigen. Sample containing antibody is added and allowed to bind to the antigen. A secondary labelled
antibody is added and allowed to bind. Then a substrate is added to allow for colour detection

2.7.2 Toxin Neutralisation Assay (TNA)

This assay is becoming increasingly important especially in B. anthracis for measuring the level
of protection of the antibodies against the toxin(s). The toxin neutralisation assay (TNA) is
designed for the measurement of neutralizing antibodies against epitopes on the protective
antigen (PA) and the lethal factor (LF) (Hering et al., 2004). This assay is done in vitro to
ascertain the capability of the antibodies specific to anthrax to protect mice macrophage cells
(J774A.1) from the cytopathic effect of the anthrax lethal toxin (Figure 2.4). A colorimetric
indicator such as 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) which
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involves the conversion of the MTT into a dye indicating either growth or death of the cells has
been commonly used for this assay (Hansen et al., 1989) (Figure 2.4). It has been shown in
previous studies that lethal toxin is responsible for death in animals. The lethal toxin also
possesses the ability to cause in vitro lysis of some cell lines, as was demonstrated in mice to
measure monoclonal and polyclonal antibodies to neutralize the anthrax PA (Friedlander, 1986).
Hering et al. (2004) have validated this assay in different forms. An assortment of the lethal
toxin-sensitive cell lines have been utilized in TNA. Hanna et al. (1993) utilized the RAW264
cell line where they demonstrated the sensitivity and roles of macrophages in anthrax. The
macrophage cell line J774A.1 has also been used for several studies owing to their sensitivity to
the lethal toxin (Friedlander, 1986, Hering et al., 2004).
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Figure 2-4  Describing the concept of the Toxin Neutralisation Assay: Previously incubated antibody and lethal
toxin are added to already seeded cells and neutralisation or death of cells are measured utilizing a
colorimetric agent which shows the presence of antibodies that neutralizes the lethal toxin is present
in the cells.

2.8 Haemoparasites

Most humans and animals alike are often infected with more than one pathogen at a particular
moment (Christensen et al., 1987, Lello and Hussell, 2008). These interplays could be in the form
of protozoa-bacteria, virus-bacteria, helminth-protozoa, protozoa-protozoa interactions amidst
other interactions. These interactions often modulate and/ or alter the immunity of the host and
hence increasing susceptibility of the host to one or the other pathogen (Chen et al., 2005) or
increase the severity of other pathogenic organisms (Borkow et al., 2001). Co-infection with tick-
borne diseases (TBDs) has also been shown to exacerbate diseases and leading to higher fatality
(Munson et al., 2008).
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2.8.1 Tick-Borne Diseases (TBDs) in Wildlife

Tick-transmitted diseases pose serious threats to livestock farming and wildlife populations
(Mbati et al., 2002, Nijhof et al., 2005). Although wild animals often serve as reservoirs and often
present with no symptoms (Worthington and Bigalke, 2001), debilitating outbreaks do occur in
the wildlife population due to factors such as naivety of a newly introduced member, the burden
of the parasites and stresses coming from translocation (Nijhof et al., 2005).

Ticks are very important invertebrate organisms that transmit several pathogenic and non-
pathogenic microorganisms (Parola and Raoult, 2001). They belong to the order Acari, which
emanates from the class Arachnida and phylum Arthropoda (Walker et al., 2003). These
organisms have damaging effects on their host as they feed on the blood of their hosts by
attaching to their skins and through that vector various microparasites from an infected to a
healthy host (Jongejan and Uilenberg, 2004). Ticks cause diseases in humans and also transmit
various microorganisms such as Rickettsiales (Anaplasma and Ehrlichia), protozoans (Theileria
and Babesia), viruses and other microorganisms (Jongejan and Uilenberg, 2004).
Haemoparasites have a global distribution affecting both livestock and wildlife in different parts
of the world and especially Africa (Carmichael and Hobday, 1975, Smith and Parker, 2010).

Theileria, Babesia, Anaplasma and Ehrlichia are regarded as very important haemoparasites of
livestock and wildlife in most African countries, resulting in wide financial losses and are of
immense veterinary importance (Uilenberg, 1995, Anderson et al., 2013). These haemoparasites
are transmitted by ticks and they often infect the red cells and white cells of their hosts (Dumler
et al., 2001, Dumler et al., 2005) causing theileriosis, babesiosis, anaplasmosis and ehrlichiosis.

2.8.2 Theileriosis in African Wild Equids and Antelopes

Theileriosis caused by the protozoans of the genera Theileria is significant and capable of causing
fatal infections in African antelopes and equids. However, some wild even-toed animals are
considered as reservoirs of Theileria species that are not pathogenic and are often asymptomatic
unless stressed (Nijhof et al., 2005, Pfitzer et al., 2011, Brothers et al., 2011), these animals can
also suffer debilitating theileriosis with attendant effects on their populations (Oosthuizen et al.,
2009, Steyl et al., 2012). Lethal infections have been described in some antelopes such as the
kudu, sable (Hippotragus niger) and gray duiker (Sylvicapra grimmia) (Nijhof et al., 2005), eland
(Taurotragus oryx) (Grootenhuis et al., 1979), roan (Hippotragus equinus) (Steyl et al., 2012)
and wildebeest (Dondona et al., 2012). Theileriosis has also been reported in wild equids such as
the zebra (Lampen et al., 2009). In a study done by Hawkins et al. (2015), they demonstrated that
of the 87 blood samples tested, 72% (N=71) of donkeys (Equus africanus asinus) and 100%
(N=16) of Grevy's zebras (Equus grevyi) tested positive for T. equi. Some of the pathogenic
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Theileria spp. of the African antelopes include but are not limited Theileria sp. (sable) (Nijhof et
al., 2005, Steyl et al., 2012), Theileria sp. (gray duiker) (Nijhof et al., 2005), and Theileria sp.
(kudu) (Nijhof et al., 2005). T. equi is considered highly pathogenic in equids (Laus et al., 2015).

2.8.3 Babesiosis in African Equids and Wild Antelopes

Babesiosis is a very important disease in livestock, wildlife and humans which is caused by
haemoprotozoans in the genus Babesia (Thomas et al., 1982, Bock et al., 2004, Gray, 2006). A
wide number of antelopes and equids are susceptible to babesiosis. Equine babesiosis has been
reported in horses (Equus ferus), zebra, donkey (Equus africanus asinus) and mules (Equus
asinus x Equus caballus) (Bhoora, 2010, Rothschild, 2013, Onyiche et al., 2019). Babesiosis has
also been reported from blood samples of these antelopes: kudu, impala, wildebeest, tsessebe
(Damaliscus lunatus), eland (Carmichael and Hobday, 1975), roan (Oosthuizen et al., 2009) and
sable (Oosthuizen et al., 2008) and red deer (Cervus elaphus) (Zintl et al., 2011).

2.8.4 Anaplasmosis in African Equids and Wild Antelopes

Anaplasmosis is a condition caused by the haemoparasite Anaplasma. Species in this genus are
known to cause devastating disease in cattle leading to great economic loss with 99% of cattle in
South Africa being at risk (de Waal, 2000). Anaplasmosis has a wide distribution, occurring in
both the tropics and temperate regions of the world (Soulsby and Monnig, 1982) and is especially
common in the southern parts of Sub-Saharan Africa and is endemic in South Africa (de Waal,
2000).

Kuttler (1984) reviewed various serological evidence of antibodies to Anaplasma, from natural
and experimental infections. So many reports have been made about the prevalence of
anaplasmosis in various wildlife species. In a study conducted in Kenya, the blue wildebeest had
a 96.5% prevalence (N=58), eland had a combined prevalence of 94.4% (N=18); plain zebra,
72.7% (N=11); impala, 100% (N=7); and Thomson’s gazelle (Eudorcas thomsonii), 75% (N=8)
(Ngeranwa et al., 2008). It has also been reported in black wildebeest (Connochaetes gnou)

(Neitz, 1935b). Anasplasmosis is, therefore, an important disease in wildlife.
2.8.5 Ehrlichiosis (Heartwater) in African Wild Equids and Antelopes

Ehrlichiosis is a rickettsial haemoparasite that affects livestock (Van Winkelhoff and Uilenberg,
1981), wildlife and humans (Groen et al., 2002). This disease is instigated by the rickettsia of the
genus Ehrlichia (Dumler et al., 2001) and is extensively distributed across the world and
noteworthily endemic in Africa (Provost and Bezuidenhout, 1987). Heartwater has been reported

in various African wildlife species.
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King’ori et al. (2019) reported a prevalence of 5.8% (N=66) in elephants in Kenya. Very little
information is available about natural infections with E. ruminantium in African wildlife.
Susceptibility of African and non-African wildlife has been described in several species that were
infected experimentally. Some of which include white tailed-deer (Odocoileus virginianus) in
the United States of America (Dardiri et al., 1987), blesbuck and black wildebeest (Neitz, 1935a),
kudu, blue wildebeest, eland and giraffe (Giraffa camelopardalis) (Peter et al., 1998), impala,
tsessebee and sable (Peter et al., 1999) and donkeys (Halajian et al., 2018).. E. ruminantium has
also been reported in apparently healthy wildlife. Kock et al. (1995) reported a prevalence of
60% (N=28) in tsessebee, 33% (N = 3) in impala from bone marrow samples in Zimbabwe.
Prevalence of 29% (N=65) and 75.9% (N=58) were reported in black and white rhinoceros
respectively from parks in Zimbabwe (Kock et al., 1992).

2.9 Diagnosis and Identification of Haemoparasites

Several methods have been employed in the diagnosis of haemoparasites in blood samples of
susceptible animals. These techniques involve procedures that detect and identify the parasites
in blood films on slides (microscopy), detection of antibodies specific to these parasites
(serology), and identification of the DNA component of these pathogens (Real-time PCR,
Reverse Line Blot Hybridization).

2.9.1 Microscopy

This technique remains the most widely and potent means for the identification of the
morphometry of haemoparasites. The identification of a dense body at the centre or margin of an
erythrocyte indicates the presence of A. centrale and A. marginale respectively (Kocan et al.,
2004). The Babesia parasite present intraerythrocytic presence as a pair of the parasite centrally
located at a smaller angle between >90° and <180° (Bock et al., 2004). The Ehrlichia species
appear as clumps of organisms close to the nucleus of the cytoplasm of the host cells (Sreekumar
et al., 1996). The microscopic identification of Theileria infection though widely used for the
rapid diagnosis, it is marred by the diffulty associated with distinguishing the schizonts and
piroplasms of the numerous Theileria species (Norval et al., 1992)

2.9.2 Serology

The frequently employed serological techniques used for the detection of antibodies which
indicate past of present infections include the ELISA, and the indirect fluorescent antibody test
(IFAT). ELISA and IFAT have been used for the recognition of the Babesia species (de Echaide
et al., 1995). Also, various other serological techniques have been utilised for the recognition of

other haemoparasites (Theileria, Babesia, Ehrlichia and Anaplasma).

18



2.9.3 Nucleic Acid detection

Different techniques like the conventional PCR (Gale et al., 1996), reverse line blot hybridisation
and also the quantitative PCR (Bhoora, 2010, Chaisi et al., 2017) have been used for the detection

of the DNA of both ricketsiales and protozoans from the blood samples of infected animals.
2.9.3.1 Reverse Line Blot Hybridization

This technique involves the use of a membrane fixed with genera and/or species-specific
oligonucleotide probes for the identification of single or multiple genera and/or species. It
employs a combination of the conventional PCR and the hybridisation of the amplified PCR

products. This technique has been modified over the years.
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Chapter 3
MATERIALS AND METHODS

3.1  Study Area and Animals
3.1.1 Study Area

This study compared anthrax dynamics in two large, flagship national parks located nearly 2,000
km apart in southern Africa. Etosha National Park (ENP, 22,915 km?), Namibia and Kruger
National Park (KNP, 19,485 km?), South Africa. Within our study areas, the ecosystems of these
parks are classified as arid savannas, with annual rainfall less than 650 mm (Huntley, 1982). ENP
is largely flat with some mountains in the far eastern and western part of the park (Figure 3.2).
KNP on the other hand has varying elevations with pafuri (the endemic region) having lower

elevation surrounded by higher elevations (Figure 3.3).

Figure 3-1  Etosha National Park (ENP) and Kruger National Park (KNP) in southern Africa, showing study sites
where anthrax outbreaks occur endemically or rarely. Both study species (kudu and zebra) occur in
all four sites (depicted with animal figures) and the secondary host species that is Impala (occurring
in the northern part of KNP) and Wildebeest (occurring in the central part of ENP). The most common
anthrax host species in each endemic region is shown in red and the secondary host species are
depicted in orange.

20



Legend

ENP elevation
Value
144373
1345,9
1248,06
- 1150,23
1052,39

Figure 3-2  Map of Etosha National Park, Namibia showing the elevation level of the three sections of the park.
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3.1.2 Selection of Host Study Species

Over noted history, plains zebra and greater kudu have been the primary host species in ENP and
KNP, respectively (de-Vos, 1990, Turner et al., 2013, Havarua et al., 2014). Kudu has suffered
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tremendous selective pressure from anthrax, with some outbreaks resulting in nearly 100%
mortality (Clegg et al., 2007). These two species make a perfect model for comparison as both
species are present in both systems and a primary anthrax host species in one park is rare in the
other. Previous studies (Lembo et al., 2011, Cizauskas et al., 2014), give us more insight into
differences in transmission and host resistance to determine if the differences in cases noted
between species and areas are due to lack of exposure or higher resistance. The grazing versus
browsing transmission pathways occurs at different timescale, which may have important effects
on disease dynamics, pathogen diversity, and host resistance. The browsing-based transmission
should occur shortly after host death before rainfall or leaf loss by deciduous trees/shrubs prevent
further browser exposure. Grazing-based transmission occurs only upon regeneration of
vegetation at a carcass site, and continues for years, with exposure dose decaying over time.
These two time scales could indicate that zebra is more likely to be exposed to sub-lethal doses
of B. anthracis spores than kudu, a hypothesis we will explore in this study. In addition to zebra
and kudu, we studied a secondary host species in the endemic area of each park, i.e., blue
wildebeest in central ENP, and impala in northern KNP. These species have not contributed as
many cases over time as the main host species, but are critical toward understanding the ecology

of this multi-host disease.

3.1.3 Study animal and sample collection

Samples for serological and molecular analyses were obtained from live animal captures.
Animals were captured and blood was collected from zebra (N=20) and kudu (N=19) in northern
KNP (from Pafuri down to Shingwedzi) and non-endemic southern KNP(from Skukuza to
Crocodile bridge) (zebra N=20, kudu N=18) regions, and also from Kudu and Zebra in the central
region (Endemic) and western part (nonendemic) of ENP (N = 20/species/region = 80
individuals), from impala (in northern KNP N=20) and wildebeest (eastern ENP = 20). DNA
from the 196 blood samples (from kudu, zebra, impala and wildebeest) from both KNP and ENP
was extracted using the Invitrogen Purelink® Genomic DNA mini kit (Invitrogen, USA) as
prescribed by the manufacturer. The extracted samples were eluted in 100 pL of the provided

elution buffer and stored in the freezer until utilisation.

All ethical approvals were obtained from the University of Pretoria Research Ethics Committee,
Animal Ethics Committee and the Department of Agriculture, Forestry and Fisheries (DAFF) in
South Africa. Animals were immobilized following the “standard operating procedures (section
2.1.11) for the capture, transportation and maintenance in holding facilities of wildlife” by
certified veterinarians and SANpark regulations. The sampling consisted of blood collection

through venipuncture (4 ml EDTA and 10 ml serum vacutainer tubes from each animal). Samples
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were pre-processed at the laboratories of Skukuza State Veterinary Services (SSVS) and the
Etosha Ecological Institute (EEI) and stored at SANparks Wildlife centre in KNP and EEI and
the Central Veterinary Laboratory (CVL) in Namibia. Transport permits were obtained from the
Department of Agriculture, Forestry and Fisheries (DAFF) in South Africa and Directorate of
Veterinary Services, Namibia. ELISA and TNA tests were performed at the Department of
Veterinary Tropical Diseases (DVTD) after inactivation as directed in section 20 approval. The
inactivation was done at a temperature of 56+ 2° for 20+ 2 minutes. using the Accu block™
digital Dry Bath (Labnet International, Inc, USA)

DNA extraction was performed at SSVS and EEI laboratories from EDTA blood samples of
each sampled animal.

Two representative animals of each species (kudu, impala, zebra and wildebeest), were captured
from a non-anthrax region in South Africa, collared and vaccinated with the Sterne Live Spore
vaccine (Onderstepoort Biological Products, South Africa). Blood samples were collected from
the animals before vaccination and that served as the negative control. Each animal was
vaccinated with 1 ml of Sterne spore vaccine intramuscularly as prescribed by the manufacturer.
These animals were then recaptured after a month and serum samples were collected which

served as the positive control.

3.2 Immunological methods
3.2.1 Protective Antigen (PA) Enzyme-Linked Immunosorbent Assay

The sera from all the animals from both parks were assessed for the presence of specific
antibodies against the anthrax PA as described by (Yu et al., 2002, Ndumnego et al., 2013,
Cizauskas et al., 2014), although, some little alterations were made to suit the protocol. Microtitre
plates containing 96 wells (Thermo Scientific™ Pierce 96-well Plates-Corner, USA) were
encrusted with 0.5 pg of antigen (PA) (List Biological Laboratories Inc., USA) in the coating
buffer (bicarbonate buffer) per well and left overnight at 4°C to incubate. The microtitre plates
coated with the antigen were washed 2 times with wash buffer (PBS + 0.05% Tween (hereafter
will be called PBST)) with Biorad PW40 washer (Mamesla-Coquette, France). After which the
coated plates were blocked with the blocking buffer (200 pL ) containing PBST and 5% skimmed
milk powder (PBSTM) and then incubated for 1 hour at room temperature. Subsequently, the
plates were washed twice followed by adding the test sera, positive, negative controls and
dilution buffer containing PBSTM to each well. These sera were put in duplicates in a dilution
of 1:40 across the microtitre plates and incubate for 30 minutes on a rotatory incubator
(Environmental Shaker-Incubator ES-20, Biosan Ltd, Germany). Afterwards, the plates were

washed 5 times and 100 pL of recombinant protein A/G (for zebra and wildebeest) and protein
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G (for impala and kudu) ( Pierce® Protein A/G, USA and Invitrogen Protein G, USA) both
conjugated to horseradish peroxidase using the dilution of 1:10000 in PBSTM was added to each
well and allowed to incubate for 30 minutes on the shaker-incubator. The plates were washed 5
more times, after which the ABTS substrate (2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic
acid]-diammonium salt) (Thermo Scientific 1-Step ABTS, USA) was added and incubated in the
dark for 45 minutes, and the absorbance was read at 405 nm using the Biotek powerwave XS2
reader (USA). The outcome of the ELISA was determined using the OD values of the mean plus
3 times the standard deviation of known negative samples of the representative species captured
from the non-anthrax region in South Africa vaccinated with the Sterne Live Spore vaccine
(Onderstepoort Biological Products, South Africa).

3.2.2 Toxin neutralisation assay (TNA).

The TNA was conducted in vitro using J774A.1 mouse macrophage cell line (ECACC cat no
91051511) with modifications as described by (Hering et al., 2004, Ndumnego et al., 2018).
100,000 cells (counted using the Neubauer counting chamber) in the media (Dulbecco’s modified
eagle media and 10% foetal bovine serum) were seeded per well in 96-well cell culture plates
having a flat bottom (Corning ™ 96-well clear TC-treated MIC, Corning incorporated, Germany)
and incubated at 37°C and 5% COz2 for 24 hours. The test sera in duplicates were diluted two-
fold with a start dilution of 1:50 in the media containing the PA 500 ng/mL and the lethal factor
(LF) 400 ng/mL (List Biological Laboratories Inc., USA). The mixture was then incubated for 1
hour at 37°C and transferred it to the previously seeded cells and incubated for 3 hours. In addition
to the test sera that were added in duplicates, each plate had 3 wells left blank without cells, 3
wells for the toxin control and 2 wells for medium control. Each batch also contained a single
dilution for the positive controls for each animal species followed by adding 25 pL of 3-
(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Invitrogen, USA) into every well
and incubated in a CO2 incubator at 37°C for 2 hours. Subsequently, a mixture of 90% isopropyl
alcohol, 0.5% SDS, 25 mM HCI was added to all the wells to lyse the cells by gently pipetting
for several times to further mix the dye followed by 5 minutes incubation at room temperature.

The plates were read at an absorbance of 570 nm (Biotek power wave XS2 reader, USA).

Afterwards, the neutralisation was calculated as:

Sample—Toxin control

NT =

- (Medium control—Toxin control

X 100

The neutralisation titres (NT50) were gotten using the Gen5 analysis software (Biotek
Instruments, USA). These were presented as the reciprocal value of the highest dilution of the
serum at which the antibodies protected 50% of the macrophages.

25



3.3  Statistical analyses
3.3.1 Poisson regression analysis of anti-PA titres between KNP and ENP, areas and
interaction between park and area

Poisson regression analysis was performed to determine if there was a significant difference in
anti-PA antibodies titres (ODS determined by ELISA) between national parks (KNP, ENP) and
areas (endemic Vs non-endemic), and an interaction between national park and area. The analysis
was done separately for kudu and zebra. Data from wildebeest and impala were not included in
the analysis because these were sampled only from endemic areas in ENP and KNP, respectively,

but the average anti-B. anthracis antibody titres for each species were determined.

3.3.2 Multivariable logistic regression of the association of anthrax serological status
Logistic regression analysis was performed to determine the association between the presence of
anti-PA antibodies in animals (as determined using ELISA) and the potential risk factors;
national park, area, and interaction between national park and area. The analysis was done
separately for kudu and zebra, and the serological status was considered as a binary outcome
(positive or negative). Given that wildebeest and impala were sampled only from endemic area
in Etosha National Park and Kruger National Park respectively, these were not included in the
analysis, but their respective proportion of exposure to infection was determined. The logistic
regression included a stepwise elimination procedure to obtain the most adequate model as
determined by the Akaike Information Criteria (AIC). The Hosmer-Lemeshow (2) was used as
a measure of the goodness-of-fit test.

A comparison was also done to determine the difference in exposure to B. anthracis in wild
animals between the endemic area and non-endemic area within each national park, separately
for the host species (kudu, zebra), using the chi-square test.

A comparison was made between Steenkamp et al. (2018) B. anthracis suitability map and the
map generated from the anti-PA ELISA titres.

3.3.2 Multivariable logistic regression analysis of the association of the proportion of

animals that neutralized the anthrax lethal toxin

Logistic regression analysis was conducted to determine significant predictors for the frequency
of B. anthracis toxin neutralisation (determined by toxin neutralisation assay) in wild animal
populations in Etosha and Kruger National Parks. The variables considered were: area (endemic,
non-endemic), national park (Kruger, Etosha) and host species (kudu, zebra), the interaction
between park and area, the interaction between park and host species, the interaction between
host species and area, and interaction between park, area and host species. The serological status

was considered as a binary outcome (positive or negative). The logistic regression included a
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stepwise elimination procedure to obtain the most adequate model as determined by the Akaike
Information Criteria (AIC). The Hosmer-Lemeshow ()?) was used as a measure of the goodness-
of-fit test. Given that Wildebeest and Impala were sampled only from endemic area in Etosha
National Park and Kruger National Park respectively, these were not included in the analysis, but
the respective proportion of exposure to infection was determined.

We further compared the frequency of B. anthracis toxin neutralisation in wild animals between
endemic area and non-endemic area within each national park, separately for the host species

(kudu, zebra), using the chi-square test.

3.3.5 Analysis of the distribution of the Bacillus anthracis neutralisation titres (NT) in
the wildlife species

Measures of variation (mean, 1st and 3rd quartiles, maximum) were used to determine the
distribution of the TNA titres in kudu, zebra, impala and wildebeest in endemic and non-endemic
areas in KNP and ENP. A negative binomial regression analysis was performed to test for
significant differences in anti-B. anthracis toxin neutralisation mean scores between national
parks (KNP, ENP) and area (endemic Vs non-endemic), host species (Kudu, Zebra), and the
interactions: national park*area, national park*host species, host species*area, national
park*area*host species. Data from Wildebeest and Impala were not included in the analysis
because these were sampled only from endemic areas in ENP and KNP, respectively, but the
average anti-B. anthracis TN titres for each species were determined. The independence samples
t-test was then employed to determine the statistical significance of differences in titres between
national parks, or between endemic status (endemic, non-endemic), in each animal species.
Given that wildebeest and impala were sampled only from endemic areas in ENP and KNP
respectively, their TNA titres were not included in the inferential analysis.

3.3.6 Correlation between ELISA and TNA titres and their binary outcome

The extent of the agreement was determined using Cohen’s kappa (k) test (Landis and Koch,
1977) between the binary outcome of anti-PA ELISA and TNA results for anthrax in wildlife
(kudu=77, zebra=80, wildebeest= 20 and Impala=20) for the hypothesis, kappa # 0, means that
the agreement between anti-PA ELISA and TNA is different from chance agreement. The
strength of agreement was assessed based on the criterion by Landis and Koch (1977), where
<0=poor; 0.01-0.20=slight; 0.21-0.40=fair; 0.41-0.60=moderate; 0.61-0.80=substantial; 0.81-
1.00=almost perfect. The data were analysed using R Console version 3.2.1 (R Core Team, 2017)

at a 5% significance level.
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The Pearson correlation (r) test was used to determine the linear dependence between ELISA
titres and TNA values. The Spearman’s rank correlation was also used, after log transformation,
given that the data were not normally distributed. The Cohen’s standard (Cohen, 2003) was used
to evaluate the strength of the relationship, where 0.10 to 0.29=small association, 0.30 to 0.49

=medium association and >0.50=large association.

3.4  Reverse Line Blot hybridisation assay (RLB)

The RLB hybridisation assay was used to detect Anaplasma, Ehrlichia, Babesia and Theileria
species in DNA extracted from EDTA-preserved blood samples as previously described by
(Bekker et al., 2002, Nijhof et al., 2005). Theileria/Babesia (T/B) specific forward primers RLB
F2 (5-GAC ACA GGG AGG TAG TGA CAA G-3) (Whitehead Scientific (Pty) Ltd, South
Africa) and biotin-conjugated reverse primers RLB-R2 (5'-biotin-CTA AGA ATT TCA CCT
CTG ACA GT-3') (Whitehead Scientific (Pty) Ltd, South Africa) were used for the amplification
of the V4 portion of the pathogens and the amplification of the V1 portion, the
Anaplasma/Ehrlichia-specific primers; the EHR F (5'-GGA ATT CAG AGT TGG ATC MTG
GYT CAG-3') (Whitehead Scientific (Pty) Ltd, South Africa) forward primers and the reverse
primers EHR R (5'-biotin-CGG GAT CCC GAG TTT GCC GGG ACT TYT TCT-3)
(Whitehead Scientific (Pty) Ltd, South Africa) were utilised (Bekker et al., 2002).

An RLB membrane (Biodyne C, Separation Scientific, Johannesburg, South Africa) was made
to fit the mini blotter (Immunetics, UK). The membrane was activated for 10 minutes using a
16% solution of 1-ethyl-3-(-3-dimethylamininopropyl) carbodiimide (Separation Scientific,
South Africa) and then rinsed. After placing the membrane in the mini blotter, the
Oligonucleotide probes were bound to the membrane by diluting each probe to a concentration
of 2 pmol/uL with a solution of 500mM NaHCO (Sigma Aldrich Pty, South Africa) at pH 8.4
and 0.2 L was added to the membrane already placed in the mini blotter and incubated for 1
minute. The specific Theileria/Babesia (T/B) and Ehrlichia/Anaplasma (E/A) genus and species
probes are shown in Table 3.1. After a 2-minute incubation, inactivation of the membrane was
done for 8 minutes using a solution 0.1 M NaOH (Sigma Aldrich Pty, South Africa) that was
newly made. The membrane was then washed at 60°C for 5 minutes with a 100 mL solution of
2X SSPE (Thermo Scientific™, South Africa) and 0.1%SDS (Sigma Aldrich Pty, South Africa).

A biodyne® C membrane was made by cutting a piece of the membrane according to the size of
the mini blotter apparatus. This membrane was then activated in 10 mL newly made 16% EDAC
(1-ethyl-3-(-3-dimethylamininopropyl) carbodiimide) (DNA Thunder™, Separation Scientific,
South Africa) for 10 minutes. 0.5 M NaHCO (Sigma, South Africa) was added to Individual
probe with a pH 8.4 to make a final concentration of 2 pmol/uL and 200 uL was loaded onto the
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membrane using a mini blotter apparatus (Immunetics, UK). The genera and species-specific
probes included on the membrane are shown in Table 3.1. Babesia bovis and Anaplasma centrale
species-specific probes were included in separate wells to serve as positive controls for
troubleshooting purposes. The membrane was inactivated at room temperature for 8 minutes with
0.1M recently prepared NaOH (Sigma, South Africa) on a shaker. The inactivated membrane
was then washed in 100 mL 2X SSPE (ThermoFisher Scientific, South Africa)/0.1% SDS
(Sigma, South Africa) at 60°C for 5 minutes.
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Table 3-1

rictkettsiales and protozoan DNA.

Reference list Oligonucleotide probes fixed on the Biodyne C membrane for the detection of

Genus/Species-specific probes
Anaplasma bovis
Anaplasma platys

Anaplasma centrale
Anaplasma marginale
Anaplasma sp. Omatjenne
Anaplasma phagocytophilum
Babesia genus-specific probe 1
Babesia genus-specific probe 2
Babesia bicornis

Babesia bigemina

Babesia bovis

Babesia caballi

Babesia canis

Babesia divergens

Babesia felis

Babesia gibsoni

Babesia leo

Babesia lengau

Babesia microti

Babesia occultans

Babesia rossi

Babesia sp. (sable)

Babesia vogeli
Ehrlichia/Anaplasma group-
specific probe

Ehrlichia canis

Ehrlichia chaffeensis
Ehrlichia ruminantium
Theileria/Babesia group-specific
probe

Theileria genus-specific probe
Theileria annae

Theileria bicornis

Theileria buffeli

Theileria sp. (buffalo)
Theileria equi

Theileria sp. (kudu)

Theileria lestoquardi
Theileria mutans

Theileria ovis

Theileria parva

Theileria sp. (sable)

Theileria separata

Theileria taurotragi
Theileria velifera

Sequences of probes (5’ to 3’)
GTA GCT TGC TAT GRG AAC A

CGGATTTTT GTC GTA GCT TGC TAT GAT

TCG AAC GGA CCATACGC

GAC CGT ATACGCAGCTTG
CGGATTTTT ATC ATAGCT TGC
TTG CTATAA AGA ATA ATT AGT GG
ATT AGAGTG TTT CAA GCA GAC
ACT AGAGTG TTT CAA ACA GGC
TTG GTAAATCGCCTTGGTC
GTAGTT GTATTT CAG CCT CG

CAG GTT TCG CCT GTATAATTG AG
GTGTTT ATCGCAGACTTT TGT
TGC GTT GACCGT TTG AC

ACT RAT GTCGAG ATTGCAC
TTATGCGTTTTC CGACTG GC
CATCCCTCT GGTTAATTITG
ATCTTGCTT GCAGCTT

CTCCTG ATAGCATTC

GRCTTG GCATCW TCT GGA
CCTCTTTTG GCC CATCTC GTC
CGGTTTGTTGCCTTT GTG
GCTGCATTGCCTTTTCTCC

AGCGTGTTCGAGTTT GCC
GGG GGA AAG ATT TAT CGC TA

TCT GGC TAT AGG AAATTG TTA
ACCTTTTGGTTATAAATAATTGTT
AGT ATC TGT TAG TGG CAG
TAATGG TTAATAGGARCRGTT G

ATT AGA GTG CTC AAA GCA GGC
CCG AACGTAATTTTATTGATT TG
GCGTTGTGGCTTTTTTCT G
GGCTTATTTCGGWTT GATTTT
CAGACGGAGTTTACTTTGT
TTC GTT GACTGC GYT TGG
CTGCATTGTTTCTTTCCT TTG
CTTGTGTCCCTCCGG G

CTT GCG TCT CCG AAT GTT
TTGCTTTTG CTC CTT TAC GAG
GGACGGAGTTCGCTT TG
GCTGCATTGCCTTTTCTCC
GGT CGT GGT TTT CCT CGT

TCT TGG CACGTGGCTTTT
CCTATTCTCCTTTACGAGT

Reference

(Bekker et al., 2002)
(Sirigireddy and
Ganta, 2005)
(Georges et al., 2001)
(Bekker et al., 2002)
(Bekker et al., 2002)
(Schouls et al., 1999)
Nijhof (unpublished)
Nijhof (unpublished)

(Stoltsz et al., 2020)
(Gubbels et al., 1999)
(Butler et al., 2008)
(Matjila et al., 2004)

(Bosman et al., 2007)
(Bosman et al., 2007)
(Bosman et al., 2007)
(Bosman et al., 2007)

(He etal., 2011)
(Matjila et al., 2004)
(Oosthuizen et al.,,
2008)

(Matjila et al., 2004)
(Bekker et al., 2002)

(Schouls et al., 1999)
(Schouls et al., 1999)
(Bekker et al., 2002)

(Gubbels et al., 1999)

Nijhof (unpublished)
(Matjila et al., 2008)

(Gubbels et al., 1999)
(Oura et al., 2004)
(Butler et al., 2008)
(Nijhof et al., 2005)
(Nagore et al., 2004)
(Gubbels et al., 1999)
(Bekker et al., 2002)

(Nijhof et al., 2005)
(Schnittger et al,,
2004)

(Gubbels et al., 1999)
(Gubbels et al., 1999)

Degenerate positions R signifies A/G while W signifies A/T
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3.4.1 PCR and Hybridisation of PCR products on membrane

A final volume of 25 pL for a single reaction was made containing 0.5X Platinum Quantitative
PCR SuperMix-UDG, 8pmol of each forward and reverse primer of T/B and E/A, 9.5ul of
molecular grade water and 2.5 pL of the DNA sample. Two separate master mixes were made
for T/B and E/A species. A Thermocycler (Gene Amp®, PCR System 9700, Life

Technologies™, South Africa) was utilised using the template in Table 3.2.
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Table 3-2  Thermocycling schedule for Babesia/Theileria and Ehrlichia/Anaplasma touchdown PCR

Number of cycles Time Temperature
1 cycle 3 minutes 37°C
1 cycle 10 minutes 94°C
20 seconds 94°C
2 cycles 30 seconds 67°C
30 seconds 72°C
20 seconds 94°C
2 cycles 30 seconds 65°C
30 seconds 72°C
20 seconds 94°C
2 cycles 30 seconds 63°C
30 seconds 72°C
20 seconds 94°C
2 cycles 30 seconds 61°C
30 seconds 72°C
20 seconds 94°C
2 cycles 30 seconds 59°C
30 seconds 72°C
20 seconds 94°C
40 cycles 30 seconds 57°C
30 seconds 72°C
1 cycle 7 minutes 72°C
4°C

The hybridisation of the membrane and PCR products was achieved as done by (Nijhof et al.,
2005). The membrane fixed with T/B and E/A specific probes were first activated for 5 minutes
at 25°C under gentle shaking in 2x SSPE/0.1% SDS.

The PCR products were diluted by the addition of 1.7x SSPE/0.08% SDS to the PCR reaction
and mixture were denatured for 10 minutes in the thermocycler and immediately put to cool on
ice. The activated membrane was put in the mini blotter with the slots vertical to the line design
of the probes applied. The slots were filled with the diluted PCR products according to the sample
list and the slots without PCR products were filled with 2X SSPE/0.1% SDS to prevent the flow
of products from one lane to the next and the membrane was hybridised at 42°C for 60 minutes
on a level surface. The membrane was washed 2 times with already heated 2X SSPE/0.5% SDS
at an interval of 10 minutes at 50°C between each wash. The membrane was then incubated with
1.9x SSPE/0.49% SDS (pre-heated) and 0,0016 U streptavidin-POD (peroxidase labelled)
conjugate (1.25 U) for 30 minutes at 42°C under gentle shaking inside the incubator. The
membrane was then washed twice in preheated 2x SSPE/0.5% SDS for 10 minutes at 42°C
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incubator under gentle shaking. The membrane was washed 2 times with 2x SSPE for 5 minutes
at room temperature under gentle shaking. Thereafter, the membrane was incubated for 10
minutes with 10 mL chemiluminescence detector (ECL) (5 mL ECL1 + 5 mL ECL2) under gentle
shaking for 1 minute at room temperature. The membrane was exposed to an X-ray film (Kodak
X-OMAT™ Blue XB-1, Separation Scientific, South Africa) and positive reactions were evident
with black spots on the film. The membrane was then stripped for future use using 1% SDS
heated for 30 minutes at 80°C, after which it was washed for 15 minutes using 20 mM EDTA

with a pH8 at room temperature.

3.4.2 Haemoparasite analysis and Correlation between Parasite burden and the
Neutralisation Titre 50 (NT50)

First, a descriptive analysis was done to determine the prevalence and proportions of animals that
tested positive for any of the haemoparasites. The student t-test was conducted to determine the
statistical difference between groups. The Pearson correlation (r) test was used to determine the
linear dependence between parasite diversity (total number of positive parasite genera) and NT50
values. The Spearman’s rank correlation was also used, after log transformation of the NT50,

given that the data were not normally distributed.

Multivariable logistic regression analysis was conducted to determine the association between
tick-borne haemoparasite infection and potential risk factors; national park, area, toxin
neutralisation, and the interaction between national park and area. The analysis was done
separately for each of the host species (zebra, kudu) and each parasite genus (Theileria, Babesia,
Ehrlichia, Anaplasma). The RLB status of haemoparasites was considered as a binary outcome
(positive or negative). A stepwise elimination procedure was followed, to obtain the most
adequate model for each analysis, as determined by the least Akaike Information Criteria (AIC).
The Hosmer-Lemeshow (%2) was used as a measure of the goodness-of-fit test.

The Pearson Chi-square test was also done to measure the association between the parasite
diversity (total number of haemoparasite genera found in an animal) and the neutralizing ability
of the animals. Two categories were created for each parameter; the “parasite diversity” was
classified into “low” (animals with 0-2 parasites genera) and “high” (animals with >2 parasites
genera). This classification was done based on the total parasite genera present which was 4.
While the “neutralisation status” was categorized into “neutralisation” (animals that neutralized
the lethal toxin) and “no neutralisation”(animals without any neutralisation). The analysis was

done considering a level of significance of 5%.
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Chapter 4
RESULTS

4.1. Results of anti-PA ELISA Optical densities (ODs) zebra, kudu, impala and
wildebeest in KNP and ENP

Poisson regression showed that kudus in KNP had significantly higher anti-PA ELISA antibody
titres (1.498 + se 0.136) than those in ENP (0.641 £ se 0.073) (p=0.0004), but the difference was
not significant for the area in national parks (p=0.14) (Table 4.1). Zebras showed neither
significant difference in average antibody titres between KNP and ENP nor between endemic
and non-endemic area (Table 4.1). The measure of interaction between national park and area,
for ELISA antibody titres, was not significant for kudus (p=0.16) and zebras (p=0.53) (not shown
in the table). The Poisson models fitted well the data for both kudu and zebra (p=1.0), as
determined by goodness-of-fit tests. The average OD value for the 20 impalas sampled in the
endemic area in KNP and the 20 wildebeest sampled in the endemic area in ENP were 0.314 +
0.043se and 0.321 + 0.051se, respectively (Figure 4.1 and Table 4.2).

When areas of different endemic status were compared for ELISA titres, there was a significant
difference for kudu (p<0.05) and zebra (p<0.05) in KNP, but not for ENP for both kudu and zebra
(p>0.05) (Table 4.2). Details of antibody titres for the host species segregated by area in each

national park are shown in Figure 4.1 and Table 4.2.
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Table 4-1  Poisson regression analysis for the significance of the average anti-Bacillus anthracis titres in wild
animals, as predicted by national park and locality
Variable Category No. of Mean ELISA titres p-value
animals (ODs) + se
sampled
Kudu
Area Non-endemic 38 0.872 £ 0.105
Endemic 39 1.229 £0.139 0.14
National park ENP 40 0.641 +0.073
KNP 37 1.498 £ 0.136 0.00042
Zebra
Area Non-endemic 40 0.552 £ 0.08
Endemic 40 0.668 + 0.06 0.50
National park KNP 40 0.553 £ 0.07
ENP 40 0.668 + 0.08 0.51

Serum samples were collected from Kudus and Zebras in Kruger National Park (KNP) in South Africa and Etosha National Park
(ENP) in Namibia; Area = Endemic Vs Non-endemic. OD, optical density; ELISA, enzyme-linked immunosorbent assay; Se,
standard error of the mean. 2 Significant difference in ELISA antibody titres in Kudus between two national parks.
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Figure 4-1
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Kudu Zebra Impala Wildebeest

Bar charts representing anthrax ELISA titres (optical density) across four wild animal species from
Kruger National Park (KNP) in South Africa and Etosha National Park (ENP) in Namibia. The data
represents Means + standard error of the means. Letters that differ above the graphs are significantly
different at a significance level of 0.05. Similar letters above the graph indicate lack of statistically
significant difference in the mean OD results between endemic and non-endemic areas for the
corresponding park and animal species.
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Table 4-2  Anthrax ELISA ODs in wild animal species, based on two national parks and endemic status of

wildlife habitat

Animal National park Endemic status Mean ELISA no. of animals p-value
species titres (ODs) tse
Kudu ENP Endemic 0.599 + 0.065 20 0.646
Non-endemic 0.682 £ 0.132 20
KNP Endemic 1.893 + 0.180 19 0.0008
Non-endemic 1.082 £ 0.157 18
Zebra ENP Endemic 0.677 +0.099 20 0.434
Non-endemic 0.659 £ 0.130 20
KNP Endemic 0.661 + 0.082 20 0.016
Non-endemic 0.445 £ 0.102 20
Impala KNP Endemic 0.314 + 0.043 20
Wildebeest ENP Endemic 0.321 £ 0.051 20

4.1.1 Multivariable logistic regression analysis of the association of anthrax serological
status

Results of the multivariable logistic regression analysis for kudu data showed that only the factor
“national park” was a significant determinant for exposure to B. anthracis. Kudus in Kruger
National Park were significantly associated with higher odds of exposure to B. anthracis (odds
ratios [OR]=19.4, p=0.005) than those in Etosha National Park (Table 4.3). The area of a national
park was eliminated from the final regression model (using stepwise AIC analysis), and showed
no effect on exposure to B. anthracis in Kudus (p=0.36); endemic areas = 33/39 (85%) Vs non-
endemic areas = 29/38 (76%) (data not shown in table). For zebra, animals in Etosha National
Park had three times higher odds of exposure to B. anthracis than those in Kruger, and zebras in
endemic areas (85%, 34/40) were four times more likely to be exposed than those in non-endemic
areas (Table 4.3). The interaction between area and the national park was not a determinant for
exposure to B. anthracis in kudus and zebras. The goodness-of-fit test showed that the data fitted
well the final regression models (}°<0.001, p=1.0).

Comparison of the frequency of anti-PA antibodies between endemic area and non-endemic area
in each national park, separately for each host species, showed that animals in endemic areas
were more frequently exposed to the pathogen than those in non-endemic areas, although the
effect was only significant for zebra in Etosha National Park, i.e. 19/20 (95%) in the endemic
area Vs 14/20 (70%) in non-endemic area (p=0.046) (Figure 4.2 and Appendix 1).

Comparing Steenkamp et al. (2018) anthrax suitability map for KNP south shows that a higher
proportion of positive animals were found around the places marked as suitable (Figure 4.3).
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Table 4-3 Multivariable logistic regression analysis for the association between exposure to Bacillus anthracis
in wild animals in two national parks in southern Africa, and predictor variables
Variable Category No. of No. of Odds 95% ClI p-value
animals positive ratio of OR
sampled animals
(%)
Kudu?
National park ENP 40 26 (40.0)
KNP 37 36 (97.3) 19.4 2.4,156.8 0.005?
Zebra
National park KNP 40 25 (62.5)
ENP 40 33(82.5) 3.1 1.1,9.2 0.0412
Endemic status Non-endemic 40 24 (60.0)
Endemic 40 34 (85.0) 4.1 14,124 0.013?
Impala KNP 20 8 (40.0) NA NA NA
Wildebeest ENP 20 7 (35.0) NA NA NA

@ The area within a national park was not a determinant for exposure to B. anthracis in Kudus, and therefore eliminated from
the final logistic regression

b Significant difference in exposure to B. anthracis between categories of a variable.

KNP, Kruger National Park in South Africa; ENP, Etosha National Park in Namibia

NA, non-applicable
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Bar graph showing the proportion of wild animals that were seropositive for anti-PA antibodies, as
determined using enzyme-linked immunosorbent assay (ELISA). The four wild animal species (kudu,
zebra, Impala and wildebeest) were sampled in Kruger National Park (KNP) in South Africa and
Etosha National Park (ENP) in Namibia. Similar letters above the graphs indicate lack of statistically
significant difference in the proportion of seropositive animals between endemic and non-endemic
areas for the corresponding national park and animal species, as determined using the chi-square test,
at a significance level of 0.05. Apart from kudu whose sample sizes in endemic and non-endemic
areas in KNP were 19 and 18 respectively, the sample size of animals in each of the other sub-
categories was 20.
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Figure 4-3  Image showing anthrax suitability map on the left of Steenkamp et al (2018) coinciding with areas where animals tested positive for antibodies against Bacillus
anthracis protective antigen (PA) antibodies in the southern part of Kruger National.
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4.2  Toxin Neutralisation assay
4.2.1 Results of the proportion of animals that neutralized the anthrax lethal toxin

Multivariable logistic regression analysis showed that the predictors of B. anthracis toxin
neutralisation were host species and national park, and there was a significant interaction between
the host species and national park. Kudus were more frequently associated with B. anthracis
toxin neutralisation than zebras (odds ratios [OR]=16.7, p<0.001) (Table 4.4). Similarly, for the
national park, wild animals in Kruger showed a significantly higher frequency of toxin
neutralisation than those in Etosha (OR=23.7, p<0.001). Interaction between the national park
and host species showed that kudus in Etosha, kudus in Kruger, and zebras in Kruger, all showed
significantly higher odds of B. anthracis toxin neutralisation frequency (>45%) than zebras in
Etosha (10%, 4/40) (p<0.001) (Table 4.4). The Hosmer-Lemeshow (y?) goodness-of-fit test
showed that the model fitted well the data (Table 4.4). The area in national parks had no
significant effect on the frequency of toxin neutralisation in the wild animals, i.e. endemic area
=51.9% (41/79) Vs non-endemic (36/78, 46.2%) (p=0.47) (data excluded from the final
regression model in Table 4.4). All comparisons between the endemic and non-endemic areas in
each park for each host species showed no significant difference (p>0.05) (Figure 4.4 and
Appendix 2). Further analysis of the association of the frequency of toxin neutralisation in kudu,
or zebra, between the two national parks (irrespective of endemic status), showed a significantly
higher proportion of zebra neutralizing the anthrax lethal toxin in KNP than in ENP (p<0.001)
(Figure 4.4 and Appendix 2), while for kudu, although those in ENP showed a higher frequency
of neutralisation than in Kruger, the difference was not statistically significant (p=0.15) (Figure
4.4 and Appendix 2).

Only 3 of the 20 impala sampled in Kruger National Park showed toxin neutralisation, while the
frequency of toxin neutralisation in wildebeest was 9 out of the 20 animals sampled (Figure 1,
Appendix 1).
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Table 4-4  Multivariable logistic regression analysis for the association between the frequency of Bacillus
anthracis toxin neutralisation in wild animals in two national parks in southern Africa, and the
identified predictor variables

Variable Category No. of No. of positive Odds ratio p-value
animals animals (%) and 95% CI
sampled
Host species Zebra? 80 33 (41.3)
Kudu 77 44 (57.1) 16.7 (4.9,56.6) <0.001°
Park ENP? 80 30 (37.5)
KNP 77 47 (61.0) 23.7 (6.8, 82.4) <0.001°
Host Zebra_ENP? 40 4 (10.0)
species.*Park
Kudu_ENP 40 26 (65.0) 16.7 (4.9, 56.6) <0.001°
Kudu_KNP 37 18 (48.6) 8.5 (2.5, 28.8) <0.001°
Zebra KNP 40 29 (72.5) 23.7 (6.8, 82.4) <0.001°

KNP, Kruger National Park in South Africa; ENP, Etosha National Park in Namibia

Laboratory analysis was conducted using toxin neutralisation assay (TNA).

Goodness-of-fit: ¥?=13.69, df=8, p=0.090

b Significant difference in the frequency of toxin neutralisation as compared to the reference category 2
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Figure 4-4  Bar graph representing anthrax toxin neutralisation across four wild animal species from Kruger
National Park (KNP) in South Africa and Etosha National Park (ENP) in Namibia. On the Y-axis is
the proportion of animals whose antibodies in sera protected 50% of cells in culture from the toxin.
The cells in the culture were of the J774A.1 cell line. Similar letters above the graphs mean that there
was no significant difference between endemic and non-endemic areas for the corresponding national
park and animal species, as determined using the chi-square test, at a significance level of 0.05. Apart
from kudu whose sample sizes in endemic and non-endemic areas in KNP were 19 and 18
respectively, all other subcategories each had a sample size of 20 animals.
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4.2.2 Results of the analysis of the distribution of the Bacillus anthracis neutralisation
titres (NT) in the wildlife species

Descriptive analysis for wildebeest and impala data showed that of the 20 impala sampled in
KNP, only 3 showed toxin neutralisation (mean titre=3.4 + 1.9) (Figure 4.3 and Table 4.6). Toxin
neutralisation in wildebeest was observed in 14 of the 20 sampled in ENP (17.4 + 7.4 (Figure
4.5). Details of toxin neutralisation scores for all host species each national park, segregated by

area are shown in Figure 4.5 and Table 4.6

A negative binomial regression for toxin neutralisation scores showed that kudus had
significantly higher anti-B. anthracis toxin neutralisation scores (54.5 + se 8.35) than Zebras
(25.2 + se 4.35) (p<0.001) (Table 4.5). Kudu and zebra in KNP had significantly higher B.
anthracis toxin neutralisation scores (44.9 * 6.74) than those in ENP (34.4 £ se 6.79) (p<0.001),
while locality within the national park was not a significant determinant to toxin neutralisation
scores amongst wild animals (p=0.17) (Table 4.5). Four interactions between the variables, host
species, area and national park were assessed, and only one interaction (host species*national
park) was a significant determinant for toxin neutralisation in wild animals (p<0.001) (Table 4.5).
Within the host species*national park interaction, kudus in ENP had the highest toxin
neutralisation scores (64.0 £ se 11.66), followed by zebras in KNP (45.5 £ se 7.05), and the least
was from zebras in ENP (4.8 + se 2.39).

Kudus in ENP showed higher TNA titres (64.0 £ 11.7) and those os KNP (44.2 + 11.9se) even
though this was not statistically significant (regardless of endemic status) (p=0.12) (Table 4.7)
and between endemic and non-endemic areas (regardless of the park) (p=0.45) (Table 4.13).
However, for zebra, the TNA titres were significantly higher in KNP (45.5 + 7.0) than ENP (4.8
+ 2.4) (regardless of endemic status) (p<0.001) (Table 4.7), but did not differ between endemic
and non-endemic areas (p=0.71) (Table 4.7). The titres of the two animal species were also
compared by national park (regardless of endemic status), showing that kudu in KNP had slightly
lower titres than zebra in KNP (44.2 Vs 45.5 respectively; p=0.072), but significantly different
titres between the two species in ENP (64.0 Vs 4.8 respectively; p<0.001) (Table 4.7).
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Table 4-5 Negative binomial regression analysis for the significance of differences in anti-Bacillus anthracis
toxin neutralisation scores from Kudu and Zebra

Variable Category No. of animals Mean TNA scores + p-value
sampled se

Host species Zebra 80 25.2 +4.35

Kudu 77 545 +8.35 <0.001
National park ENP 80 34.4+£6.79

KNP 77 44,9 +6.74 <0.001
Area Non- 78 35.6 £6.33

endemic

Endemic 79 435+7.18 0.17
Host species*national Zebra*ENP 40 4.8+2.39
park

Kudu*KNP 37 44.3+11.88

Zebra*KNP 40 455+ 7.05

Kudu*ENP 40 64.0 £ 11.66 <0.001

Serum samples were collected from Kudus and Zebras in Kruger National Park (KNP) in South Africa and Etosha National Park
(ENP) in Namibia; Negative binomial regression analysis performed considering the factors; national park, area, host species,
and interactions: host species*area, host species*national park, national park*area, and national park*area*host species.

@ Factors; host species, national park and the interaction host species*national park were significant determinants for toxin
neutralisation.

Area, endemic and non-endemic; TNA, toxin neutralisation assay; Se, standard error of mean.

Table 4-6 Bacillus anthracis toxin neutralisation assay (TNA) titres in wild animal species based on
two national parks and the endemic status of wildlife habitat

Animal National Endemic status Mean TNA 1st, 3rd Maximum p-
species park titres + se quartiles value
Kudu ENP Endemic (20) 59.5+13.8 0,102.9 194.3 0.67
Non-endemic 68.6 +19.1 0,114.4 316.6
(20)
KNP Endemic (19) 61.0+21.4 0,83.5 270.9 0.51
Non-endemic 26.5+8.0 0,44.4 84.3
(18)
Zebra ENP Endemic (20) 71+42 0,0 70.2 0.32
Non-endemic 25124 0,0 47.8
(20)
KNP Endemic (20) 47.3+£10.7 0,61.6 208.7 0.96
Non-endemic 43.7+9.4 7.8,56.3 123.6
(20)
Impala KNP Endemic (20) 34+£19 0,0 31.7 NA
Wildebeest ENP Endemic (20) 174+7.4 0,21.8 140.9 NA

KNP, Kruger National Park; ENP, Etosha National Park

TNA, Toxin neutralisation assay

p>0.05, no significant difference in TNA titres between endemic and non-endemic areas in each national park, for each animal
species

Number of animals sampled are indicated in parenthesis
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Table 4-7 Comparison of Bacillus anthracis TNA titres between two national parks in southern Africa, based
on wild animal species
National park Mean TNA titres + se p-value
Kudu KNP (n=37) 442+11.9 0.12
ENP (n=40) 64.0+11.7
Zebra KNP (n=40) 455+7.0 <0.001
ENP (n=40) 48+2.4

KNP, Kruger National Park; ENP, Etosha National Park
TNA, Toxin neutralisation assay
Se, standard error of mean
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Bar chart showing Bacillus anthracis toxin neutralisation assay (TNA) titres among four wild animal

species in Kruger National Park (KNP) in South Africa and Etosha National Park (ENP) in Namibia.
The Y-axis represents means + standard error of the means. Similar letters above graphs imply no
significant difference in the mean TNA titres, as determined using the independent samples T-test, at
a significance level of 0.05.
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Table 4-8  Comparison of results from ELISA and TNA binary outcome in four wild animal species from Kruger
and Etosha National Parks in South Africa and Namibia respectively

Number and percentage of positive samples

TNA
ELISA Positive Negative
Positive 73 (37.1) 62 (31.5) 135 (68.5)
Negative 16 (8.1) 46 (23.4) 62 (31.5)
Total 89 (45.2) 108 (54.8) n=197

n, number of wildlife samples tested by both ELISA and TNA.
Wild animal species tested: kudu, wildebeest, impala, kudu and zebra

4.2.3 Result of comparison of the two tests and correlation analysis

The comparison between the results from qualitative outcome of ELISA and TNA in four wildlife
species is shown in Table 4.8. There was a fair agreement between the two tests (kappa=0.24,
95% CI 0.12, 0.35), and this was statistically significant (p=0.0001), implying that this

determined level of agreement was not due to chance.

There was a medium and significant positive relationship between ELISA titres and TNA values
from both Pearson correlation (r=0.47, p<0.001), and Spearman’s rank correlation (rho=0.40,
p<0.001). The correlation was very obvious in kudu in both parks and zebra in KNP as well as
wildebeest in ENP (Figure 4.6)
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Figure 4-6  scatter plots and box and whiskers representing anthrax toxin neutralization and ELISA ODs across four wild animal species from Kruger National Park (KNP)
in South Africa and Etosha National Park (ENP) in Namibia. The TNA status indicates if there was neutralization or not and the samples below the set cut-off are
considered as negatives. TNA negative sera are seen below the dotted horizontal lines in each plot while ELISA negative samples can be seen behind the vertical
dotted lines of each plot.
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4.3  Analysis of the Reverse Line Blot (RLB) hybridization results

Out of the 196 animal samples analysed using RLB, 180 (91.8%) tested positive for at least one
of the tick-borne parasites examined (appendix 2). Of the aforementioned 180 animals, 90.9%
(N=77) of kudu, 92.4% (N=79) of Zebra, 95% (N=20) of Wildebeest and 100% (N=20) of Impala
showed positive signals with the RLB oligonucleotide probes. Out of the 180 animals that tested
positive for any of the haemoparasites, 50% (N=90) were from the KNP while 50% (N=90) were
from ENP. There was a statistically significant difference (P<0.05) between the Kudu in both
parks in that 100% (N=37) of kudu in KNP tested positive for the tick-borne parasites while only
70% (N=40) in ENP tested positive. Of the zebra in ENP, 100% (N=40) tested positive while
only 84.6% of zebra in KNP tested positive (P<0.05). All the Impala 100% (N=20) in KNP and
85%(N=20) in ENP tested positive. There was also a significant difference (P<0.05) between

kudu and zebra within each park.

A comprehensive representation of the samples that showed genus-specific signals irrespective
of species-specific status can be seen in figure 4.7. Of the 196 animals that were sampled, 107
showed genus-specific signals without any species-specific signals. A total of 109 samples
showed Anaplasma/Ehrlichia genus-specific signals without any Anaplasma or Ehrlichia
species-specific signals. A sum of 82 samples showed Theileria/Babesia signals without
Theileria or Babesia species-specific signals. While 57 samples were positive for just Theileria
genus-specific RLB probe without any Theileria species-specific signals and 68 samples were
positive for Babesia genus-specific probes without any species-specific signals (Figure 4.8). Of
the 109 samples that were positive for Anaplasma/Ehrlichia genus-specific signals without any
Anaplasma or Ehrlichia species-specific signals, 42 were from Kudu (12 in KNP, 30 in ENP),
53 from zebra (24 in KNP, 29 in ENP), 1 from Impala in KNP and 13 from Wildebeest in Etosha
(Figure 4.8). The 82 Theileria/Babesia genus-specific signals without Theileria or Babesia
species-specific signals were from Kudu (2 in KNP, 16 in ENP), Zebra (29 in KNP, 30 in ENP)
and 13 from Wildebeest in ENP. Out of the 57 Theileria genus-specific RLB probe without any
Theileria species-specific signals, 27 were from Zebra in KNP while 30 were from Zebra in ENP.
Of the 68 Babesia genus-specific signals, 1 was from Kudu in KNP and 67 from Zebra (32 in
KNP, 35 in ENP) as evident in figure 4.8.

Of all the 196 animals sampled, 107 (54.6%) were classified as having “high diversity”, while
89 (45.4%) animals were classified as having “low diversity’. Of the 107 animals that had high
diversity, 30.6% were kudu from KNP, 18.5% were zebra from KNP, 27.8% were Zebra from
ENP and 18.5% were Impala from KNP and 4.6% from wildebeest in ENP.
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The zebra in ENP showed a prevalence of 75% (N=40) of high diversity and 25% of a low
diversity while in KNP, 51.3% (N=39) had high diversity while 48.7% had low diversity. 89.2%
(N=37) kudu in KNP had high diversity while 10.8% had low diversity. All the kudu in ENP had

less <3 parasites, thus having low diversity.

The occurrence of various species of tick-borne pathogens in 4 species of wild animals is shown
below(Figure 4.6). Anaplasma centrale, the cause of mild anaplasmosis in cattle, was found
mostly in Impala (15/20) in KNP, and in a few samples from Zebra in KNP (2/39) and wildebeest
in ENP (3/20) as seen in figure 4.6. Ehrlichia ruminantium, a highly pathogenic species for
heartwater in domestic ruminants was detected in only 2 of the 39 zebras sampled in KNP (figure
4.9). Anaplasma bovis, A. platys, Theileria sp. (kudu), and T. taurotragi were found only in Kudu
in KNP, in proportions of 19%, 28%, 92% and 76% of the 37 sampled kudu, respectively (figure
4.9). Theileria equi, one of the causative agents of equine piroplasmosis, was found only in zebra,
and this was in both ENP (8/40) and KNP (5/39) (figure 4.4). Theileria sp. (sable) was in high
abundance in kudu in KNP (31/37), but in none of the kudus in ENP. The pathogen was also
detected in wildebeest (9/20) in ENP and Impala (11/20) in KNP (figure 4.9). T. separata was
found only in wildebeests in ENP (6/20).
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Figure 4-7  Prevalence of different genera of haemoparasites in Kudu, Zebra (Kruger and Etosha National parks), Impala (Kruger National park) and Wildebeest (Etosha
National park) using the reverse line blot hybridization.
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Figure 4-8  Bar charts representing Ehrlichia/Anaplasma, Therileria/Babesia, Theileria and babesia genera-specific signals without corresponding species-specific signals across
four wild animal species from Kruger National Park (KNP) in South Africa and Etosha National Park (ENP) in Namibia. The data represents the percentage of
samples that had only genus-specific signals out of the total population sampled in each park and each region (endemic and non-endemic) of the parks.
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Figure 4-9  Prevalence of different species of haemoparasites in kudu, zebra (Kruger and Etosha National parks), impala(Kruger National park) and wildebeest (Etosha National
park) identified using the reverse line blot hybridization for Theileria, Anaplasma and Ehrlichia species.
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4.3.1 Results of logistic regression analysis

The final logistic regression analysis between haemoparasite infections and exposure variables
amongst zebra and kudu in ENP and KNP is shown in Table 4.9, while details of the initial
models that include non-significant associations are shown in Appendix 3. An increase in toxin
neutralisation was significantly associated with less likelihood of infection with Babesia
(OR=0.97, p=0.002), Theileria (OR=0.96, p=0.0005), Ehrlichia/Anaplasma (OR=0.96,
p=0.0004) parasites in zebras (Table 4.9). A similar trend was observed for kudu, regarding
anthrax toxin neutralisation, with lower odds of infection with Theileria (OR=0.99, p=0.09)
Ehrlichia/Anaplasma (OR=0.98, p=0.004) parasites (Table 4.9). Only one kudu was positive for
Babesia, and therefore not included in the analysis.

For the area within a national park; the odds of infection with Ehrlichia parasites amongst zebras
was 3.4 times higher in anthrax non-endemic areas (32/39) than in endemic areas (25/40), and
the association was statistically significant (p=0.048) (Table 4.9). The analysis also revealed
higher odds of infection with Anaplasma parasites amongst zebras in non-endemic (30/39) than
endemic (25/40), although not significant (p=0.17). On the other hand, the area within a national
park did not affect infection with Babesia and Theileria parasites amongst zebras (Appendix 3).
Kudus in non-endemic areas were associated with higher odds of infection with Theileria
(OR=4.4, p=0.04) and Ehrlichia (OR=2.5, p=0.097) parasites than in endemic areas (Table 4.9).
The odds of infection of kudus with Theileria parasites were higher in KNP than ENP (OR=76.6,
p=0.0005), but higher for Ehrlichia parasites amongst kudus in ENP than those in KNP (OR=7.8,
p=0.001). However, the national park had no significant effect on tick-borne haemoparasite
infections in zebra (Appendix 3). There was a significant interaction between the national park
and area for Theileria infection in kudus (p=0.016). The goodness-of-fit test shows that the data

was in good fit with the final model (Table 4.9).
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Table 4-9 Final logistic regression analysis for the association between infection with tick-borne haemoparasites

and the predictors of infection in wild animal populations in two national parks in South Africa and

Namibia
Variable Category No. of OR Goodness- p-value
positive of-fit test
animals (%0)
Zebra
Babesia Anthrax TN TN 0.97 X2 =1.99, 0.002
p=0.98
Theileria Anthrax TN TN 0.96 X2 =1.51, 0.0005
p=0.99
Ehrlichia/ Area Endemic 25/40 (62.5)
Anaplasma Non-endemic  32/39 (82.1) 3.4 0.048
Anthrax TN TN 0.96 X2 =8.66, 0.0004
p=0.37
Kudu
Theileria Park ENP 16/40 (40.0)
KNP 32/37 (86.5) 76.7 0.0005
Area Endemic 23/39 (59.0)
Non-endemic 25/38 (65.8) 4.4 0.04
Anthrax TN TN 0.99 0.09
Park*Area Interaction 0.03 X2 =3.68, 0.016
p=0.88
Ehrlichia/ Park ENP 30/40 (75.0) 7.8 0.001
Anaplasma KNP 16137 (43.2)
Area Endemic 20/39 (51.3) 0.097
Non-endemic 26/38 (68.4) 2.5
Anthrax TN TN 0.98 NA 0.004

The haemoparasites were detected in blood samples using the reverse line blot hybridisation (RLB) assay. A sample was
considered positive for a parasite genus if there was a positive signal with the RLB genus-specific probe and/or with the
corresponding species-specific probe (s)

KNP, Kruger National Park (South Africa); ENP, Etosha National Park (Namibia)

TN, toxin neutralisation; OR, odds ratio

Logistic regression analysis was done separately for each parasite genus and each host species, including four factors; area,
national park, TNA score, interaction between area and national park. Only factors retained in the final logistic regression for

each parasite genus analysis are shown in the table.

4.3.2 Results of the correlation analysis

The outcome of the Chi-squared analysis demonstrated a significant difference (P<0.001)
between the categories of parasite diversity and neutralisation. A total of 196 animals were
analysed and of this number, 89 (45.4%) showed neutralisation while 107 (54.6%) did not. Of
the animals that showed neutralisation, 32 (36%) had a high parasite diversity while 57 (64%)
had a low diversity. Out of the 107 animals that didn’t show neutralisation, 80 (74.7%) had a
high parasite diversity while 27 (25.3%) had low diversity (Table 4.10).
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A very significant negative correlation was found between parasite diversity and NT50 values
for all the animal species together with Spearman’s rank correlation (rho= -0.40, p<0.001) and
for intra-species analysis regardless of parks and also for impala and wildebeest combined.
Spearman’s rank correlation for zebra (rho=-0.59, p<0.001), kudu (rho=-0.40, p<0.001), impala
and wildebeest combined (rho=-0.436, p<0.005) also indicated a significant negative correlation.
Of the 77 kudu sampled, 33 had a high diversity and of the 33, 14(42.4%) were able to neutralise
the toxin, while 19 (57.6%) did not. Also, 44 (57.6%) of the kudu had a low diversity and of this
number, 30 (68.2%) were able to neutralize while 14 (31.8%) could not. Of the 79 zebra tested,
animals with high diversity were 50 (63.3%) while those with low diversity were 29 (36.7%)
(Table 4.15). Of the 50 animals with high diversity 11 (22%) were able to neutralize the anthrax
lethal toxin while 39(78%) could not. And of the animals with low diversity, 23 (79.3%)
neutralized the lethal toxin while only 6 (20.7%) could not. A total of 34 zebra showed
neutralizing activities. And out of this number, 79.3% had a low diversity of parasites while only
21.7% had a high diversity (Table 4.15). Impala and wildebeest were put together making a total
of 40 animals. And of this number of animals, 25 (62.5%) had high diversity while 15 (37.5%)
had a low diversity. Of the animals with High diversity 4 (16%) were able to neutralize while 21
(84%) could not. Out of the animals with Low diversity, 7 (46.7%) animals were able to
neutralize while 8 (53.3%) could not. A total of 11 animals were able to neutralize the toxin and
of this number, 4 (36.4%) had a High diversity while 7(63.6%) had a Low diversity (Table 4.10).
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Table 4-10  Parasite diversity by Neutralisation 50 (NT50) cross tabulation
Neutralisation status
Neutralisation No neutralisation Total (N)
(% within diversity) (% within
diversity)
Parasite Overall High diversity 32 (36%) 80 (74.7%) 112
Diversity L
Low diversity 57 (64%) 27 (25.3%) 84
Kudu High diversity 14 (42.4%) 19 (57.6%) 33
Low diversity 30 (68.2%) 14 (31.8%) 44
Zebra High diversity 11 (22%) 39 (78%) 50
Low diversity 23 (79.3%) 6 (20.7%) 29
Wildebeest  High diversity 4 (16%) 21 (84%) 25
and Impala
Low diversity 7 (46.7%) 8 (563.3%) 15
P<0.005
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Chapter 5
DISCUSSION, CONCLUSION AND RECOMMENDATION

51 Discussion

This study reveals a wide presence of anti-PA antibodies in the various host species sampled.
Interestingly, even though these parks share similar host species, there were significant
differences in the proportions of animals that tested positive for anti-PA antibodies and the titres
between the two parks. More so, there was a negative agreement between the TNA NT50 titres
and the previous mortality data of the various host species in these parks (Havarua et al., 2014,
de-Vos and Bryden, 1996, Turner et al., 2013). This agreement further gives credence to earlier
reports of the positive correlation between NT50 titres and protection of animals against anthrax
(Weiss et al., 2006, Little et al., 2004, Reuveny et al., 2001, Peachman et al., 2006). We also
report a negative correlation between haemoparasite presence/diversity and the ability of the
animals to neutralize anthrax lethal toxin.

The anti-PA antibodies reported in this study indicated that the animals in these parks are exposed
to varying doses of B. anthracis spores and/or repeated exposures in the environment and are
able to mount an immune response. These results build on existing evidence that herbivores
exposed to sublethal doses of B. anthracis in the environment develop antibodies against the
pathogen (Cizauskas et al., 2014). Moreover, this claim contradicts previous studies suggesting
herbivores in anthrax endemic regions are susceptible and naive to B. anthracis and die following
severe and sudden exposure. These assumptions of previous studies were based on a lack of
detectable anti-PA tires (Turnbull et al., 1992, Lembo et al., 2011). However, the current study
and previous studies each used a different serological method namely indirect anti-PA ELISA,
QuickELISA kit (Anthrax-PA kit, Immunetics, Incorporated, USA) (Lembo et al., 2011) and
competitive indirect anti-PA ELISA (Turnbull et al., 1992) which could account for the different
results. The competitive indirect anti-PA ELISA, unlike the indirect anti-PA ELISA requires a
high guantity of antibodies for there to be a 0.2 OD difference between two consecutive dilutions
due to the inhibited counterpart and are thus less sensitive than the latter (Cizauskas et al., 2014).
The Quick ELISA kit also lacks the sensitivity to detect animals with low antibody titres
(Cizauskas et al., 2014). The indirect ELISA used in this study was not without limitations as the
conjugate will only allow optimal binding for specific species developed and closely related
species (Feir et al., 1993, Smith, 2017). In this study, protein A/G conjugate was used for zebra
and wildebeest while protein G was used for kudu and impala. These conjugates were tested
against different wildlife species with varying binding ability (Feir et al., 1993, Smith, 2017,
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Stobel et al., 2002) and therefore species-specific conjugates to overcome this limitation need to
be developed.

Both kudu and zebra in the two parks tested positive for the anti-PA antibodies. It was also noted
that a higher proportion of kudu were positive for ELISA anti-PA antibodies in KNP than ENP
(Figure 4.1 and Table 4.1). Anthrax outbreaks in kudu in KNP have been linked to the population
of blowflies in the park (Basson et al., 2018, Braack and de Vos, 1987). Hugh-Jones and de VVos
(2002) indicated that Chrysomya spp. blowflies feeding on anthrax carcasses in KNP deposit B.
anthracis spores onto the leaves of trees/shrubs near the carcass at the height that kudu feed
thereby creating a higher inoculum and exposure to the kudu in KNP. The increase in B. anthracis
inoculum by the Chrysomya flies on shrubs eaten by kudu browsers might cause the higher
mortality rate of ~75% of recorded cases from 1960-1990s in KNP (de-Vos and Bryden, 1996)
compared to the ~0.46% in ENP (Havarua et al., 2014, Turner et al., 2013). Although there is no
available specific report of the blow-fly transmission pathway in ENP, Nalisa (2013) recorded
the presence of B. anthracis in flies of the Muscidae and Calliphoridae families but these may
be in significantly lesser number due to the landscape and climate of ENP compared to KNP.
This suggests that kudus in ENP can be exposed but to a lesser extent due to a smaller amount of
dissemination and inoculum through flies or other vectors depositing the spores on the leaves
(Fasanella et al., 2010, Blackburn et al., 2014, Nalisa, 2013). The role of blowflies in the

transmission of B. anthracis needs further investigation in ENP to allow comparison to KNP.

Watson and Keir (1994), suggested that herbivores can ingest a relatively large dose of spores in
the environment that boost their immunity whereas significantly higher dose is required to kill
the animals. If this is true, it can be hypothesized that higher spore doses for kudu are present in
KNP than ENP, and combined with other factors like blowfly populations, these might cause
exposure with larger mortalities in KNP due to higher numbers of spores ingested by kudu. Also,
it has been shown in a previous study that an animal host may ingest a high amount of spores
that pass through the digestive tract without any invasion or establishment or poor establishment
resulting in a sublethal infection (Aloni-Grinstein et al., 2005). This might cause the high anti-
PA titers in KNP kudu without mortality. Our study recorded kudu in KNP are 19.4 times more
likely to be exposed to the pathogen than their counterparts in ENP, which is reflected by the
kudu mortality data of approximately 75% of recorded cases in KNP (de-Vos and Bryden, 1996)
while kudu in ENP contributes only 0.46% of recorded cases (Turner et al., 2013). Even though,
recent report puts it that impala is now the most impacted host species in KNP and this may
further reduce the percentage accorded to kudu in this park (Basson et al., 2018)
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In ENP, anthrax affects mainly grazers rather than browsers (Turner et al., 2013). There is a
report of kudu mortality in ENP due to anthrax which might indicate infrequent exposure.
However, the anti-PA titres indicate that kudu in ENP is exposed to the B. anthracis spores in
the environment. This suggests that kudus in ENP are exposed, but likely to a lesser dose by
browsing/grazing on grasses, shrubs and forbs closer to the ground due to the vegetation in ENP
(Owen-Smith, 1979, Owen-Smith and Cooper, 1985, du Plessis and Skinner, 1987, Owen-smith,
1990), but this needs to be further investigated. Furthermore, the low number of kudu cases
reported in ENP over the years (Ebedes, 1976a, Havarua et al., 2014) might be underreported as
they occur in the inaccessible woodlands regions of the park compared to the central region
consisting of plain and open regions (le Roux et al., 1988, Berry and Jenssen, 1997).

Zebra in ENP had significantly higher antibodies titres than zebra in KNP (Figure 4.1, Table 4.1).
A high number of zebra (82.5%) in ENP tested positive for anti-PA antibodies in this study. In a
previous study conducted in ENP, 24 zebra sampled tested negative for anthrax anti-PA
antibodies in ENP (Turnbull et al., 1992). Similarly, none of the 85 zebra tested positive in the
Serengeti National Park in Tanzania using the QuickELISA kit (Anthrax-PA kit, Immunetics,
Incorporated, USA) (Lembo et al., 2011). The two aforementioned negative results may be
connected to the sensitivity of the assays used, as both may not be able to detect antibodies in
sera with lower titres (Cizauskas et al., 2014). Cizauskas et al. (2014) suggested the difference
between the antibody titres in animals in the Serengeti and ENP could be as a result of the
concentration of the spores in the environment. Results of this study show that 82.5% of zebra in
ENP tested positive using indirect anti-PA ELISA which was similar to Cizauskas et al. (2014)
that demonstrated a 52-87% prevalence of anti-PA antibodies in zebra that were tested in ENP.
Zebra in ENP are 3.1 times more likely to encounter this pathogen than zebra in KNP. This is
reflected by the 55% of anthrax mortalities in ENP coming from the zebra population (Turner et
al., 2013) compared to less than 10% of recorded mortalities in KNP (personal communication
with Skukuza State Veterinary Services). The difference between the exposures and titres in the
two populations of zebras could be associated with the spore concentration in the soil ingested
during grazing (Turner et al., 2014) or interactions between zebra diet and foraging behaviour
altering exposure risk (Havarua et al., 2014).

Secondly, the difference may also arise from behavioural- and ecological factors as well as
climate extremes such as droughts and flooding (Hampson et al., 2011). Furthermore, the season
of anthrax outbreaks between the two parks (de-Vos and Bryden, 1996, Turner et al., 2013) may
also contribute towards the difference observed between animal species in the two parks. The
results confirm that kudu in KNP and zebra in ENP are the most dominant affected species in

each park followed by impala for KNP and wildebeest in ENP (de-Vos and Bryden, 1996, Turner
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et al., 2013, Basson et al., 2018). These species are exposed to spores more often and results in
antibodies (relatively higher antibody tires) against the pathogen. It can therefore be assumed
that kudu in KNP and zebra in ENP with higher antibody titres encounter and ingest the pathogen
more often with lethal doses in the environment resulting in the higher mortality rates.

It has been shown that the endemicity of B. anthracis in a number of regions is related to calcium
concentrations and alkalinity of the soil (Van Ness, 1971, Hugh-Jones and Blackburn, 2009).
Thus the spore concentration could be influenced by the soil chemistry as well as composition of
the soils in these regions. The animals in the endemic region of KNP had higher antibody titres
than animals in the non-endemic region of the park. These animals are 2.8 times more likely to
be seropositive for B. anthracis anti-PA antibodies than animals in the non-endemic region of
the park. This may suggest that the soil composition in KNP could be responsible for the
difference between the endemic and non-endemic regions. Also, soil types supporting different
strains and dissemination during anthrax outbreaks have been reported (Smith et al., 2000,
Blackburn et al., 2007, Garofolo et al., 2010). Ancient A (A.Br005/005) and B clade strains occur
in KNP (Smith et al., 2000). Northern KNP, lying between the Limpopo and Luvuvhu rivers has
a higher diversity of strains with Pafuri in a lower elevation (with a high diversity of strains
consisting of A.Br005/006, A.Br.001/002, A.Br.V770 SNP subclades and B-clade) (Lekota,
2018) surrounded by higher elevations (Figure 3.3). This may explain why there was a significant
difference between the two regions in KNP if the non-endemic area is less conducive to spore
survival than the endemic area (Smith et al., 2000). Also, with the presence of physical barriers
such as rivers in KNP, long-range movement of animals is restricted (Personal communication
with Skukuza State Veterinary services). Also, home ranges are much smaller in KNP (Huang
Yen-Hua unpublished data of monthly home range size). This may also be responsible for the

difference noted as there is restriction to spore distribution.

The result of seropositive zebras and kudu in KNP shows that animals are also exposed in the
“non-endemic” (southern KNP) area though in lesser proportions, and cases could be
underreported due to surveillance bias in an area considered as non-endemic for anthrax.
Steenkamp et al. (2018) identified the region where ‘non-endemic’ kudu were sampled and tested
seropositive as B. anthracis spore suitability regions (Figure 4.3). Also, previous anthrax reports
from KNP show that outbreaks in 1960 spread from the north downwards to the central part of
KNP (Pienaar, 1961). Passive surveillance conducted in KNP from 1988 — 2019 shows that over
50% of samples received are from the northern part and merely 15.8% are from the southern
regions located within the “non-endemic” study area, while the remaining percentage is from the

central regions of the park (Personal communication with Skukuza State Veterinary services).
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In contrast, there was no significant difference in antibody titres in animals in the endemic and
non-endemic regions of ENP. The absence of a significant difference in the titers between the
animals in the endemic and non-endemic regions of ENP could be a result of the absence of any
physical barrier (such as rivers) that would prevent or slow movement between the west and
central regions of the park, and thus animals are able to move across regions (Hipondoka et al.,
2013, Zidon et al., 2017)Haung Yen-Hua, unpublished data). Secondly, animals in ENP have
very large home ranges and animals do move between the western and central parts of the park
(Huang Yen-Hua, unpublished data). A study suggested that spores could concentrate more in
the waterholes dispersed in the western part of ENP as 26% of waterholes in the western part
tested positive for anthrax spores (Lindeque and Turnbull, 1994). However Turner et al. (2016),
found that spore concentrations in waterhole sediments are too low for lethal exposures. Also,
Cloete (2013) reported that there was no significant difference in spore survival by soil types
sampled from different regions of the park. Together, these results suggest that the whole park is
a suitable habitat for B. anthracis without barriers to restrict herbivore movement or spore
distribution. Thus, most of the ENP could be endemic for anthrax but cases in the west could be
underreported due to inadequate surveillance over time due to accessibility to this area. More

studies should focus on anthrax occurrence in the western part of ENP.

In ENP, a single SNP group (A.Br.Aust94) are reported. Two other SNP groups in Namibia,
group 6 (Ancient A; A.Br.005/006) and group 9 (Sterne; A.Br.001/002) were found in Namibia
but not in ENP (Beyer et al., 2012). This aligns with the hypothesis of a clonal expansion of an
ancestral strain , which was brought into ENP a long time ago with no inflow or outflow of rivers
(one catchment area), although with some seasonal rivers feeding into the Etosha salt pan. This
may explain why there was no difference between the two regions in ENP as the whole park

could be inhabited by a clonal strain.

Within each park, there were also considerable differences between the major host species (kudu
and zebra). Kudu in KNP and zebra in ENP had higher seroprevalences than zebra in KNP and
kudu in ENP. Thus the same species within a different ecosystem can be affected differently as
observed in the literature (Lindeque and Turnbull, 1994). Due to the complexity of the B.
anthracis life cycle, many factors could be responsible for this disparity, some of which could be
host-dependent variations in exposure and susceptibility which could be linked to ecological and
behaviour related traits (Hampson et al., 2011). Another driver of this difference between species
within the same park could be related to the foraging behaviours of these animals (Havarua et
al., 2014). Outbreaks in zebra populations have been shown to occur mostly during the wet season

or towards the end of the rainy season , with some cases occurring during droughts or extended
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dry period (Muoria et al., 2007, Wafula et al., 2008). Whereas, outbreaks in kudu occur largely
during the dry season as seen in KNP and other parks (Pienaar, 1960, Pienaar, 1961, de-Vos,
1990, Turnbull et al., 1991, de-Vos and Bryden, 1996). The grazing versus browsing transmission
pathways occur at different timescales, which may have important effects on disease dynamics,
pathogen diversity, and host resistance. Browsing-based transmission should occur shortly after
host death before rainfall or leaf loss by deciduous trees/shrubs prevents further browser exposure
(Ebedes, 1976a). Grazing-based transmission occurs only upon the regeneration of vegetation at
a carcass site, and continues for years, with exposure dose decaying over time (Turner et al.,
2014, Turner et al., 2016). This could mean that different herbivore species in the same ecosystem
could be affected at different times and at different rates, based on differences in their diet.

Toxin Neutralisation

The TNA was performed to measure the immune performance between kudu and zebra in each
park and between parks. The TNA determines the protection of mouse macrophages by
antibodies in host sera from the cytotoxic effect of the anthrax lethal toxin (Ngundi et al., 2010)
and is not species-specific (Omland et al., 2008). The assay quantitates only the functional
subunit of the antibodies compared to the total anti-PA antibodies detected by ELISA (Ngundi
et al., 2010). This study represents the first to measure the immune performance of these host
species against B. anthracis lethal toxin.

The two main host species from the two parks demonstrated interesting variation in levels of
neutralisation. Lincoln et al (1967) hypothesized that there is a trade-off between infection
resistance and toxin susceptibility. Hosts that are more resistant to infection require a higher
exposure dose for mortality, yet are highly susceptible to the anthrax toxin (i.e. die with low
levels of bacteremia) once an infection is established. Susceptible hosts, that become infected
with exposure to a lower dose are in turn more resistant to the effects of the toxin and thus die
with high terminal bacteremia.

Kudu in ENP had a higher TNA response than kudu in KNP. Similarly, zebra in KNP had a
higher immune response against the toxin than zebras in ENP. This suggests that, at the species
level, the more often a species is exposed to B. anthracis, the less it can cope with the effects of
its toxin. These results agree with the mortality records of these species in the two parks (de-Vos
and Bryden, 1996, Turner etal., 2013, Havarua et al., 2014). In view of the hypothesis concerning
dose in our study, zebra in ENP as well as kudu in KNP are exposed more often, likely to larger
doses, and die more readily compared to kudu in ENP and zebra in KNP. Thus, kudu in ENP and
zebra in KNP are more likely to be exposed to trace amounts of the pathogen based on their

foraging behaviour and the relative risk of that behaviour on the two landscapes (de-Vos and
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Bryden, 1996, Turner et al., 2013, Havarua et al., 2014), yet show greater resistance than kudus
in KNP and zebras ENP and respectively.

Since higher percentages of anthrax mortalities for zebra in ENP and kudu in KNP contribute to
the total mortalities recorded in the respective parks, these species are more likely to be exposed
to the spores at higher concentrations and at more frequent intervals. We, therefore, hypothesize
that animals that are exposed to higher doses of the anthrax antigen are less able to produce
antibodies with high affinity (Eisen and Siskind, 1964). This further means that the more antigens
encountered from frequent and large exposures the less time or resources are available to mature
the high-affinity antibodies that are required to bind and neutralize the toxin. The affinity
maturation process allows for high-affinity antibodies to be produced and this process takes place
in the germinal centres which are effectually activated structures found in the secondary
lymphoid tissues following stimulation by the presence of an antigen (Shlomchik and Weisel,
2012). Production of viable antibodies through affinity maturation which is a mutation-selection
process is very important in the stimulation of a very effective immune response (Eisen and
Siskind, 1964, Wang et al., 2015). When the concentration of the antigen is high or ingested more
frequently, this leads to very low competition among the B-cells and the germinal centres become
occupied with antibodies that have a very low affinity (Eisen and Siskind, 1964, Goidl et al.,
1968, Wang et al., 2015). Dumas et al. (2020) also suggested that a higher immune response is
derived from severe disease caused by exposure to a high amount of antigen over longer periods
of time. Thus, we assume that the low neutralisation in zebra from ENP could be due to exposure
to high doses of antigen in the environment leading to less competition among the antibodies as

such leading to lower affinity and hence lower neutralisation.

A previous study showed that animals that were immunized with antigens of spore origin
conferred protection by the production of antibodies that reduced spore germination (Oscherwitz
etal., 2015). This sublethal passive natural “vaccination” may have induced anti-spore antibodies
and reduced germination in zebra in KNP and kudu in ENP, but this will need further
investigation. From the above-mentioned reasons, variability in the kinetics of the antibody
affinity maturation process and anti-spore activities in the animals sampled may add to the
diversity of the neutralizing ability observed (Ngundi et al., 2010).

Within the same park, it was seen that zebra in KNP and kudu in ENP had higher proportions of
animals that neutralized the lethal toxin and demonstrated higher titres than kudu in KNP and
zebra in ENP, respectively. The better neutralisation could be connected to their ability to be
better protected from the effect of the lethal toxin (Weiss et al., 2006, Peachman et al., 2006).
This ability to be protected may be caused by their ability to develop neutralizing titres of high
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affinity (Ngundi et al., 2010). As earlier discussed, a relationship has been established between
antigen dose, “immunization” (exposure) interval and development of antibodies with high
affinity (Eisen and Siskind, 1964, Goidl et al., 1968). This relationship may play a role in animals
with higher neutralisation that may have moderate doses and at longer intervals. Also, Verma et
al. (2009) suggested that factors such as the characteristics of the antibodies (such as the species
of origin, subclasses and isotype) being examined in the test could largely affect the measure to
which Fc-gamma receptor-reliant neutralisation can influence the extent of neutralisation. As
such, we suspect that species idiosyncrasies could have also played a role in the differences

observed.

Another hypothesis to the reason zebra in ENP and other animals that showed anti-PA titres
without neutralizing titres might be due to cross-reaction with closely related antigens to B.
anthracis PA (Dumas et al., 2020), which needs further investigation. Cross-reactivity will reflect
on the sensitivity of the technique (PA-ELISA). Bacillus cereus biovar anthracis and atypical B.
cereus have been reported to cause anthrax-like infections in humans and animals (Marston et
al., 2016, Antonation et al., 2016, Baldwin, 2020). Furthermore, members of B. cereus sensu
stricto have been reported to be closely related to B. anthracis (van Tongeren et al., 2014). Future
study will investigate B. cereus isolates with similar B. anthracis pag gene. Since TNA
quantitates only the neutralizing antibodies in a serum, it may account for the ELISA positive
samples that were negative for TNA (Ngundi et al., 2010). Kudu in ENP (Havarua et al., 2014)
and zebra in ENP (personal communication with Skukuza Veterinary Services) are considered
as less susceptible (not major hosts) hosts species in these parks. We suggest that their ability to
mount neutralizing immune responses against the toxin could be to an extent responsible for their
protection (Reuveny et al., 2001, Weiss et al., 2006, Peachman et al., 2006).

Some studies have demonstrated a correlation between anti-PA titres and the neutralizing titres
(Parreiras et al., 2009, Ndumnego et al., 2013). Ndumnego et al. (2013) quantified the anti-PA
IgG titres and reported a high correlation with neutralizing antibodies in vaccinated goats.
Parreiras et al. (2009) compared anti-PA ELISA and TNA in mice vaccinated with PA.
Furthermore, other laboratory studies reported that lethal toxin neutralizing antibodies in rabbits
(Weiss et al., 2006, Little et al., 2004), guinea pigs (Reuveny et al., 2001) and mice (Peachman
et al., 2006) correlated with survival rates of these animals. In our study, a significant positive
correlation was found between the anti-PA ELISA titres and the toxin neutralizing NT50 titres
in animals that naturally acquired the antigen, despite differences in zebra in ENP and kudu in
KNP. Not all seropositive animals based on anti-PA ELISA titres showed neutralizing activities,
but most animals with neutralizing activities had a high anti-PA titre. Owing to the fact that most

studies previously conducted were controlled laboratory studies, there will be a need to further
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investigate this correlation in field studies. This further confirms the presence of the B. anthracis
lethal toxin in the animal sera and the neutralizing titres are a subset of the total antibodies present
(Ngundi et al., 2010). The agreement and correlation between anti-PA tires and neutralizing

antibodies validate these tests in these wild herbivores.
Haemoparasites co-infection vs Anthrax toxin neutralisation

Tick-transmitted diseases pose serious threats to livestock farming and wildlife populations
(Mbati et al., 2002, Nijhof et al., 2005). The wild animals sampled in this study reacted to the 4
genera of haemoparasite tested: Theileria, Babesia, Anaplasma and Ehrlichia. Theileriosis is an
important disease that is capable of inducing fatal loss in African antelopes and has also been
reported in wild equids. Theileria are obligate intracellular organisms that live in lymphocytes
and erythrocytes of the host (McKeever, 2009). Previous studies have reported lethal Theileriosis
in kudu, sable and gray duiker (Nijhof et al., 2005), eland, roan (Steyl et al., 2012) and wildebeest
(Dondona et al., 2012). Some of the pathogenic Theileria species of the African antelopes include
Theileria sp.(sable) (Nijhof et al., 2005, Steyl et al., 2012), Theileria sp.(gray duiker) (Nijhof et
al., 2005), and Theileria sp. (kudu) (Nijhof et al., 2005). Theileria equi, which is considered
highly pathogenic has also been found in zebra (Lampen et al., 2009, Laus et al., 2015). In a
study done by Hawkins et al. (2014) on the prevalence of T. equi and Babesia caballi, they
demonstrated that 72% (N=71) of donkeys and 100% (N=16) of Grevy's zebras were positive for
T. equi. In our study, we found an overall prevalence of 65.3%( N=196) for Theileria infections.
Theileria species were found in kudu, zebra, impala and wildebeest. Theileria sp. (sable) was
found in kudu, impala and wildebeest, Theileria sp. (kudu) was found in only kudu and T.
separata was only detected in wildebeest. Although zebra were predominantly infected with
Theileria equi, hybridization to genera-specific Theileria sp. oligonucleotide probes was
observed. We, therefore, assume that infection with Theileria species could increase host
susceptibility to other pathogens given that Theileria inhabits and destroy white and red cells
(McKeever, 2009).Although a limitation to this hypothesis is the fact that the technique employed
in the detection of these parasites does not distinguish between sick and asymptomatic carriers

and this will require further investigation.

Babesiosis is a very important disease in livestock, wildlife and humans, which is caused by the
haemoprotozoan of the genus Babesia (Bock et al., 2004, Thomas et al., 1982, Gray, 2006). In
this study, most of the zebras reacted to the Babesia genus-specific oligonucleotide probe. This
agrees with other studies that identified Babesia species in equids such as horses, zebra, donkey
(Rothschild, 2013, Onyiche et al., 2019, Bhoora, 2010). While other studies have reported
babesiosis in kudu, impala, wildebeest, tsessebe (Damaliscus lunatus), eland (Carmichael and
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Hobday, 1975), roan (Oosthuizen et al., 2009), sable (Oosthuizen et al., 2008) and red deer
(Cervus elaphus) (Zintl et al., 2011), with the exception of one kudu, the antelopes in this study
were negative for babesiosis. The absence of the Babesia species in these antelopes in these parks
might be partly that the RLB was not sensitive enough to detect these parasites (Bhoora, 2010).
Secondly, it could be connected to the preference of the Ixodid ticks in the regions as to the best
of our knowledge, no Babesia species have been reported in the antelopes in these parks.
Anaplasmosis is known to have a devastating effect on domestic livestock leading to great
economic loss with 99% of cattle in South Africa being at risk and especially common in the
south of the Sahara and endemic in South Africa (de Waal, 2000). In this study, we detected
Anaplasma species in kudu, impala and zebra, which corroborated the findings of Ngeranwa et
al. (2008) that reported the prevalence of Anaplasmaanaplasmosis in these species.
AnaplasmaAnaplasmosis has also been reported in buffalo, blue and black wildebeest, waterbuck
and eland in provinces in South Africa (Eygelaar et al., 2015, Khumalo et al., 2017), although
we did not detect it in the wildebeest sampled in ENP. Anaplasma species are obligate
intracellular organisms that parasitize the erythrocytes, granulocytes and monocytes of their host
(Woldehiwet, 1987, Woldehiwet and Ristic, 1993, Dumler et al., 2001, Aubry and Geale, 2011).
Some species of this organism can cause anaemia (Ristic, 1981) and or leucopenia thereby
causing immunosuppression (Woldehiwet, 1987, Woldehiwet, 2008).

Ehrlichiosis Ehrlichia is a Rickettsial haemoparasite that affects livestock (Van Winkelhoff and
Uilenberg, 1981), wildlife and humans (Groen et al., 2002). This disease is caused by the
rickettsia of the genus Ehrlichia (Dumler et al., 2001) and is extensively distributed across the
world and endemic in Africa (Provost and Bezuidenhout, 1987). Interestingly, Ehrlichia
ruminantium was found only in zebras from KNP and to the best of our knowledge, this is the
first report of E. ruminantium in this species. Amblyoma ticks responsible for the transmission of
this pathogen have been reported in KNP and could therefore explain the detection of this parasite
in zebra (Horak et al., 2011). King’ori et al. (2019) reported a prevalence of 5.8% (N=66) in
elephants in Kenya. Susceptibility of African and non-African wildlife infected either
experimentally or naturally with these parasites, have been reported. This includes white tailed-
deer (Odocoileus virginianus) in the United States of America (Dardiri et al., 1987), and other
African wildlife such as; kudu, blue wildebeest, eland and giraffe (Giraffa camelopardalis) (Peter
et al., 1998), impala (Peter et al., 1999) and donkeys (Halajian et al., 2018).

Haemoparasites of the genera Theileria, Babesia, Anaplasma and Ehrlichia have been reported
to have debilitating effects on the health of domestic animals (Mbati et al., 2002). Most African

wildlife are considered to be reservoirs and only suffer deleterious effects under stressful
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conditions (Nijhof et al., 2005). But it has also been shown that these animals can suffer
fulminating TBDs (Oosthuizen et al., 2009, Steyl et al., 2012).

We noticed in this study that the animals in ENP reacted mostly to the genus-specific probes with
very few animals reacting to species-specific probes as compared to the animals in KNP. The
kudu in ENP did not react to any species-specific probe while a large proportion of kudu in KNP
reacted to species-specific probes. We assume that this could be because the probes used for this
assay were largely created from haemoparasites found in South Africa and they may vary from
the strains or species found in ENP (Sibeko et al., 2008). It could also be that the parasitaemia
was lower in the animals in ENP (Hanafusa et al., 1998, Bhoora, 2010).

In ENP a higher tick burden in zebra (data not shown) than kudu and wildebeest in the same
park, possibly contributed to the higher amount of parasites detected or higher parasite diversity
(Horak et al., 1983, Nijhof et al., 2003, Dondona et al., 2012, Raboloko et al., 2020). Although
tick-burdens were not noted for animals in KNP, we hypothesize that there is a correlation
between tick burden and parasite prevalence (Byaruhanga et al., 2015, Byaruhanga et al., 2016,

Tembo et al., 2018) which will be investigated in future.

It is hypothesized that zebra in ENP and kudu in KNP are under significantly increased levels of
stress imposed by higher tick burdens (Dondona et al., 2012, Raboloko et al., 2020) and therefore
haemoparasite infections, than the other species and are thus more likely to succumb to other
diseases. We assume that the ability to mount an adequate immune response against other
pathogens could be suppressed by the higher parasite burden in these animals (McKeever, 2009).
These parasites can infect and destroy red blood cells and/ or the white cells of different wildlife,
livestock and humans (Duh et al., 2008). Protozoal infections often lead to some level of
immunosuppression of the host. This results in delayed identification of antigens of different
variation and ultimately the inability of the immune system to elicit an appropriate response
(Seed, 1996). These parasites exert this immunosuppression mechanism by either manufacturing-
specific immune suppressors or by the multiplication of suppressor T-cells or macrophages
(Erard and Le Gros, 1994). The production of regulatory cytokines prevents the defence system
by releasing cytokines of the regulatory type (Erard and Le Gros, 1994). A number of these
parasites invade and multiply within host cells such as the red blood cells (Hadley, 1986, Brown,
2012), white blood cells (Duh et al., 2008, Brown, 2012) and macrophages as in the case of some
Theileria (Dyer and Tait, 1987) and in most cases leading to anaemia (Hooshmand-Rad, 1976)
and leukopenia (Dumler et al., 2005).
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Most humans and animals alike are often presented with an enormous number of parasites
showing a very high prevalence of concomitant infections (Christensen et al., 1987, Lello and
Hussell, 2008). These interactions often modulate and/ or alter the immunity of the host and
hence increasing susceptibility of the host to one or the other pathogen (Chen et al., 2005) or
increase the severity of other pathogenic organisms (Borkow et al., 2001). Co-infection with tick-
borne diseases (TBDs) has also been shown to exacerbate diseases and leading to higher fatality
(Munson et al., 2008). Thus, we investigated the correlation between the diversity (number of
haemoparasites genera) identified and the toxin neutralisation titres of these animals. Animals
infected with more haemoparasites showed less toxin neutralisation (lower NT50 titres) and vice
versa. This negative relationship was observed across the animals. These findings reflect a
correlation but not necessarily a causal effect. Although, we hypothesize that with such a
significant negative correlation, there might be some coinfection interplays that are not being
accounted for, which will be the subject of future research. As previously mentioned, some
studies have demonstrated the effect of coinfections on the host and how it hampers immune
response against other pathogens. Munson et al. (2008) showed that coinfection can cause
immunosuppression and exacerbate the effect of the other pathogen. Other studies have also
shown that in situations of concomitant infections, infectious organisms can compete for niches
in the host (Lello et al., 2008), lead to an intensification of the severity of disease pathology
(Borkow et al., 2001, Chen et al., 2005, Hughes and Shafran, 2006), increase the susceptibility
of the host to other pathogens (Chen et al., 2005) and also lengthen the course of the infection
(Pathak et al., 2012).

Within-guild coinfections and interactions have been shown to also have a devastating effect on
the host’s immunity (McKeever, 2009, Henrichs et al., 2016). Owing to the ability of Theileria
species to inhabit and destroy the host’s white blood cells that are responsible for cellular
immunity, this may lead to immunosuppression. This action can allow Anaplasma species for
example and other pathogens to colonize the host’s system (Henrichs et al., 2016). It was also
demonstrated by Henrichs et al. (2016) that there is a considerable increase in the odds of
infection with T. parva in an animal infected with A. marginale. It has also been hypothesized
that excessive and sustained inflammatory responses to protozoans like Plasmodium can cause
severe immunopathology (Mabbott, 2018) and this can, in turn, increase the effect of other
pathogens in the host. As was noted in this study, there was a negative relationship between the
odds of infection with haemoparasites and the ability to neutralize the lethal toxin. An increase
in toxin neutralisation was significantly associated with less likelihood of infection with Babesia,
Theileria, Ehrlichia, and Anaplasma parasites in zebras and kudus except for the absence of

Babesia in kudus. This further confirms that there could be some co-infection interplay that has
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not been fully unravelled. Further investigations are required into which combination of parasites

and what parasite loads could potentially affect this response.

5.2 Conclusion

The comparison between the endemic and non-endemic regions within parks reveals that animals
in endemic regions of both parks put together were more exposed than those in non-endemic
regions. Although a narrow look reveals that ENP is entirely endemic as there was almost similar
exposures between both regions. This is largely attributed to the fact the entire park is suitable

for spore germination and absence of physical barriers makes spore distribution easy.

Between parks where a given species is considered to be a more (ENP: zebra, KNP: kudu) or less
(ENP: kudu, KNP: zebra) susceptible host, it was seen that kudu in KNP and zebra in ENP are
more likely to be exposed to the antigen by ingesting higher doses or encountering the antigen
more regularly than those of ENP and KNP respectively. This is mainly due to the foraging
behaviour of the animals as well as the presence of factors and vectors responsible for

transmission and dispersal of the anthrax spores.

Varying levels of toxin neutralisation titres were reported with higher neutralizing titres in a
higher proportion of zebras in KNP than ENP. This supports the species differences in mortality
data in the two parks, such that animals that have higher anthrax mortality showed lesser
neutralisation. Sampled kudu in ENP and zebra in KNP are more able to mount a successful
immune response against the anthrax toxin than their respective counterparts in the respective
parks. The ability to mount successful neutralizing activity could have emanated from the ability
of the animals to produce neutralizing antibodies with high affinity. This ability is largely
influenced by the dose of the antigen and interval between exposures. This trend was also
observed within parks in that zebra in KNP showed better neutralisation than the kudu in the
same park. Similarly, kudu in ENP are better able to neutralize the toxin than zebra in the same

park.

Even though positive correlation between the antibody titres and the NT50 titres were reported
in this study, anti-PA antibodies do not necessarily translate to the presence of neutralizing
antibodies which could be influenced by various factors. These factors include the dose of the
antigen; antibody properties (species of origin, subclasses and isotype); the interval and
frequency of exposure; cross-reactivity with other pathogens and pathogen or immune system

burden.

Haemoparasites were detected in the host species in ENP and KNP. Animals with a lower

haemoparasite diversity were better able to neutralize the anthrax lethal toxin. So many factors
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could be responsible for this effect some of which include the parasite burden, within guild co-
infections, co-infections interplay between the haemoparasites and B. anthracis.

5.3 Future Recommendations

The finding of this study reveals that animals in both regions of the parks are exposed to anthrax
spores in the environment. Further investigation could investigate the detection of B. anthracis
in the non-endemic regions of these parks as well as the detection of closely related B. cereus

species in the parks.

Environmental conditions like foraging, rainfall, landscape, biological vectors of the same animal
host species should be compared between parks to establish the reason(s) for the variation in the

exposure status of the same animal species in the two parks.

Lastly, we noticed a correlational interplay that requires further investigation between a
coinfection with haemoparasites and B. anthracis to determine which combination of parasites
and also what parasite load could potentially affect the neutralizing ability of the host against

anthrax toxins.
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APPENDIX

Appendix 1. Comparison of exposure of wild animals to Bacillus anthracis between endemic
and non-endemic areas in two national parks in southern Africa

Animal National Park Endemic status No. of animals No. of positive p-value
species sampled animals (%)
Kudu KNP Endemic 19 19 (100) 0.492
Non-endemic 18 17 (94.4)
ENP Endemic 20 14 (70) 0.512
Non-endemic 20 12 (60)
Zebra KNP Endemic 20 15 (75) 0.102
Non-endemic 20 10 (50)
ENP Endemic 20 19 (95) 0.046
Non-endemic 20 14 (70)

KNP, Kruger National Park in South Africa; ENP, Etosha National Park in Namibia
2 No significant difference in Bacillus anthracis exposure between endemic and non-endemic
areas within a national park
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Appendix 2

Animal No. of Nation Anthrax
Species Animal al Park Endemic Number of parasite genus/ Species identified
S Status
e 2
© 2 s 3 _ = 3 = B .
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Kudu 20 ENP Endemic 14 0 0 5 0 0 0 0 0 0 0
20 Non- 16 0 0 11 0 0 0 0 0 0 0
Endemic
Kudu 19 KNP Endemic 18 0 7 18 18 0 19 18 17 17 16
18 Non- 17 0 12 17 15 0 15 13 12 14 12
Endemic
Zebra 20 ENP Endemic 14 0 0 18 19 20 0 0 0 0 0
20 Non- 18 0 3 20 18 15 0 0 0 0 0
Endemic
Zebra 20 KNP Endemic 12 2 0 19 19 16 0 0 0 0 0
19 Non- 15 0 0 17 14 17 0 0 0 0 0
Endemic
Wildeb 20 ENP Endemic 16 3 0 11 4 0 0 9 0 0 0
eest
Impala 20 KNP Endemic 20 15 6 20 20 0 0 11 20 20 0
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Appendix 3. Proportion of wild animals positive for tick-borne haemoparasites, as determined
by the reverse line blot hybridisation assay, and an initial logistic regression
analysis for predictor variables

Variable Category No. of No. of  p-value
animals positive
sampled  animals
(%)
Zebra
Babesia National park ENP 40 35 (87.5) 0.34
KNP 39 30 (76.9)
Area Endemic 40 34 (85.0) 0.44
Non-endemic 39 31 (79.5)
Anthrax  TNA  Toxin 0.005
score neutralisation
Theileria National park ENP 40 37 (92.5) 0.39
KNP 39 30 (76.9)
Area Endemic 40 35 (87.5) 0.73
Non endemic 39 32(82.1)
Anthrax ~ TNA Toxin 0.003
score neutralisation
Ehrlichia/ National park ENP 40 32 (80.0) 0.43
Anaplasma KNP 39 25 (64.1)
Area Endemic 40 25 (62.5) 0.14
Non endemic 39 32 (82.1)
Anthrax  TNA  Toxin 0.0016
score neutralisation
Kudu
Theileria National park ENP 40 16 (40.0) 0.0005
KNP 37 32 (86.5)
Area Endemic 39 23 (59.0) 0.04
Non-endemic 38 25 (65.8)
Anthrax  TNA  Toxin 0.09
score neutralisation
Park*Area 0.016
Ehrlichia/Anaplasma  National park ENP 40 30 (75.0) 0.012
KNP 37 16 (43.2)
Area Endemic 39 20 (51.3) 0.25
Non-endemic 38 26 (68.4)
Anthrax ~ TNA Toxin 0.005

score

neutralisation

Blood samples were collected from wild animals in Kruger National Park (KNP) in South Africa and Etosha National Park

(ENP) in Namibia. Only one kudu was positive for Babesia parasites, and therefore not included in the analysis.
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