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Studying the relationships of parasites with their vertebrate hosts is important as they improve
our knowledge on the ecology of diseases of veterinary and zoonotic importance. Eastern rock
sengis (Elephantulus myurus) are small insectivores endemic to Africa that are known to have
higher tick burdens than other small mammal species. Studies have shown that E. myurus
from South Africa harbour an Anaplasma bovis-like strain, a rickettsial pathogen of cattle.

Anaplasma bovis infects host monocytes causing monocytic- and bovine anaplasmosis.

The role of rock sengi as reservoirs of tick-borne pathogens has not been fully investigated.
In addition, the phylogenetic position of the described A. bovis-like strain is unclear as genetic
data are currently limited to the highly conserved 16S rRNA gene and studies are constrained
by difficulties with cultivation of tick-borne Anaplasmataceae. The aim of the current study
was, therefore, to determine the tick-borne haemoparasite diversity in rock sengi and to
expand molecular characterization of the A. bovis-like strain in rock sengi (henceforth referred
to as A. bovis-like (sengi)), using a more phylogenetically informative gene region. The specific
objectives were to (i) screen blood samples for the presence of Theileria, Babesia,
Ehrlichia and Anaplasma spp. using the Reverse Line Blot (RLB) hybridization assay, and (ii)
to determine the taxonomic position of the A. bovis strain present in rock sengis by PCR-
screening of additional rock sengi samples using 16S rRNA and GroEL assays, optimised for
specific detection of the A. bovis-like (sengi) variant, in combination with Sanger sequencing

and phylogenetic analysis.

Genomic DNA extracted from 160 eastern rock sengi blood samples collected from the Goro
Game Reserve, Limpopo Province (n=112) and Ezemvelo Nature Reserve, Gauteng (n=48),
South Africa, as part of previous studies, was subjected to the RLB hybridization assay and
further molecular characterization. The RLB hybridization assay results revealed that PCR

products hybridized with the Theileria/Babesia genus-specific probe in 5% (n=8) of the

Vi



samples and with the Anaplasma/Ehrlichia genus-specific probe in 31.9% (n=51) of the
samples. A total of 86 (53.8%) of the samples tested negative or below the level of detection
of the assay; none of the PCR products hybridized with any species-specific probes. Alignment
of the near full-length 16S rRNA gene sequences of the A. bovis-like strain previously
identified in rock sengi (Harrison et al., 2013) revealed that the A. bovis RLB probe differed at
three nucleotide sites under the probe area explaining why the species-specific A. bovis RLB
probe failed to hybridise. A new RLB probe was designed on the basis of available 16S rDNA
sequences, to allow for the specific detection of the sengi-associated A. bovis-like strains. This
custom-designed A. bovis-like (sengi) probe was subsequently used to screen a subset
(n=108) of the original eastern rock sengi samples that previously tested RLB positive for the
Anaplasma/Ehrlichia genus-specific probe. Despite the custom-design of the probe, only 17
(15.7%) tested positive.

The parasite 16S rRNA and GroEL genes were subsequently amplified, purified and
sequenced from the 17 A. bovis-like (sengi) RLB positive samples and two previously negative
samples. A total of twelve 16S rDNA and eight GroEL sequences were generated. Gene trees
were inferred using the Neighbour-joining algorithm, prior to more rigorous Maximum
likelihood and Bayesian inferences, using appropriate models of sequence evolution and
priors, respectively. BLASTn homology searches showed that the obtained 16S rDNA
sequences had 99% sequence identity with A. bovis (Accession no: U03775) previously
described in South Africa, while the GroEL sequences were 88% identical to an uncultured
Anaplasma sp. identified in a raccoon (Accession no: JIN588562). The phylogenetic analyses
revealed that the sequences were most closely related to A. bovis type sequences, but were
sufficiently genetically distinct to represent a novel species. In contrast, the 16S rDNA results
revealed that the novel sengi-associated Anaplasma lineage falls within an unresolved,
polyphyletic lineage that includes A. bovis. Little is known about this sengi-associated variant
that is closely related to A. bovis. However, given the relatedness to a pathogen of animal
health concern it is important to establish the pathogenicity of this species in order to
determine its potential impact on animal and/or human health. It is also imperative that more
phylogenetic studies should be performed to clearly place this A. bovis-like (sengi) species

within the broader genus Anaplasma phylogeny.
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Figure 2.1: Representation of the life cycle of Anaplasma marginale in cattle and ticks. This
life cycle is shown as a general life cycle representation of Anaplasma species. It should be
noted that A. bovis, A. phagocytophilum and A. platys infect the leukocytes while A. marginale,
A. centrale and A. ovis infect the erythrocytes of their vertebrate hosts. (Taken from Kocan et
al., 2003 with permission from the American Society for Microbiology). ..........ccccoeeeeieeeeeeeenn. 8
Figure 2.2: Based on the 16S rRNA phylogenetic tree from Dumler et al. (2001) it is clear in
(A) that Anaplasma bovis (E. bovis) is closely related to A. marginale and A. centrale within a
well-supported clade (72% bootstrap support), whereas the 16S rRNA phylogenetic trees of
(B) Ybariez et al. (2014) and (C) Kang et al. (2011), indicate that A. bovis is related to the A.
phagocytophilum-platys lineage (64% support) and that it forms its own distinct cluster,
respectively. All figures were redrawn using data from the Dumler et al. (2001), Kang et al.
(2011) and Ybafez et al. (2014) STUIES. .......uuuuuuuuiiiiiiiiiiiiiiiiiitiiiiianeeeebeeeeebbeeabebeseneeeaeeennnee 11
Figure 2.3: Based on the GroEL phylogenetic tree from (A) Ybafez et al. (2014) it is clear that
A. bovis clusters with A. platys and A. phagocytophilum (90% bootstrap support), while the
GroEL phylogenetic tree from (B) Zobba et al. (2014) indicates that A. bovis is genetically
distinct from all the other Anaplasma species (Redrawn using data from Ybafiez et al. (2014)
and Zobba et @l. (2014))....couuiiiiii e a e e 12
Figure 2.4: Representation of the life cycle of Theileria parva in cattle and ticks. This is a basic
representation of the life cycle of Theileria species. (Taken from Bishop et al. (2004) with
permission from Cambridge UniVersity Press)..........uioiiii i 19
Figure 2.5: Representation of the life cycle of Babesia species. (Taken from Chauvin et al.
(2009) with permission from BioMed Central under the terms of the Creative Commons
Attribution-Noncommercial LICENSE).......ooove i 21
Figure 3.1: Map of South Africa showing the sample collection sites. The red star indicates
the location of the Goro Game Reserve and the blue star represents the location of the
Ezemvelo Nature Reserve. Modified from Google Map Data ©2017 AfriGIS (Pty.) Ltd. ...... 28
Figure 4.1 Representative reverse line blot (RLB) hybridization assay results for the
simultaneous detection of Theileria, Babesia, Ehrlichia and Anaplasma species in the rock
sengi samples. The genus and species-specific oligonucleotides probes were applied in
horizontal lanes and the PCR products in vertical lanes. Positive and negative control,
respectively were loaded in lanes labelled control and negative. Lanes 1 to 39 were loaded
WITH SAMPIE DIN A e et e ettt e e e e e et ettt e e e e e e e eeeaeeeanaaaeeeaeeennnes 38
Figure 4.2: Nucleotide alignment of a 60 bp region each of the V1 hypervariable region of the

published 16S rRNA gene of A. bovis and the A. bovis-like strain previously identified from

Xii



eastern rock sengi. The region where the A. bovis-like (sengi) RLB probe was designed is
[TgTe [or=1e=To [T g Ir= W £=To I o] o Lo G RTRRRRTRN 39
Figure 4.3: Representative RLB hybridization assay results illustrating the use of the newly
designed A. bovis-like (sengi) RLB probe that was used to screen a subset of rock sengi blood
samples. Positive and negative control, respectively were loaded in lanes numbered Control
and Negative. Lanes 1 to 40 were loaded with sample DNA. ..., 40
Figure 4.4: Maximum likelihood tree of the 16S rRNA gene found in rock sengi, inferred using
the Kimura 2-parameter (K2P) model of sequence evolution with a gamma distribution shape
parameter (G) of 0,19. This analysis involved 32 sequences (excluding the outgroup
Wolbachia) from the genus Anaplasma and Ehrlichia and was based on a 675 nucleotide
region, corresponding to the 5’ end of the gene. Bootstrap support values from maximum
likelihood (5000 replicates) and nodal support values from Bayesian Inference (10 million
generations, four chains with one cold and default heated chain settings, and a 10% burn-in)
are indicated as ML/BI next to each node. Only those values were higher than 60% and 90%,
respectively are INAICATEA. ...........iii i e e e e e e rr s 43
Figure 4.5: Maximum likelihood tree depicting GroEL gene relationships of in the Anaplasma
species detecting in rock sengi and other members of the tick-borne Anaplasmataceae. This
analysis involved 32 sequences (excluding the outgroup Wolbachia) from the genus
Anaplasma and Ehrlichia and was based on a 372 base pair region. The HKY+G (G=0.26)
model of nucleotide sequence evolution was used to infer the tree. Bootstrap support values
from maximum likelihood (5000 bootstraps) and posterior probability estimates expressed as
percentage, from Bayesian Inference (10 million generations, four chains with one cold and

default heated chain settings, and a 10% burn-in) are indicated as ML/BI next to each node.
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Small mammals are important hosts for the immature life stages of ixodid ticks throughout the
world (Sonenshine, 1991). Rodents play an important role in supporting these life stages
(Norval, 1979, Talleklint & Jaenson, 1997, Clark et al., 1998); and an equally important role
as reservoir hosts of tick-borne pathogens (Donahue et al., 1987, Randolph et al., 1999, Bown
et al., 2003, Karbowiak, 2004). The importance of sympatric insectivore species in supporting
tick populations and as reservoirs of tick-borne pathogens is poorly understood, however.

The eastern rock sengi (Elephantulus myurus) is a small mammal that hosts a wide variety of
arthropod parasites and is known to have higher tick burdens than most other small mammal
species. Fourie et al. (1995) recorded 27 immature ixodid tick species on a single rock sengi,
three of which (Ixodes rubicundus, Rhipicentor nuttalli, Rhipicephalus warburtoni) are known
to cause paralysis in domestic animals. Moreover, Harrison et al. (2011) collected 22 739 ticks
from 57 rock sengi individuals, underscoring the previously-mentioned high tick burden.
Subsequent studies have shown that eastern rock sengi from South Africa, harbour a
rickettsial pathogen that is closely related to Anaplasma bovis in cattle (Harrison et al., 2013).
In their study, Harrison et al. (2013) were able to amplify an A. bovis-like sequence from 30%
of rock sengi blood samples. The sequence differed at six nucleotide sites (nt) from the A.
bovis reference strain (U03775) across the 1413 nt region analysed (Harrison et al., 2013).
The high level of variation in such a highly conserved gene provided the impetus for this study.
Collectively the results suggest that in southern Africa, insectivores may play a more important
role as hosts for immature ticks than sympatric rodents, and that they are important reservoirs

of tick-borne pathogens.

Anaplasma bovis infects the monocytes of their vertebrate hosts and causes monocytic
anaplasmosis as well as bovine anaplasmosis. Anaplasma bovis infections are usually sub-
clinical in cattle but when symptoms do occur, case fatality rates of up to 50% have been
recorded (Santos & Carvalho, 2006, Rymaszewska & Grenda, 2008, Harrison et al., 2013). In
addition to A. bovis, bovine anaplasmosis is also caused by A. marginale and A. centrale and
is associated with major economic losses. Furthermore, if cattle survive the acute infection of
the disease, persistent infections may become established allowing these cattle to serve as

reservoir hosts of A. marginale (Kocan et al., 2003).



Although infection of humans with A. bovis has not been reported, it has been suggested that
Ixodes dammini may be capable of transmitting this pathogen to humans (Goethert & Telford
lll, 2003). Furthermore, this pathogen has been found in a wide range of geographical areas

and in various host and tick species.

In 2011, DNA of A. bovis was found in the nymphs of an undescribed Rhipicephalus tick
species, designated Rhipicephalus sp. near. warburtoni due to the similar morphology to R.
warburtoni, in South Africa (Harrison et al., 2011). This previously undescribed tick species
was subsequently proposed to be the vector for A. bovis due to the high abundance of this
tick species on rock sengi while other tick species were absent (Harrison et al., 2013). This
hypothesis is yet to be confirmed, although a subsequent study revealed A. bovis infection
rates of 30% in sengi sampled from the same area (Harrison et al., 2013).

There is presently a lack of information on the pathogen status of ticks that infest eastern rock
sengi. Despite the confirmed presence of A. bovis in ticks, information on vector competence
is limited compared to other Anaplasma, Ehrlichia, Theileria and Babesia species (Doan et al.,
2013, Atif, 2016). Likewise, the phylogenetic position of this A. bovis-like strain found in the
nymphs of Rhipicephalus sp. near. warburtoni is unclear, as the results were limited to
reporting PCR-positivity, without confirmatory nucleotide sequencing. Moreover, gene
sequence data are currently limited, and these data constraints are unlikely to change in the
short term due to difficulties with cultivating tick-borne Anaplasmataceae in vitro (Moustafa et
al., 2015), which in turn negatively impacts whole-genome sequencing (Battilani et al., 2017).
The aim of the study was, therefore, to assess tick-borne haemoparasite prevalence and
diversity in rock sengi and to molecularly characterize the A. bovis-like strain present in sengi

using gene sequence analysis. The specific objectives were to:

(i) Screen blood samples for the presence of Theileria, Babesia, Ehrlichia and Anaplasma
spp. using the Reverse Line Blot (RLB) hybridization assay.

(i) Determine the taxonomic position of the Anaplasma strain present in rock sengis by
PCR amplification and sequencing of the parasite’s 16S rRNA and GroEL genes and
subsequent phylogenetic analysis.

(iii) Optimise RLB and PCR-sequencing approaches for specific detection of the A. bovis-

like variant present in rock sengi.



Wildlife species act as reservoirs for many pathogens which are of veterinary and zoonotic
importance. These pathogens can be transmitted by various vectors, ticks being among the
most important of these. Tick-borne pathogens cause diseases which infect humans and
animals (Jongejan & Uilenberg, 2004) and in the last 20 years, researchers and clinicians
have become increasingly aware of these emerging tick-borne diseases and their impacts on
public health (Parola & Raoult, 2001a). Harrison et al. (2011) stated that the control of these
pathogens, together with identification of their risks to human and animal health, hinges on
identifying novel reservoirs and vectors of these infectious diseases.

Rock sengis (also called elephant shrews) within the genus Elephantulus, family
Macroscelidae, order Afrotheria, are small mammal insectivores that are endemic to Africa
(Harrison et al., 2013). On the IUCN Red List of mammals, they are considered to be of "Least
Concern” (Rathbun, 2015), as there is no indication that this species or the habitats it uses

face any major threats.

Rock sengis’ natural habitats are subtropical or tropical dry lowland grassland and rocky
outcrops (Fourie et al., 1992, Lancaster & Pillay, 2010). They are primarily diurnal with a good
deal of activity at sunrise and sunset. They are solitary animals and display social monogamy
(Rathbun, 1979).

Rock sengis host a variety of ectoparasites (i.e. ticks, lice, mites, fleas) particularly ticks, that
vary by season. These parasites are vectors for a variety of human and zoonotic diseases
(Fourie et al., 1992). Of the ticks in greatest abundance, Ixodes rubicundus and Rhipicephalus
warburtoni cause paralysis in domestic livestock, Haemaphysalis elliptica is a vector for
babesiosis in dogs and Q-fever in humans, and toxic excretions of Rhipicentor nuttalli cause
paralysis in dogs (Fourie et al., 1992). In addition, rock sengis have been found to harbour an
Anaplasma bovis-like strain (Harrison et al., 2013), making them particularly well-suited to
studying the relationship between parasites and their hosts (Fourie et al., 1995). In their study,
Harrison et al. (2013) were able to amplify an A. bovis-like sequence from nearly 30% of rock

sengi blood samples using primers that targeted the central regions of the 16S rRNA gene



(Parola et al., 2000). The sequences generated were shown to differ at six nucleotide sites

from the reference A. bovis strain (Accession no: U03775) (Harrison et al., 2013).

2.1.1 Parasitic host burdens

A vector is described as an organism that promotes the spread of pathogens within a host
population (Rymaszewska & Grenda, 2008). Ticks are among the most important vectors for
pathogen transmission in humans and animals (Balashov, 1972, Wei et al., 2016). It is known
that tick-borne pathogens have a specific host-parasite interaction with their vectors (Goethert
& Telford Ill, 2003). Thus identification of the factors driving distribution of vectors among their
hosts plays an important role in managing the diseases they carry (Fagir et al., 2015).
According to Wilson et al. (2002) these distribution patterns can be influenced by biotic and
abiotic factors, such as climate change and reproductive activity, which could act on the host

and/or the parasite.

Ticks are ecto-parasite arachnids that survive by feeding on the blood of their hosts and are
classified within three families. The two highly speciose families are the Ixodidae (hard ticks)
and the Argasidae (soft ticks) (Sauer et al., 2000), and the third, the Nuttalliellidae, which has
features intermediate to those of hard and soft ticks, is monotypic. Each life stage of the ixodid
ticks feeds only once but for long periods of time, while Argasid ticks feed more often but for
shorter periods (Sonenshine, 1991, Parola & Raoult, 2001a, Parola & Raoult, 2001b).

Most ixodid ticks are exophilic meaning that they live independently, away from domestic
environments, but some ixodid species are endophilic, living within domestic environments
(Parola & Raoult, 2001a). Exophilic ticks prefer meadows, forests, and open environments,
whereas endophilic ticks hide within burrows and nesting areas of their preferred hosts (Parola
& Raoult, 2001a).

Ticks mainly display two host-seeking behaviours called the “hunter” and “ambush”
approaches. During the hunting approach a tick will directly attack the host (i.e. runs towards
the host) by sensing chemical stimuli, amongst others, of the intended target (Sonenshine,
1991, Parola & Raoult, 2001a). The ambush approach is where a tick climbs onto vegetation,
and takes on a questing stance in which outstretched front legs are used to latch onto passing
hosts (Parola & Raoult, 2001a). Exophilic ixodid ticks have been the focus of most studies,
due to the fact that unlike soft ticks, these ticks act as vectors for a wider range of pathogens

(Sauer et al., 2000) and are readily sampled from the environment.



Globally, rodents are known to be important hosts for immature ixodid tick species, but it is
suggested that rock sengi host substantially higher tick loads than sympatric murid rodent
species (Sonenshine, 1991, Fourie et al., 1992). This was demonstrated in previous studies
in South Africa, such as the study of Harrison et al. (2011) that found high tick burdens on rock
sengi, with a combined total of 22 739 ticks being recovered from just 57 rock sengi. This is in
stark contrast to sympatrically occurring Namaqua rock mice (Micaelamys namaquensis), for
which 177 ticks were recovered from 172 individuals (Harrison et al., 2011). Similarly, Fourie
et al. (1992) found a total of 15 991 ticks on 132 rock sengi while 321 Namaqua rock mice,
sampled from the same locality, were parasitized by 1352 ticks.

Harrison et al. (2011) suggested that the reason for the lower tick loads in the Namaqua rock
mouse compared to the eastern rock sengi could be due to disparate levels of sociality as well
as behavioural differences. Increased levels of transmission would be expected within social
animals, such as the Namaqua rock mouse (Smithers & Wilson, 1979), compared to solitary
rock sengi (Ribble & Perrin, 2005). However, with higher levels of sociality, the Namaqua rock
mouse could benefit from allo-grooming within their social group (Harrison et al., 2012).
Moreover, Namagua rock mice are nocturnal animals (Fleming & Nicolson, 2004) whereas

rock sengi are active both during the day and night (Ribble & Perrin, 2005).

In 1995, 27 mostly immature ixodid tick species were reported to occur on rock sengi in Africa
(Fourie et al., 1995). Three of these tick species, i.e. Ixodes rubicundus, Rhipicentor nuttalli
and Rhipicephalus warburtoni, are known to transmit toxins that cause paralysis in domestic
animals (Fourie et al., 1992, Harrison et al., 2011), which is considered to be the most
important tick toxicosis transmitted by 60 known tick species (Gothe & Neitz, 1991). This
paralysis is caused by the neurotoxins produced within the female ticks’ salivary glands
(Parola & Raoult, 2001a). According to Du Toit and Fourie (1994), rock sengi are not affected
by this paralysis-inducing tick toxicosis, even though they carry large burdens of these tick
species. This suggests a long association between this tick species and rock sengi. The
current lack of information on the ticks that infest rock sengi and the diseases that they carry
requires attention as the limited data available confirm that many of the tick species hosted by

rock sengi are of medical and veterinary importance (Harrison et al., 2011).

Tick-borne haemoparasites occur on every continent and affect all animals (domestic and
wildlife species); some also represent a concern to human public health. Piroplasms, with the

two main genera being Theileria and Babesia, are tick-borne intracellular apicomplexan



parasites which inhabit erythrocytes, and sometimes other cells, of vertebrates. Both genera
contain an abundance of species of key veterinary, zoonotic and economic importance.
Ehrlichia and Anaplasma, the two major genera in the family Anaplasmataceae, order
Rickettsiales, are also increasingly implicated in both human and animal disease. They are
small, obligate intracellular pathogens that multiply in both vertebrate and invertebrate hosts;

generally replicating within erythrocytes, leucocytes or endothelial cells.

The most economically important haemoparasitic tick-borne diseases of ruminants on a global
scale are bovine babesiosis caused by B. bovis and B. bigemina, bovine anaplasmosis (A.
marginale, A. centrale and A. bovis), bovine theileriosis caused by T. annulata and T. parva
(Norval et al.,, 1992), and heartwater of cattle and small ruminants caused by Ehrlichia
ruminantium. In Africa, all four of these diseases pose a serious threat to livestock production
(Uilenberg, 1995). Tick-borne haemoparasites of zoonotic importance include Babesia spp.
that cause human babesiosis (B. microti, B. duncani, B. divergens and B. venatorum), A.
phagocytophilum (causing human granulocytic anaplasmosis), E. chaffeensis (causing human

monocytotropic ehrlichiosis), and less commonly E. ewingii (causing granulocytic ehrlichiosis).

2.2.1 The genus Anaplasma

Anaplasma species are tick-borne, Gram-negative, obligate, intracellular bacteria that infect
the blood of animals and humans (Dumler et al., 2001, Rar & Golovljova, 2011). They reside
within cytoplasmic vacuoles, either singly and more often in compact inclusions (morulae)

present in mature or immature haematopoietic cells of mammalian hosts (Dumler et al., 2001).

Bacteria from the genus Anaplasma belong to the kingdom Prokaryota, and family
Anaplasmataceae. The present classification has been valid since 2001 when significant
reorganizational changes were carried out. Based on the molecular analysis of the 16S rRNA
and groESL genes, and supported by biological data, the families Rickettsiaceae and
Anaplasmataceae were placed within the order Rickettsiales. Some changes were also made
in the classification of the bacteria within the genera; the genus Anaplasma was emended to
include A. phagocytophilum (E. phagocytophila, E. equi and the agent of human granulocytic
ehrlichiosis were united within the single species designation), with two species formerly
classified within the genus Ehrlichia, being assigned to Anaplasma, viz. A. bovis (formerly E.

bovis) and A. platys (formerly E. platys) (Dumler et al., 2001).

There are currently six recognized species that belong to the genus Anaplasma: the ruminant-
infecting A. marginale (the type species), A. bovis, A. centrale and A. ovis; the canine

pathogen A. platys; and finally A. phagocytophilum which infects a wide range of hosts
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including humans, rodents, birds, dogs and ruminants. Recently, A. capra was identified and
described by Li et al. (2015). This species is zoonotic, infecting humans, sheep and goats and
is widespread in China (Li et al., 2015; Yang et al., 2017), but is not a formally recognized
species and not on the List of Prokaryotic Names with Standing in Nomenclature
(www.bacterio.net/anaplasma.html). In addition, there have recently been a number of studies
demonstrating that the genus Anaplasma is far more species-rich than previously thought.
Anaplasma odocoilei (Tate et al., 2013) has been described from white-tailed deer; several
“Candidatus  Anaplasma” species have also been  described, including
“Candidatus Anaplasma camelii” from camels (Bastos et al., 2015), Candidatus Anaplasma
boleense and Candidatus Anaplasma rodmosense from mosquitoes (Guo et al., 2016), to
name a few. Given the focus of this study, the remainder of this section will concentrate on A.
bovis, and the other Anaplasma species will only be briefly discussed.

2.2.1.1 Anaplasma life cycle

The family Anaplasmataceae has an enzootic life cycle between the tick vector and the
vertebrate hosts (Figure 2.1) (Parola et al., 2005, Kawahara et al., 2006, Nicholson et al.,
2010). The species within the genus Anaplasma are generally transmitted by ixodid ticks
(Dumler et al., 2001) and these vectors play an important role in their life cycle because they
circulate these pathogens in the environment (Rymaszewska & Grenda, 2008). On
establishing a persistent infection in their vertebrate hosts, the hosts become reservoirs for
the infection (Rar & Golovljova, 2011). This is important because although Anaplasma species
are transstadially transmitted in ticks (transmitted from one life stage to another, larvae to
nymph to adult), they cannot be maintained within the tick cycle because these pathogens
cannot be transmitted transovarially (transmitted from one generation to another through
ovaries of the female ticks). Mammalian reservoir hosts are therefore important for pathogen

reproduction and maintenance (Parola et al., 2005, Rar & Golovljova, 2011).

Ticks become infected in their larval or nymphal stages by feeding on a reservoir host
(Nicholson et al., 2010). These pathogens enter the midgut epithelium of the ticks where
replication takes place (Kocan et al., 2003). From there they move to the epithelial cells of the
tick salivary gland where they undergo secondary replication (Rodriguez et al., 2009). The
pathogens can then be transtadially transmitted when the ticks become nymphs and adults
(Nicholson et al., 2010). Lastly the pathogens enter the tick salivary glands where they will be

transmitted to a new vertebrate host (Rar & Golovljova, 2011).
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Figure 2.1: Representation of the life cycle of Anaplasma marginale in cattle and ticks. This life cycle is shown as

a general life cycle representation of Anaplasma species. It should be noted that A. bovis, A. phagocytophilum and
A. platys infect the leukocytes while A. marginale, A. centrale and A. ovis infect the erythrocytes of their vertebrate
hosts. (Taken from Kocan et al. (2003) with permission from the American Society for Microbiology).

2.2.1.2 Anaplasma bovis

Anaplasma bovis is a bacterium detected mainly in cattle, but also observed in small mammals
which are probably a reservoir of this bacterium (Goethert & Telford 11, 2003). It is described
as a pleomorphic, obligate, intravacuolar bacterium (Dumler et al., 2001). Anaplasma bovis
infects the monocytes of their hosts and the disease it causes is called monocytic
anaplasmosis which usually does not cause any clinical symptoms in cattle (Rar & Golovljova,
2011). When symptoms do occur, they include: fever, anorexia, debility, drowsiness,
diarrhoea, weight loss, convulsions together with enlarged lymph nodes. Furthermore, when
these symptoms occur the infection rates could be up to 50% within a herd, which could then
have a case fatality rate of 40-50% (Santos & Carvalho, 2006, Rymaszewska & Grenda, 2008,
Harrison et al., 2013). Goethert and Telford Ill (2003) stated that there are no acknowledged
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reports of A. bovis infections in humans but that Ixodes dammini (scapularis) could possibly
transmit this pathogen to humans in their nymphal or adult life stages. Anaplasma bovis has
been detected in Brazil, North America, Africa and Japan (Goethert & Telford 1ll, 2003,
Kawahara et al., 2006, Santos and Carvalho, 2006). African tick vectors include H. excavatum,

R. appendiculatus and A. variegatum (Dumler et al., 2001).

History of A. bovis discovery: The first description of A. bovis was during transmission
experiments done by Donatien and Lestoguard (1936) which involved the tick species
Hyalomma feeding on French cattle breeds in Iran. It was subsequently identified by De Kock
et al. (1937) in R. appendiculatus in domestic cattle from the Limpopo Province, South Africa.
This pathogen, named Rickettsia bovis by Donatien and Lestoguard (1936), was transferred
to the genus Ehrlichia by Scott (1994) and subsequently placed in the genus Anaplasma by
Dumler et al. (2001).

Host range, geographical distribution and tick vectors: Anaplasma bovis has been found
in a wide range of geographical areas and ticks from hosts that range from, among others,
cottontail rabbits from Nantucket Island, United states (Goethert & Telford lll, 2003, Rar &
Golovljova, 2011) to cattle, wild deer and feral racoons from Hokkaido, Japan (Kawahara et
al., 2006, Jilintai et al., 2009, Sashika et al., 2011), cattle from Yonaguni Island, Japan
(Ooshiro et al., 2008), sheep and goats from Tunisia (Said et al., 2015), Red and Sika deer
from China (Li et al., 2016), ungulates from Africa, Asia and South America (Donatien &
Lestoquard, 1936, Dumler et al., 2001), calves in Rio de Janeiro, Brazil (Santos & Carvalho,
2006) and birds in Spain (Palomar et al., 2015).

Anaplasma bovis has been previously detected from the tick species Amblyomma variegatum,
Hyalomma excavantum and R. appendiculatus in Africa, and in Brazil they have been
identified in A. cajennense (Dumler et al., 2001). Further molecular studies have shown that
A. bovis can be transmitted by Haemaphysalis tick species in Far East Russia, Japan, China,
South Korea and Thailand (Parola et al., 2003, Kawahara et al., 2006, Shpynov et al., 2006,
Sashika et al., 2011, Doan et al., 2013, Wei et al., 2016), while in Saskatchewan, Canada,
DNA of A. bovis was identified in D. andersoni (Dergousoff & Chilton, 2011). The main vector
for A. bovis in rabbits on Nantucket Island was confirmed by Goethert and Telford Il (2003) as
H. leporispalustris due to all the stages being infected and likewise, that A. bovis it is
transmitted transstadially within this tick. They also found that A. bovis is transstadially
transmitted within I. dentatus, but this was not as predominant as in H. leporispalustris. This
could indicate that I. dentatus might be a secondary vector of A. bovis (Goethert & Telford lll,

2003). However, as H. leporispalustris usually only feed on small mammals it is unlikely that
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this tick species will transmit A. bovis to cattle. Recently, A. bovis was discovered in R.
sanguineus and interestingly in R. turanicus from ticks in Israel (Harrus et al., 2011). Although
confirmed in a wide range of species and localities, information on vector-competence for A.

bovis is limited compared to other Anaplasma species (Doan et al., 2013, Atif, 2016).

As previously mentioned, Harrison et al. (2011) found exceptionally high tick loads on rock
sengi. These tick species were from an undescribed Rhipicephalus tick, which they denoted
R. sp. near. warburtoni because of its similar morphology to R. warburtoni sensu stricto
(Harrison et al., 2011). Within these nymphal ticks, they found DNA of A. bovis but this does
not confirm that rock sengi are reservoir hosts of A. bovis nor that R. sp. near. warburtoni is
the vector of this pathogen (Harrison et al., 2013). Harrison et al. (2013) suggested that the
larvae of the ticks could have been infected while having a blood meal from another infected
source, but also highlight that R. sp. near. warburtoni is the likely vector for A. bovis because
they found an abundance of these tick species on rock sengi while other tick species were
absent (Harrison et al., 2013). This suggests that further investigation of possible A. bovis
involvement in an enzootic cycle with rock sengi and the tick R. sp. near. warburtoni (Harrison
et al., 2013) is warranted. Harrison et al. (2013) further stated that, currently, information on
the pathogenicity of the A. bovis-like strain found in these rock sengi is limited, which
emphasises the importance of identifying the hosts of the adult life stages of R. sp. near.
warburtoni, as well as to compare this A. bovis-like strain to other pathogenic strains found in

cattle so that the impact of this bacterium can be determined.

Taxonomic position: Attempts at cultivating A. bovis in vitro having been unsuccessful
(Moustafa et al., 2015), there is limited gene sequence information available for conserved
and semi-conserved A. bovis genes. Based on initial 16S rRNA gene sequence analyses
(Dumler et al., 2001), it was found that A. bovis was closely related to A. ovis and A. centrale,
but all subsequent studies placed A. bovis in a cluster with A. phagocytophilum (Figure 2.2).
When Zobba et al. (2014) analysed the GroEL sequences of A. bovis, they found that it formed
its own cluster distinct from A. phagocytophilum. This was also seen in the study of Ybariez et
al. (2014) (Figure 2.3). According to Ybariez et al. (2014), when protein secondary structures
are considered in multiple sequence alignment construction for the gtlA and GroEL genes, the

phylogeny is more consistent than when nucleotides are used.
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Figure 2.3: Based on the GroEL phylogenetic tree from (A) Ybafiez et al. (2014) it is clear that A. bovis clusters with A. platys and A. phagocytophilum (90% bootstrap support),
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Ybariez et al. (2014) and Zobba et al. (2014)).
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2.2.1.3 Other Anaplasma species of importance

Anaplasma marginale and A. centrale infect erythrocytes of vertebrates and cause disease;
specifically in ruminants in tropical and subtropical regions (Rymaszewska & Grenda, 2008,
Rar & Golovljova, 2011). Symptoms include fever, abortion, anaemia, weight loss, icterus and
lethargy (Rikihisa, 1991, Kocan et al., 2003). Bovine anaplasmosis is becoming more
abundant which could be due to carrier cattle being transported more widely and due to higher
ambient temperatures, which promote the expansion of tick ranges (Kocan et al., 2010).
Anaplasma centrale is closely related to A. marginale (Rar & Golovljova, 2011). Their relative
position within erythrocytes differs slightly where A. marginale is located marginally and A.
centrale is located more centrally within the cell (Potgieter & Stoltsz, 2004). Anaplasma
centrale is less pathogenic than A. marginale and when infection of A. centrale occurs, it
provides a protective immunity against A. marginale (Rikihisa, 1991, Kocan et al., 2003).
Moreover, cattle that become infected with A. marginale develop persistent infections, thus
becoming reservoirs for this parasite (Kocan et al., 2003). Tick vectors for A. marginale include
Rhipicephalus microplus, R. simus, R. decoloratus, R. evertsi evertsi, Hyalomma marginatum
rufipes and Dermacentor species (Rikihisa, 1991, De Waal, 2000, Futse et al., 2003, Kocan
et al., 2003). Whereas A. centrale is seemingly only transmitted by R. simus; Haemaphysalis
longicornis is suggested as a potential vector for this pathogen in Japan (Potgieter & Van
Rensburg, 1987, Kawahara et al., 2006). Anaplasma marginale and A. centrale can also be
mechanically transmitted by blood-contaminated fomites such as nose tongs, ear tags and
tattooing instruments (Kocan et al., 2003), as well as through biting flies from the order Diptera
(Ewing, 1981).

Anaplasma ovis infects erythrocytes of their vertebrate hosts (Friedhoff, 1997). This
pathogen is transmitted by ixodid tick species and causes persistent infections (Palmer et al.,
1998) in small ruminants. This parasite has been found in various regions, including lItaly
(Torina et al., 2010), Iraq (Renneker et al., 2013), China (Liu et al., 2012, Li et al., 2016), Iran
(Razmi et al., 2006) and the USA (de la Fuente et al., 2007), among others (Renneker et al.,
2013). Anaplasma ovis DNA was described in sheep and deer keds (Diptera: Hippoboscidae)
which suggests that these keds could potentially be vectors for A. ovis (Hornok et al., 2011).
Some ticks found to harbour A. ovis include D. hunteri in northern Mexico and southwestern
United Sates (Stiller et al., 1999), R. sanguineus in eastern Turkey (Aktas et al., 2009) and D.

marginatus in Hungary (Hornok et al., 2007).

Anaplasma phagocytophilum is an emerging zoonotic pathogen which has gained a lot of
attention in recent years (Wei et al., 2016). This species has not yet been reported to infect

humans in South Africa. It is an intracytoplasmic bacterium that infects peripheral blood cells
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from bone marrow (neutrophils and/or granulocyte endosomes) (Dumler et al., 2001) causing
various diseases in humans and animals in Asia, Europe, South America, USA and Africa
(Battilani et al., 2017): human granulocytic anaplasmosis (HGA), tick-borne fever (TBF) in
ruminants, equine granulocytic anaplasmosis (EGA) and canine granulocytic anaplasmaosis
(CGA) (Rar & Golovljova, 2011, Garcia-Pérez et al., 2016).

Chen et al. (1994) were the first to report HGA in humans caused by A. phagocytophilum.
Patients with HGA could be asymptomatic or symptomatic, with some cases being fatal. These
patients commonly suffer from fever, headaches, myalgia, lethargy, chills, reduced platelets
and elevated liver-function enzymes (Bakken & Dumler, 2008, Nicholson et al., 2010).
Anaplasma phagocytophilum is presumed to be mainly transmitted by Ixodid ticks (Dumler et
al., 2007) having been detected in D. reticulatus (Paulauskas et al., 2012), D. variabilis
(Holden et al., 2003), D. silvarum, D. nuttalli (Wei et al., 2016), Amblyomma americanum
(Clark, 2012), H. longicornis and H. concinna (Tomanovic et al., 2013, Wei et al., 2016) ticks
across various regions around the world. In South Africa, in the absence of the Ixodes tick
species that transmit A. phagocytophilum in other parts of the world, R. sanguineus, R. e.
evertsi, R. decoloratus, H. elliptica, and A. hebraeum should be considered to be possible

vectors/reservoirs of the pathogen.

Anaplasma platys infects blood platelets of canines and causes canine cyclic
thrombocytopenia and canine monocytic ehrlichiosis (Rymaszewska & Grenda, 2008, Bastos
et al., 2015). This pathogen has been identified in countries across the world, including Spain
(Aguirre et al., 2006), the USA (Harvey et al., 1978), Chile (Abarca et al., 2007) and Italy (de
la Fuente et al., 2006). These infections are mainly asymptomatic but fatal infections can arise
with symptoms of anorexia, fever and depression (Baker et al., 1987, Rar & Golovljova, 2011).
Anaplasma platys was initially reported as only infecting canines, but was found recently to
infect platelets of cats (Lima et al., 2010, Qurollo et al., 2014) and cattle (Dahmani et al., 2015,
Said et al., 2017). Moreover, A. platys has been found to infect humans which means that this
pathogen could potentially be zoonotic (Maggi et al., 2013, Arraga-Alvarado et al., 2014). This
pathogen is transmitted by R. sanguineus (Rar & Golovljova, 2011) and has also been
reported in D. auratus ticks in dogs from Thailand (Parola et al., 2003), R. turanicus from Israel
(Harrus et al., 2011) and in H. longicornis and I. persulcatus ticks from Korea (Kim et al., 2006).
Interestingly, DNA of A. platys was found in Heterodoxus spiniger, more commonly known as
the dog chewing louse, but the ability of the chewing louse to transmit A. platys still needs to

be confirmed (Brown et al., 2005).
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2.2.2 The genus Ehrlichia

The genus designation Ehrlichia was created in 1945 to honour Paul Ehrlich (Moshkovski,
1945, Silverstein, 1998). Members of the genus Ehrlichia are Gram-negative, small
pleomorphic to ellipsoidal organisms that are found in cytoplasmic vacuoles. Ehrlichia are
present in granulocytes, lymphocytes, monocytes, macrophages, neutrophils, in tissues and
peripheral blood of their hosts and are transmitted by tick vectors, in which they mainly
replicate (Rikihisa, 1991, Dumler et al., 2001).

The most economically important Ehrlichia species in South Africa is E. ruminantium (formerly
known as Cowdria ruminantium), while E. canis has continental importance in Africa. Ehrlichia
chaffeensis and E. ewingii are important in other parts of the world, due to the generally distinct
geographical distributions of Ehrlichia species and their vectors. Furthermore, Ehrlichia
species infect canines, horses, humans, rodents and ruminants (Rikihisa, 1991, Dumler et al.,
2001).

Ehrlichia ruminantium mainly infects cattle, goats and sheep and is transmitted by
Amblyomma tick species (more specifically A. hebraeum and A. variegatum) (Dumler et al.,
2001, Peter et al., 2002). This species is important as it causes a sub-Sahara African endemic
disease known as heartwater, which has a case fatality rate of 80% in sheep and cattle
(Rikihisa, 1991, Rar & Golovljova, 2011, Mdladla et al., 2016). The first report of heartwater
was in 1838, and it is mostly found in the hot, dry region of the Eastern Cape, Limpopo and
KwaZulu-Natal provinces (Rikihisa, 1991, Mdladla et al., 2016). It is suggested that goats from
non-endemic regions are more susceptible to heartwater than endemic goats (Mdladla et al.,
2016). Peter et al. (2002) suggested that E. ruminantium and their tick vectors have co-
evolved, where E. ruminantium has utilised the Amblyomma tick vector for their wide host

ranges to increase their transmission possibilities.

According to Rikihisa (1991), when symptoms of acute disease occur, this disease can be
fatal within a week but the possibility of recovery from milder forms of the disease is good.
They further suggest that symptoms of anorexia, depression and fever occur with infection of
Ehrlichia species and that each species has its own site-specific tissue tropism, i.e. Ehrlichia
ruminantium infects the endothelial cells of the brain (Peter et al., 2002) whereas E. canis

infects the microvasculature cells of kidneys, lungs and meninges (Simpson, 1974).

Ehrlichia canis is a pathogen that infects dogs and is transmitted largely by the tick vector R.
sanguineus (Dumler et al., 2001). This pathogen was also detected in H. logicornis and |I.

turdus ticks from Korea (Kim et al., 2006) and in R. turanicus from Israel (Harrus et al., 2011).
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Although Rikihisa (1991) indicate that E. canis infection only occurs in canines, subsequent
studies have confirmed presence in Sika deer from China (Li et al., 2016). This pathogen is
the only Ehrlichia species known to have a worldwide distribution, while other species are
geographically restricted (Rikihisa, 1991). Ehrlichia canis causes canine ehrlichiosis, as well
as tropical canine pancytopenia in domestic and wild canines (Rikihisa, 1991). The first report
of canine monocytic ehrlichiosis was from Algeria in 1935 (Rar & Golovljova, 2011). Symptoms
of this fatal disease include anaemia, depression, dyspnoea, fever, leukopenia and myalgia,
together with a decrease in blood platelets and white blood cells which can lead to bleeding
disorders (Nicholson et al., 1999, Rar & Golovljova, 2011).

Ehrlichia species are known to cause disease in humans and are more commonly reported
from the USA. These human infections are mainly caused by E. chaffeensis and E. ewingii
(Buller et al., 1999, Dumler et al., 2007). However, Pritt et al. (2011) reported an ehrlichial
pathogen in humans which is closely related to E. muris. According to Nicholson et al. (2010),
humans infected with E. chaffeensis could develop a severe Ehrlichia disease where acute
infections display symptoms of myalgia, lethargy, fever and headaches, together with

decrease in blood platelets and sodium levels and likewise an increase in liver enzymes.

2.2.2.1 Ehrlichia life cycle

The life cycle of Ehrlichia has not been fully elucidated, but is similar to Anaplasma in that
Ehrlichia species are transmitted by ixodid ticks and infection with Ehrlichia results in their
vertebrate hosts becoming reservoirs due to the establishment of persistent infections (Rar &
Golovljova, 2011). The life cycle of E. ruminantium is better known than other Ehrlichia species

and can be used as an example to explain their developmental cycle.

Briefly, Ehrlichia ruminantium has a similar growth cycle to that of Chlamydia within the
vertebrate host (Jongejan et al., 1991). The infectious and metabolically inactive form, known
as elementary bodies, is present at the start of the infection of a host cell. These elementary
bodies develop into reticulate bodies, which are metabolically active. These bodies will then
multiply via binary fission and revert to elemental bodies which will then infect new hosts cells
(Jongejan et al., 1991). These elemental bodies are released into the blood stream where they
are taken up by ticks during a blood meal. They are likewise transmitted transstadially by their

tick vectors.

16



2.2.3 The genera Theileria and Babesia

Theileria and Babesia are piroplasms that cause major impacts on the economy and on human
health and are therefore of veterinary and zoonotic relevance (Fuehrer et al., 2013, Zanet et
al., 2014). These piroplasms are tick-transmitted, intracellular parasites which cause
piroplasmosis in various vertebrate animals (Duh et al., 2008, Zhang et al., 2016). These
infections are pathogenic for domestic animals and livestock and result in great economic
losses due to high morbidity and case fatality rates (Duh et al., 2008). Some Theileria species
are less pathogenic and this could be due to the fact that the parasites and hosts have had a
long evolutionary relationship (Zanet et al., 2014).

The probability of clinical symptoms occurring increases when animals are put under stressful
conditions such as translocation for conservation and commercial purposes (Hofle et al., 2004,
Nijhof et al., 2005, Zanet et al., 2014). Immunity to disease caused by these piroplasms is
possible with persistent tick exposure. This is common in young animals that are infected and
which then develop immunity as they mature (Garcia-Sanmartin et al., 2007). Unfortunately,
this means that the parasites can establish a persistent infection within the infected animal,

causing them to become reservoir hosts (Garcia-Sanmartin et al., 2007).

One apparent difference between these two pathogens is that Theileria initially infect the
leukocytes and later erythrocytes of their vertebrate hosts, while Babesia only infects
erythrocytes (Duh et al., 2008). Babesia species, such as B. microti, can cause zoonotic
infections such as human babesiosis, whereas Theileria is not known to cause any zoonotic
infections (Yabsley and Shock, 2013).

It is very difficult to distinguish between these two piroplasms within the erythrocytes due to
morphological similarities, however paired merozoites are only present in Babesia species
(Garner et al., 2012), which could be used to distinguish between these two piroplasms in

blood smears.

2.2.3.1 Economically important Theileria species

Theileria is a tick-borne haemoprotozoan parasite that is classified under the phylum
Apicomplexa, order Piroplasmida (Rar et al., 2014) and family Theileriidae (Kundave et al.,
2015).

It causes theileriosis in small ruminants and cattle, which is a major problem in South Africa

(Slodki et al., 2011). Theileriosis can be chronic or acute with some species being highly
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pathogenic whereas other species are benign (Slodki et al., 2011, Fuehrer et al., 2013). Mild
and asymptomatic theileriosis in cattle and bovine benign theileriosis is caused by Theileria
buffeli, T. orientalis and T. sergenti within the Asia-Pacific region (Jenkins & Bogema, 2016,
Maharana et al., 2016). Other Theileria species that are mildly pathogenic are T. mutans, T.
taurotragi and T. velifera (Lorusso et al., 2016). These Theileria species are considered to
have less economic importance in South Africa. Species that are of importance are Theileria
annulata and T. parva as they cause severe disease in bovines called bovine theileriosis
(Habibi, 2016) and Theileria equi (together with Babesia caballi) which causes equine
piroplasmosis. Theileria annulata is an important pathogen of cattle as it causes bovine
tropical theileriosis, which results in high mortality and morbidity rates. It is, however, not
present in South Africa (Sibeko, 2010). Bovine theileriosis is economically important because
it severely impacts the cattle farming industry due to high morbidity rates and major losses in
productivity (Habibi, 2016), while equine piroplasmosis affects the health of horses, with major
impact on the equine industry (Kappmeyer et al., 2012).

Theileria parva is economically important as it causes a range of fatal diseases, including
Corridor disease (caused by buffalo-derived T. parva), East Coast fever and January disease
(both caused by cattle-derived T. parva) and is transmitted by the tick vector R. appendiculatus
(Koch et al., 1993, Mbizeni et al., 2013, Patel et al., 2016). In South Africa, theileriosis caused

by T. parva infection exists as Corridor disease, and it is a controlled disease.

2.2.3.2 Theileria life cycle

Theileria species have a complex life cycle in which their intermediate hosts are mammals
and their ultimate hosts are hard ticks (Slodki et al., 2011). Theileria parva will be used to
represent the life cycle of Theileria species (Figure 2.4). The main tick vector for this species
is R. appendiculatus which is a three-host tick and displays transstadial transmission within
these tick vectors (Bishop et al., 2004).

Sporozoites are formed within the tick salivary gland where they are released into a vertebrate
host during a blood meal (Bishop et al., 2004). These sporozoites then invade the lymphocytes
of their buffalo or cattle host and disrupt the cells’ defence mechanism by dissoluting the cell
membrane of the host (Bishop et al., 2004). The sporozoites develop into schizonts in which
many merozoites are formed. These are released into the blood stream of the host, invade
erythrocytes and develop into piroplasms. Infected erythrocytes are ingested by engorging
ticks. In the tick gut, the piroplasms are released due to cell lysis (Bishop et al., 2004).
Piroplasms are transformed into gametes which in turn fuse to form zygotes. These zygotes

invade the gut epithelium of the tick forming kinetes that invade the salivary glands.
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Figure 2.4: Representation of the life cycle of Theileria parva in cattle and ticks. This is a basic representation of
the life cycle of Theileria species. (Taken from Bishop et al. (2004) with permission from Cambridge University

Press).

2.2.3.3 Economically important Babesia species

Similar to Theileria, Babesia is a tick-borne haemoprotozoan parasite that infects the
erythrocytes of its vertebrate host (Baviskar et al., 2007, Bashir et al., 2014). This genus
belongs to the family Babesiidae, the order Piroplasmida (Maharana et al., 2016) and the
phylum Apicomplexa (Rar et al., 2014). Babesia species occur worldwide and more than 100
species of Babesia have been described to date (Slodki et al., 2011). This pathogen causes

the zoonotic disease known as babesiosis (Kjemtrup & Conrad, 2000, Maharana et al., 2016).
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Some of these diverse species are: B. rossi, B. vogeli, B. canis, B. felis (which infect cats and
dogs); B. microti (which infects rodents); B. bovis, B. bigemina, B. divergens, B. ovis and B.
equi which infect horses and cattle (Bajer et al., 2014). Babesia-derived zoonotic diseases
(that infects humans) are caused by B. divergens, B. venatorum and B. microti (Lack et al.,
2012, Wei et al., 2016).

Bovine babesiosis, also known as redwater, is an economically important disease affecting
cattle and buffalo globally, which is caused by B. bovis, B. bigemina, B. divergens and B. major
(Uilenberg, 1995, Potgieter & Stoltsz, 2004, Omar et al., 2016), with B. bovis and B. bigemina
being the most economically important species (Bock et al., 2008). This disease largely occurs
within tropical and subtropical regions, around the world, where their tick vectors
(Rhipicephalus ticks) are present (Gubbels et al., 1999, Brown et al., 2006).

Babesia bovis is considered to be highly pathogenic in cattle, whereas B. bigemina is
moderately pathogenic (Uilenberg, 1995) and after recovering from an infection with B.
bigemina, cattle develop life-long immunity (Lorusso et al., 2016). Rhipicephalus decoloratus
only transmits B. bigemina while R. annulatus and R. microplus transmit both B. bovis and B.
bigemina (Molad et al., 2015).

2.2.3.4 Babesia life cycle

The life cycles of Theileria and Babesia are very similar. But unlike Theileria, the sporozoites
from Babesia species directly penetrate the erythrocytes of the vertebrate host, which is where
their whole developmental cycle occurs (Figure 2.5) (Chauvin et al., 2009). When these
erythrocytes are ingested during a blood meal, ray bodies are formed. They then transform
into zygotes within the tick’s digestive tract. The zygote penetrates a cell and transforms into
an ookinete which then moves from the midgut epithelium to the tick’s tissues (Chauvin et al.,

2009). Babesia is then transovarially and transstadially transmitted within the ticks.
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Figure 2.5: Representation of the life cycle of Babesia species. (Taken from Chauvin et al. (2009) with permission
from BioMed Central under the terms of the Creative Commons Attribution-Noncommercial License).

2.3 Laboratory diagnosis

Diagnosis of Anaplasma, Ehrlichia, Theileria and Babesia includes a wide range of methods,
each having their own advantages and disadvantages. It is important to consider the
characteristics of the infectious agent and the persistence of the infection to ensure that the
best method for diagnosis is chosen (Nicholson et al., 2010). Cell culture isolation, direct
microscopic examination of stained blood smears, impression smears, or tissue sections,

serology and PCR assays are the most effective methods used for the diagnosis of many tick-
borne diseases (Nicholson et al., 2010, Maharana et al., 2016).
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2.3.1 Conventional parasitological techniques

Conventional microscopic examination provides the basis for diagnosing Anaplasma,
Ehrlichia, Theileria and Babesia as it is fast and cheap. However, this technique lacks
specificity and sensitivity and a trained eye is needed when distinguishing these pathogens
(Salih et al., 2015, Maharana et al., 2016). Furthermore, although this technique does not
require expensive equipment that has to be maintained, it is labour intensive (Salih et al.,
2015).

Anaplasma, as well as Ehrlichia and Babesia, can be identified by observing organisms within
the erythrocyte and monocytes in Giemsa- or Wright-stained blood smears (Potgieter &
Stoltsz, 2004). However, Anaplasma infection is usually only diagnosed through microscopy
when the clinical signs are most pronounced, which poses a problem as most of the infected
erythrocytes have been removed from the circulation by the time that samples are taken for
diagnostic purposes (De Waal, 2000, Potgieter & Stoltsz, 2004). Anaplasma bovis was
previously examined in Leishman’s stained blood smears as intracytoplasmic inclusion bodies
within the lymphocytes of an infected cow (Chirayath et al., 2012), but as monocytes only
account for approximately 1% of all leukocytes, A. bovis infected cells are rarely seen in blood
smears (Goethert & Telford Ill, 2003). Lastly, microscopic diagnosis of Theileria species is
achieved through confirmation of the presence of schizonts in lymph nodes of biopsy smears
(Potgieter & Stoltsz, 2004, Slodki et al., 2011, Kundave et al., 2015).

2.3.2 Serological techniques

Various indirect diagnostic tests exist that are used for the detection of antibodies and antigens
of Anaplasma, Ehrlichia, Theileria and Babesia (Salih et al., 2015). No specific serological
diagnosis tool has been reported for A. bovis but serological techniques can be used to
diagnose other Anaplasma species. When an animal is infected with Anaplasma, it could be
difficult to detect within blood smears (for the reasons mentioned above) and sometimes end-
PCR might not be able to detect the presence of these pathogens within the blood of
asymptomatic cattle (OIE, 2015). Therefore, various serological diagnostic tools have been
developed in order to identify and detect infected cattle but some of these tests have variable
sensitivity and specificity, raising questions regarding the reliability of these serological tests
(OIE, 2015).

Some of the most important serological methods include enzyme-linked immunosorbent assay

(ELISA), competitive enzyme-linked immunosorbent assay (C-ELISA), card agglutination test
(CAT), indirect fluorescent antibody technique (IFAT) and indirect ELISA (I-ELISA) (Salih et
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al., 2015, Maharana et al., 2016). The indirect fluorescent antibody test (IFAT) uses whole,
cultured organisms as antigens. The competitive enzyme-linked immunosorbent assay uses
the recombinant Major Surface Protein 5 (MSP5) as an antigen (Strik et al., 2007). The card
agglutination test uses a suspension of pathogen particles which is retrieved by washing and
lysing erythrocytes and then these pellets are sonicated, washed and resuspended in stain
solution (OIE, 2015). ELISA techniques use the same antigen as for CAT (OIE, 2015).
Furthermore, infected blood is used to produce antigen smears used for IFAT. However, this
test is dependent on specific parasite antigens which are not identified yet. Another problem
is the possibility of piroplasm presence after antibodies have disappeared, meaning that the
serology test could be negative while the patient could still transmit the infection (Maharana et
al., 2016). On the other hand, antibodies could also remain within the patient for many years
after recovery which means that the patient could still be seropaositive even though the parasite
is no longer present (Salih et al., 2015, Maharana et al., 2016).

2.3.3 Molecular techniques

Diagnoses which are based upon nucleic acid, in particular DNA-based diagnostic techniques,
are widely and more commonly used for the identification and characterization of Anaplasma,
Ehrlichia, Theileria and Babesia (Salih et al., 2015). Achieving DNA amplification and obtaining
DNA sequences is used throughout the world by diagnostic laboratories and is known as the
“golden standard” of molecular diagnosis (Sobel & Akins, 2015). There are molecular
diagnostic techniques that can be used, including: nested PCR, real-time PCR, PCR-ELISA,
Reverse Line Blot (RLB) hybridization assay, microarrays etc. (Salih et al., 2015).

Polymerase chain reaction is a sensitive molecular technique used for the detection of
parasites as it is capable of detecting parasitaemia as low as a few parasites per millilitre
(Maharana et al., 2016). This method holds more advantages than microscopy, one being that
PCR is more uniform and objective, which makes this method less error-prone (Meurs et al.,
2015). It is one of the most commonly used methods for diagnosis of haemoparasites. With
nested PCR, as few as 30 infected erythrocytes can be identified within a millilitre of blood
(Torioni de Echaide et al., 1998). It is suggested that real-time PCR be used instead of nested
PCR (OIE, 2015) but currently, there is no real-time PCR probe available for A. bovis. Real-
time PCR gives a semi-quantitative assay result as well as reducing the possibility of
contamination of the amplicons (OIE, 2015). Although real-time PCR is preferred over other
PCR methods, this technique is expensive and requires preventative maintenance to prevent

the equipment from failing (OIE, 2015).
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The Reverse line blot (RLB) hybridization assay can simultaneously detect different parasites
even if their parasitaemia levels are extremely low. Specific oligonucleotide probes are linked
to a membrane and hybridized with PCR products (Gubbels et al., 1999). This enables
different samples to be analysed against different probes for simultaneous detection (Gubbels
etal., 1999). RLB presents many advantages, one being that only one PCR reaction is needed
for the simultaneous detection of several haemoparasite species (Bekker et al., 2002). This
method can also be used to detect any variant genes of specific species as well as to detect
undescribed haemoparasite species (Bekker et al., 2002).

Gene markers such as the 16S rRNA, the heat shock protein (GroEL), the housekeeping
enzyme citrate synthase (gltA) and different major surface proteins (MSP) have been used to
detect various Anaplasma species (Sisson et al., 2017) but only a few studies have been done
on the amplification of different gene regions of A. bovis. Presently, 16S rRNA is the most
commonly amplified gene region of most haemoparasites but this gene region is highly
conserved and incapable of differentiating between closely related species (Harrison et al.,
2013). The GroEL and gtlA gene regions, which are more variable are capable of higher levels

of discrimination between closely related species (Lee et al., 2003).

Treatment of Anaplasma, Ehrlichia, Theileria and Babesia is very broad. Anaplasma infections
in cattle can be treated with amicarbalide and imidocarb, among other carbanilides in various
countries (Potgieter & Stoltsz, 2004). Whereas oxytetracycline and doxycycline can be used
to treat human ehrlichiosis (Rikihisa, 1991) and tetracycline can be used to treat Ehrlichia
infections, E. chaffeensis could also be treated with rifampin (Parola & Raoult, 2001a).
Theileria infections can be treated with theilericidal drugs like parvaguone and buparvaquone
(Gharbi & Darghouth, 2015) and infection with B. bovis and B. bigemina can be treated with
diminazene aceturate and imidocarb dipropionate (Bock et al., 2008). According to Atif (2016)
no controlled studies for the treatment of A. bovis exist. However, one case study in which
oxytetracycline was administered to an infected cow, with a supportive treatment of Livobex,

resulted in an improvement of clinical symptoms after five days (Chirayath et al., 2012).

Doxycycline’s pharmacokinetic properties make this the most preferred agent for treatment of
various tick-borne diseases in humans and animals (Nicholson et al., 2010, Bakken & Dumler,
2015). To prevent fatal disease, patients with suspected or documented HGA should be
treated with doxycycline hyclate orally or intravenously (Bakken & Dumler, 2015). Patients

who have been treated with this drug usually show clinical improvement within 48 hours,
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therefore, if patients show no improvement after 48 hours, they should be re-examined for an
alternative diagnosis (Bakken & Dumler, 2015). Bakken and Dumler (2015) further suggest
that patients who have a history of drug allergy, pregnant patients or children under 8 years of

age, should be treated with rifampin.

Vectors and vertebrate species that are involved in Anaplasma and Ehrlichia maintenance
may differ according to their specific region (Bastos et al., 2015). Some molecular studies
show that bacterial variants exist that are distinct to specific geographical regions (Potgieter &
Stoltsz, 2004) and evidence has been found of locality-specific ticks and vertebrate reservoir
hosts, as in the study of Harrison et al. (2013) and Kawahara et al. (2006). Thus it is important
to identify the mammalian host/reservoir of the infection, together with the enzootic ticks that
are involved in the natural life cycle of the diseases when evaluating the prevalence and the
diversity of the regional bacterial species so as to control the disease as well as to limit
pathogen transmission to other hosts within a specific region (Bastos et al., 2015).
Furthermore, to ensure the effective control of tick-borne diseases, knowledge on how
different vector stages amplify and transmit these pathogens is essential (Ueti et al., 2008).

Nicholson et al. (2010) suggest that the main course of prevention for anaplasmosis and
ehrlichiosis, is to educate the public about ticks, tick-bite prevention and tick control. However,
these messages should include education about free-roaming pets and the environment to
ensure that public education is successful (Nicholson et al., 2010). The public should avoid
tick bites but if ticks cannot be avoided they should be removed as soon as possible because
when ticks are allowed to feed for longer periods, infection is more likely to occur (Bakken &
Dumler, 2015). By wearing protective clothing such as long-legged pants, long-sleeved shirts,
closed shoes and socks wrapped outside of the pants it will be harder for ticks to reach bare
skin when individuals enter tick habitats (Bakken & Dumler, 2015). Tick repellents (DEET and
picaridin) can be used by individuals who will be exposed to tick habitats but caution should
be given as some repellents should not be applied to the skin but rather be applied to clothes
(Bakken & Dumler, 2015). Vector tick populations can furthermore be controlled through
spraying barns and kennels and by dipping animals (Rikihisa, 1991). According to De Waal
(2000), dairy farmers prefer dipping their animals whereas beef farmers prefer using a pour

on application.

Arthropods can be controlled by prophylactic treatment of antibiotics, acaricides and

vaccinations (Kocan et al., 2010). But rigorous treatment with antibiotics increases the risk of
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the organisms’ ability to become resistant to treatment (Kocan et al., 2010). Tetracycline is a
popular antibiotic used to treat infections. This antibiotic is a bacteriostatic agent with various
antimicrobial activities (Scholar and Pratt, 2000). According to Scholar and Pratt (2000), types
of tetracycline are synthesised differently: minocycline is produced through chemical alteration
of tetracycline, doxycycline is produced semi-synthetically from oxytetracycline whereas

tetracycline, demeclocycline and oxytetracycline are naturally developed.

In the case of A. marginale, control of arthropods is not 100% successful due to this parasites’
ability to be transmitted mechanically. Kocan et al. (2010) advocate vaccination as an
economically effective method to control bovine anaplasmosis. However, vaccination has
limitations. This is because new genetic strains evolve constantly which might not be
controlled by established vaccines. Furthermore, the vaccine could potentially be incapable of
protecting animals against field strain challenges (De Waal, 2000). De Waal (2000) suggests
that this could be solved by exposing the vaccinated animal to field challenges right after they
are vaccinated to ensure that the immunity is properly developed. Vaccines can also become
ineffective when they are stored or handled incorrectly (De Waal, 2000). There are various
types of vaccines available for most illnesses, but for anaplasmosis, live and killed vaccines
are used which produce protective immunity towards Anaplasma (more specifically A.

marginale) that inhibits clinical disease (Kocan et al., 2010).

When cattle are infected with A. centrale they develop a protective immunity towards A.
marginale infection which is more pathogenic than A. centrale. Thus A. centrale is used as a
live vaccine against A. marginale (Kocan et al., 2003, Kocan et al., 2010, Rar & Golovljova,
2011). Calves are less susceptible to Anaplasma infection and they react less severely than
older cattle, thus it is suggested that young claves be vaccinated at about six months of age
(Potgieter & Stoltsz, 2004).

Moreover, chemotherapy is often used in the United States and South Africa to prevent
anaplasmosis transmitted by arthropods but this method is very expensive and is not
applicable to range cattle (De Waal, 2000, Kocan et al.,, 2003, Kocan et al., 2010).
Chemotherapy can be used for controlling reactions caused by live vaccines and to control
primary infections (De Waal, 2000). Kocan et al. (2010) further suggest that new antimicrobials
should be developed for the effective treatment or prevention of anaplasmosis and persistent

infections in cattle.

According to Rikihisa (1999), the long-term use of tetracycline prophylaxis has successfully

controlled epizootics of canine ehrlichiosis as well as heartwater, which is effective when tick

26



exposure cannot be prevented. Furthermore, there exists an infected-blood vaccine for
heartwater (Rikihisa, 1991).

Control of East Coast Fever (ECF) could be done through an infection and treatment method
(Nene et al., 2016). This consists of infecting the cattle with live T. parva sporozoites together
with the associated drug treatment of oxytetracycline (Radley, 1981, Nene et al., 2016). Thus,
this controls the parasite but does not Kkill it allowing for the cattle to develop the necessary
levels of protective immunity toward future infection (Nene et al., 2016). Chemotherapy is also
done to control ECF but this treatment method is very expensive and has low efficacy in late
treatment cases (Mbwambo et al., 2006). Furthermore, theileriosis can be controlled through
the application of acaricides (Habibi, 2016). But this control method is very expensive and is

very hazardous towards the environment.

Controlling bovine babesiosis could be achieved by destroying infected erythrocytes through
splenic macrophages and neutralizing antibodies which are directed at extracellular
merozoites (Jaramillo Ortiz et al., 2016). Likewise, the use of live attenuated vaccines which
consist of bovine erythrocytes infected with selected strains is increasingly being used in South
Africa and other countries to control and prevent B. bovis and B. bigemina infections in cattle
(Bock et al., 2008). Another, uncommon method for controlling these infections is to develop
vaccines derived from in vitro cultures (Bock et al., 2008). Although there are various vaccines
that decrease mortality rates, no vaccine fully prevents Babesia infections (Munkhjargal et al.,
2016).
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A total of 160 rock sengi DNA extracts previously collected from two locations in South Africa,
were made available for this project. During 2007-2008, 104 rock sengi were trapped and
blood was collected at the Goro Game Reserve in the Limpopo Province, South Africa
(22°58’S, 22°57'S; 29°25'E, 29°24’'E) (Figure 3.1) (Medger et al.,, 2012). These samples
formed the basis of the Harrison et al. (2013) study. In 2015, a further eight samples were
collected at the same locality and in 2016, a total of 48 rock sengi were trapped at the
Ezemvelo Nature Reserve, Gauteng (25°42'30.2"S 28°55'46.9"E) and blood was collected on
filter paper (Hatyoka 2018, Department of Entomology and Zoology, University of Pretoria).
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Figure 3.1: Map of South Africa showing the sample collection sites. The red star indicates the location of the Goro

Game Reserve and the blue star represents the location of the Ezemvelo Nature Reserve. Modified from Google
Map Data ©2017 AfriGIS (Pty.) Ltd.
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3.2.1 Whole genome amplification

The illustra GenomiPhi™ V2 DNA Amplification Kit (GE Healthcare Life Science) was used to
perform whole genome amplification on 104 (65%) of the samples for which DNA was limited
(less than 20 pl of extracted DNA). The whole genome was amplified using isothermal strand
displacement, where the DNA is denatured at 95°C for three minutes after adding 9 pl sample
buffer which contains random hexamers that bind non-specifically to the 1 yul DNA template
and then cooled. The illustra GenomiPhi™ V2 protocol suggests that the samples should be
cooled to 4°C after denaturisation by placing them on ice. However, in this study, the samples
were instantaneously frozen in liquid nitrogen, prior to being placed on ice, to ensure that the
strands remain denatured. After this, a 10 pl master-mix was prepared from 9 pl reaction buffer
and 1 pl enzyme mix which altogether contains buffers, nucleotides, salts, other hexamers,
and DNA polymerase. The master-mix was added to the 10 ul denatured products, resulting
in a final reaction volume of 20 ul. Samples were then incubated at 30°C for 2-4 hours, after
which the enzyme was inactivated at 65°C for 10 minutes.

3.2.2 RLB-PCR

The V1 hypervariable region (492-498 bp fragment) of the 16S rRNA gene of Anaplasma and
Ehrlichia was amplified with forward primer Ehr-F (5’-GGA ATT CAG AGT TGG ATC MTG
GYT CAG-3’) (Schouls et al., 1999) and reverse primer Ehr-R (5’-biotin-CGG GAT CCC GAG
TTT GCC GGG ACT TYT TCT-3’) (Bekker et al., 2002). The V4 hypervariable region (460-
520 bp fragment) of the 18S rRNA of Theileria and Babesia was amplified with the forward
primer RLB-F2 (5’-GAC ACA GGG AGG TAG TGA CAA G-3’) and reverse primer, RLB-R2
(biotin-5-CTA AGA ATT TCA CCT CTG ACA GT-3’) (Nijhof et al., 2003).

The PCR reaction consisted of 12.5 pl Platinum® Quantitative PCR SuperMix-UDG (40 mM
Tris-HCI (pH 8.4), 100 mM KCI, 6 mM MgCl , 400 pM dATP, 400 uM dCTP, 400 pM dGTP,
800 uM dUTP, 40 units/ml UDG, 60 units/ml Platinum® Tag DNA Polymerase and stabilizers)
(ThermoFisher Scientific™), 5 ul of DNA template, 0.5 uyM of each primer (forward and
reverse) and distilled water was added for the total reaction volume of 25 pl. PCR master mix
with no DNA template (negative control), and known Anaplasma centrale and Babesia bovis
DNA samples (Onderstepoort Biological Products, South Africa) were included to monitor the
occurrence of false positive or false negative results, respectively. Amplification was
performed on the Gene Amp® PCR system 9700 (Applied Biosystems). The PCR program
included a cycle of enzyme activation at 34°C for 3 minutes, an initial denaturation step at
94°C for 10 minutes, then 10 cycles of 20 seconds at 94°C, 30 seconds at 64°C and 30
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seconds at 72°C. This was followed by 40 cycles of a denaturation step at 72°C for 30 seconds
and an annealing step at 57°C for 30 seconds. The final extension was done at 72°C for 7

minutes, followed by a holding step at 4°C.

3.2.3 RLB hybridization

The PCR products were subjected to the RLB hybridization assay as described by Gubbels et
al. (1999). A blotting membrane was activated by incubating it for 10 minutes in 10 ml of 16%
1-ethyl-3-(3-dimethyl-amino-propyl) carbodiimide (EDAC) at room temperature. Washing of
the membrane was done with distilled water for 2 minutes after which the membrane was
placed in a MN45 miniblotter. Anaplasma and Ehrlichia, together with Theileria and Babesia-
specific oligonucleotides probes, were selected for this study (Table 3.1). These specific
probes were diluted to a 2 pmol/150 pl concentration by adding 500 mM NaHCO3 (pH 8.4)
which was then covalently linked to the membrane with an amino linker. The membrane was
incubated for one minute at room temperature and afterwards the oligonucleotide solution was
aspirated. Furthermore, the membrane was inactivated by incubation for 10 minutes in a 100
ml of 100 mM NaOH solution at room temperature. The membrane was washed under shaking
in a 125 ml of 2x SSPE-0.1% sodium dodecyl sulfate solution for 5 minutes at 60°C in a shaker

incubator.

Before using the membrane, it was washed under gentle shaking for 5 minutes at room
temperature with a solution of ~50 ml of 2x SSPE-0.1% SDS and placed in a miniblotter with
the slots positioned perpendicular to the specific oligonucleotide probes. The PCR products
were diluted by adding 130 pl of 2x SSPE-0.5% SDS to 40 ul of PCR products and then
denatured for 10 minutes at 99.9°C. The denatured PCR product was added to the slots and
then incubated for 60 minutes at 42°C. The PCR products were aspirated and the blot was
washed twice in a solution of 125 ml of 2x SSPE-0.5% SDS in an incubator under gentle
shaking at 50°C for 10 minutes. The membrane was incubated in a solution of 10 ml of 1:4,000-
diluted peroxidase-labelled streptavidin in 2x SSPE-0.5% SDS under gentle shaking for 30
minutes at 42°C. After this, the membrane was washed twice again in 125 ml solution of 2x
SSPE-0.5% for 10 minutes at 42°C with gentle shaking, followed by another two washes in
125 ml of 2x SSPE for 5 minutes each at room temperature. The membrane was incubated
for one minute at room temperature in 10 ml solution of ECL detection fluid after which the
membrane was exposed to an ECL hyperfilm for a few seconds after which the film was

developed and fixed.

The membrane was washed twice in 1% SDS for 30 minutes each at 80°C under gentle

shaking for the PCR products to be stripped from the membrane. Lastly, the membrane was
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washed in 20 mM EDTA (pH 8.0) for 15 minutes under gentle shaking at room temperature

and stored in fresh EDTA solution at 4°C to be reused.

Table 3.1: Species-specific oligonucleotide probes used for RLB

Oligonucleotide probe

Sequence 5’-3’

Reference

Anaplasma/Erhlichia genus-specific

GGG GGA AAG ATT TAT CGC TA

Bekker et al. (2002)

Anaplasma bovis

GTA GCT TGC TAT GRG AAC A

Bekker et al. (2002)

Anaplasma bovis-like (sengi)

ATA GCT TGC TAC GAA AAC A

This study

Anaplasma centrale

TCG AAC GGA CCATAC GC

Bekker et al. (2002)

Anaplasma marginale

GAC CGT ATACGC AGC TTG

Bekker et al. (2002)

Anaplasma phagocytophilum

TTG CTA TAA AGA ATA ATT AGT GG

Bekker et al. (2002)

Anaplasma sp. Omatjenne

CGG ATT TTT ATC ATAGCT TGC

Bekker et al. (2002)

Ehrlichia canis

TCT GGC TAT AGG AAATTG TTA

Schouls et al. (1999)

Ehrlichia chaffiensis

ACCTTT TGG TTATAAATAATT GTT

Schouls et al. (1999)

Ehrlichia ruminantium

AGT ATC TGT TAG TGG CAG

Bekker et al. (2002)

Theileria/Babesia genus-specific

TAA TGG TTAATAGGARCRGTT G

Gubbels et al. (1999)

Babesia 1 genus-specific

ATT AGA GTG TTT CAA GCA GAC

Nijhof (unpublished)

Babesia 2 genus-specific

ACT AGAGTG TTT CAA ACA GGC

Nijhof (unpublished)

Babesia bicornis

TTG GTA AAT CGC CTT GGT

Nijhof et al. (2003)

Babesia bigemina

CGTTTTTTCCCT TTT GTT GG

Gubbels et al. (1999)

Babesia bovis

CAG GTT TCG CCT GTATAATTG AG

Gubbels et al. (1999)

Babesia caballi

GTGTTT ATC GCAGAC TTT TGT

Butler et al. (2008)

Babesia canis

TGC GTT GAC GGT TTG AC

Matjila et al. (2004)

Babesia divergens

ACT RAT GTC GAG ATTGCAC

Nijhof et al. (2003)

Babesia felis TTATGC TTT TCC GAC TGG C Bosman et al. (2007)
Babesia gibsoni TACTTGCCTTGTCTGGTTT Yisaschar-Mekuzas et al. (2010)
Babesia leo TTATGC TTT TCC GAC TGG C Bosman et al. (2007)

Babesia major

TCC GAC TTT GGT TGG TGT

Georges et al. (2001)

Babesia microti

GRC TTG GCA TCW TCT GGA

Nijhof et al. (2003)

Babesia rossi

CGG TTITGTTGCC TTT GTG

Matjila et al. (2004)

Babesia sp. (sable)

GCGTTGACTTTG TGT CTT TAGC

Oosthuizen et al.(2008)

Babesia vogeli

AGC GTG TTC GAG TTT GCC

Matjila et al. (2004)

Theileria genus-specific

ATT AGA GTG CTC AAA GCA GGC

Nijhof (unpublished)

Theileria annae

CCG AACGTAATTTTATTGATTG

Yisaschar-Mekuzas et al. (2010)

Theileria annulata

CCT CTG GGG TCT GTG CA

Georges et al. (2001)

Theileria bicornis

GCGTTGTGG CTTTTTTCT G

Nijhof et al. (2003)

Theileria buffeli

GGC TTATTT CGGWTT GATTTT

Gubbels et al. (1999)

Theileria equi

TTC GTT GAC TGC GYT TGG

Butler et al. (2008)

Theileria lestoquardi

ATT GCT TGT GTC CCT CCG

Schnittger et al.(2004)

Theileria mutans

CTT GCG TCT CCG AAT GTT

Gubbels et al. (1999)

Theileria parva

GGA CGG AGTTCG CTT TG

Nijhof et al. (2003)

Theileria separata

GGT CGT GGT TTT CCT CGT

Schnittger et al.(2004)

Theileria sp. (buffalo)

CAGACGGAGTTTACTTTGT

Oura et al. (2004)

Theileria sp.(kudu)

CTGCATTGTTTICTTTCCT TTG

Nijhof et al. (2005)

Theileria sp. (sable)

GCTGCATTGCCTTTTCTCC

Nijhof et al. (2005)

Theileria taurotragi

TCTTGG CAC GTG GCTTTT

Gubbels et al. (1999)

Theileria velifera

CCTATTCTCCTTTACGAGT

Gubbels et al. (1999)

Symbols for degenerate positions: R=A/G and W=A/T.
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An A. bovis-like (sengi) RLB oligonucleotide probe was designed in the V1 hypervariable
region of the 16S rRNA gene and synthesized containing an N terminal N-
(trifluoracetamidohexylcyanoethyl, N,N-diisopropyl phosphoramidite)-C6 amino linker
(Southern Cross Biotechologies, South Africa). The new probe, designated A. bovis-like
(sengi) (5’-ATA GCT TGC TAC GAA AAC A-3’) was incorporated into the RLB assay and used

to screen a subset (n=108) of the original rock sengi blood sample extracts.

3.4.1 PCR amplification of the 16S rRNA and GroEL genes of Anaplasma species

Samples that hybridized to the A. bovis-like (sengi) probe during the RLB hybridization assay
(n=17), together with two samples that tested negative, were selected for the amplification of
the 16S rRNA and GroEL genes. Conventional PCR was carried out using DreamTaq
polymerase (Ingaba Biotec™). The final PCR reaction mixture contained 1X DreamTaq buffer,
0.2 MM dNTP’s, 0.4 uM of each primer (Table 3.2), 1.5 U of DreamTaq polymerase. All PCR
reactions contained 3 pl of template DNA and were performed in a final volume of 50 pl.
Positive controls (previously identified to be positive for the A. bovis-like (sengi) by Harrison
et al. (2013) and Bastos et al. (unpublished) through PCR amplification) and negative controls
(no added DNA to mixture) were added to every PCR screening process. Touchdown PCR
was performed in which an initial denaturation step at 96°C for 12 seconds, was followed by
three stages consisting of a denaturation step at 96°C for 10 seconds, primer annealing at
various temperatures and cycles (Table 3.3), elongation at 70°C for up to one minute and
afterwards a final elongation step at 70°C for one minute. The PCR products were run on a
1.5% agarose gel, against a 100 bp molecular weight marker, to estimate the product sizes of

the positive samples.

As amplification of the 16S rRNA and GroEL gene regions was poor with primer pairs taken
from previous articles (Parola et al., 2000, Frank et al., 2008, Ybafiez et al., 2012, Bastos et
al., 2015), A. bovis-specific primers were designed based on available homologous congener
data. For the 16S rRNA gene, this included the A. bovis-like sequences detected previously
in rock sengi (Harrison et al., 2013), whereas for GroEL it was based on sequence spans,
conserved across a 571 base pair (bp) region of two rock sengi Anaplasma sequences
(Bastos, unpublished) for which data were generated from AnaGro712R (Ybafez et al., 2012)

and EhrCanF3 (Bastos et al., 2015) primer amplicons, and closely related Anaplasma
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sequences identified through BLASTnh searches against the Genbank database

(www.ncbi.nlm.nih.gov/blast).

Table 3.2: Forward and reverse primers for amplification of different gene regions

Primer pairs Sequence (5’-3’) ExPecteq Reference
amplicon size

16S rRNA

Abov-16SF CGG CAA GCT TAA CAC ATG CAA 1.4 kb This study

Abov-16SR GCTACC TTG TTACGACTT CAC This study

Ehr-f (16S8FE) GGA ATT CAG AGT TGG ATC MTG GYT CAG 1.4 kb Bergmans et al.

Abov-16SR GCTACCTTG TTACGACTT CAC (1995)

EHR16SD GGT ACC YAC AGA AGA AGT CC 10kb Parola et al. (2000)

1492R TAC CTT GTT ACG ACTT Frank et al. (2008)

GroEL

Abov-GroEF GTG AGA AGT TGG ATAAAG CCAT ~495 bp This study

Abov-GroER ATC ACTCCG TCTCTTCCAACTT This study

EhrlCanF3 GAC ATG GCA AAT GTAGTT GTAAC ~505 bp Bastos et al. (2015)

AnaGroEL712R CCG CGA TCA AAC TGC ATACC

Ybafiez et al. (2012)

3.4.2 Purification of PCR amplicons

The PCR amplicons of the correct size were purified before further analysis by using the

Roche High PCR Product Purification Kit by following the manufacturer’s instructions. Briefly

this entailed adding 50 ul double distilled water to the PCR products to make up 100 pl of

solution before adding 500 ul Binding buffer and mixing the solution well, and loading the

mixture onto a column. After centrifugation, and binding of the PCR amplicons to the column,

the sample was purified by successive Wash steps, initially with 500 pl of Wash buffer and

then with 200 ul. Elution of the PCR amplicons was achieved by adding 50 ul of a 2:1 ddH-O:

elution buffer, incubation at room temperature for 10 minutes, and a final centrifugation step.
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Table 3.3: Primer annealing temperatures at different cycles with their elongation times.

Stage Primer annealing and amount of cycles Elongation Time

16S rRNA (Abov-16SF + Abov-16SR)

1 57°C for 2 cycles 1 Minute; 10 sec
2 56°C for 3 cycles 1 Minute; 5 sec
3 55°C for 35 cycles 1 Minute

16S rRNA (Ehr-f + Abov-16SR)

1 57°C for 2 cycles 1 Minute; 10 sec
2 56°C for 3 cycles 1 Minute; 5 sec
3 55°C for 35 cycles 1 Minute

16S rRNA (EHR-16SD + 1492R)

1 58°C for 2 cycles 1 Minute; 20 sec
2 57°C for 3 cycles 1 Minute; 15 sec
3 56°C for 35 cycles 1 Minute; 10 sec
GroEL (Abov-GroEF + Abov-GroER)

1 56°C for 2 cycles 35 sec

2 55°C for 3 cycles 33 sec

3 54°C for 35 cycles 30 sec

GroEL (EhrlICanF3 + AnaGroEL712R)

1 53°C for 2 cycles 55 sec

2 52°C for 3 cycles 50 sec

3 51°C for 35 cycles 45 sec

3.4.3 DNA sequencing

Sequencing was performed using the BigDye Terminator Cycler Sequencing Kit (Applied
Biosystems) following the manufacturer’s instructions and then run on an ABI 3130 automated
sequencer (Applied Biosystems) at the DNA Sequencing Facility situated within the Forestry
and Agricultural Biotechnology Institute (FABI) on the Hatfield Campus of the University of
Pretoria. Forward and reverse primers (3.2 pmol/ul) used for Sanger sequencing are included
in Table 3.2.

3.4.4 Phylogenetic analysis

The sequences were assembled and edited using the MEGA7 software program (Tamura et
al., 2013). Homologous sequence searches of databases were performed using the BLASTn
package (Altschul et al., 1990). A multiple sequence alignment was performed using ClustalW
in the MEGA7 software program and included all related available homologous sequences
from GenBank (Table 3.4). End-unaligned base pairs were trimmed, prior to analysis. This

resulted in an aligned final dataset that was 675 nt in length for the 16S rRNA gene and a
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dataset of 372 nt for GroEL. The most appropriate model of sequence evolution was identified
by the Smart Model Selection (SMS) program (Lefort et al., 2017).

For the 16S rRNA dataset, all positions containing gaps and missing data were removed in a
pairwise manner when inferring the NJ tree. The MEGA7 software program was used to
construct phylogenetic trees using the Neighbour-joining (NJ) and Maximum likelihood (ML).
Bayesian inference (Bl) was performed using the MrBayes software program (Ronquist et al.,
2011). Nodal support for the NJ and ML analyses was determined through 5000 bootstrap
replicates, using the most appropriate model selected in SMS. Bayesian inference in MrBayes
was performed over 10 million generations, with sampling every 1000 generations. For each
of the two independent runs, four chains, one cold and three with the default heated chain
settings, were run. The first 10% of each run was discarded as burn-in. The selection of priors
was guided by the best evolutionary model identified in SMS and from the results of the ML
likelihood analysis.
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Table 3.4: The 16S rRNA and GroEL gene sequences used in the phylogenetic analyses.

Accession Taxonomic Location Reference
Number Classification
16S rRNA
KY007145 Anaplasma sp. China Zhuang et al. (2016)
GU937020 Anaplasma bovis Japan Sashika et al. (2011)
JX092094 Anaplasma bovis Russia Rar et al. (2012)
uo3775 Anaplasma bovis South Africa Visser and Allsopp (1993)
KC811530 Anaplasma bovis South Africa Harrison et al. (2013)
CP000235 Anaplasma phagocytophilum USA Dunning et al. (2006)
CP006617 Anaplasma phagocytophilum str JM  USA Barbet (2013)
NR 118489 Anaplasma odocoilei Greece Tate et al. (2013)
KF843825 Candidatus Anaplasma camelii Saudi Arabia Bastos et al. (2015)
AY077619 Anaplasma platys Japan Inokuma et al. (2002)
JQ396431 Anaplasma platys Germany/Croatia (Dog)  Dyachenko et al. (2012)
KU686784 Anaplasma centrale Uganda Byaruhanga et al. (2016)
CP001759 Anaplasma centrale str. Israel Israel Herndon et al. (2010)
KJ639879 Anaplasmaovis China Li et al. (2014)
AF414870 Anaplasma ovis South Africa Lew et al. (2003)
KU686794 Anaplasma marginale Uganda Byaruhanga et al. (2016)
CP00030 Anaplasma marginale str. St. Maries  USA Brayton et al. (2004)
CP001079 Anaplasma marginale str. Florida USA Visser et al. (1992)
AF414876 Anaplasma marginale Israel Lew et al. (2003)
CR925677 Ehrlichia ruminantium France Frutos et al. (2006)
CR767821  Chrlichia ruminantium str South Africa Collins et al. (2005)
Welgevonden
NRO044747 Ehrlichia ewingii USA Anderson et al. (1992)
AB074459 Candidatus Ehrlichia shimanensis USA Kawahara et al. (2001)
CP007474 Ehrlichia sp. HF, Japan Lin et al. (2014)
CP006917 Ehrlichia muris Japan Thirumalapura et al. (2014)
CP000236 Ehrlichia chaffeensis str. Arkansas USA Hotopp et al. (2006)
KF843826 Candidatus Ehrlichia regneryi Saudi Arabia Bastos et al. (2015)
CP000107  Ehrlichia canis str. Jake USA Palenik et al. (2005) (direct
submission)
GU810149 Ehrlichia canis Taiwan Huang et al. (2010)
JX629805 Ehrlichia minasensis Brazil Cruz et al. (2012)
AM999887 Wolbachia sp. Sri Lanka Klasson et al. (2008)
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Accession Taxonomic Location Reference

Number Classification

GroEL

KY523001 Anaplasma centrale Uganda Byaruhanga et al. (2017)
KY523038 Anaplasma marginale Uganda Byaruhanga et al. (2017)
AF414861 Anaplasma marginale Israel Lew et al. (2003)
CP00030 Anaplasma marginale str. St. Maries USA Brayton et al. (2004)
CP001079 Anaplasma marginale str. Florida USA Visser et al. (1992)
CP001759 Anaplasma centrale str. Israel Israel Herndon et al. (2010)
AF441131 Anaplasma ovis isolate OVI South Africa Lew et al. (2003)
MG778624 Anaplasma ovis Sudan Lee et al. (2018)
KJ410304 Anaplasma sp. China Kang et al. (2014)
KX987399 Anaplasma bovis China Lu et al. (2016)
JN588562 Anaplasma sp. Japan Ybafiez et al. (2011)
JX092095 Anaplasma bovis Russia Rar et al. (2012)
CP000235 Anaplasma phagocytophilum HZ USA Dunning et al. (2006)
JF494841 Anaplasma phagocytophilum USA Rejmanek et al. (2012)
KF031393 Anaplasma phagocytophilum Italy Barakova et al. (2013)
JX876642 Anaplasma odocoilei USA Tate et al. (2012)
KJ814955 Candidatus Anaplasma camelli Saudi Arabia Bastos et al. (2015)
AY077621 Anaplasma platys Japan Inokuma et al. (2002)
EU516386 Anaplasma platys Brazil Cardozo et al. (2008)
CR767821 Ehrlichia ruminantium str. Welgevonden  South Africa Collins et al. (2005)
CR925677 Ehrlichia ruminantium str. Gardel France Frutos et al. (2006)
AB074462 Candidatus Ehrlichia shimanensis USA Kawahara et al. (2001)
AF195273 Ehrlichia ewingii Unknown Sumner et al. (2000)
CP006917 Ehrlichia muris Japan Thirumalapura et al. (2014)
DQ672553 Candidatus Ehrlichia ovata Japan Ohashi et al. (2006)
CP000236 Ehrlichia chaffeensis str. Arkansas USA Hotopp et al. (2006)
KJ814961 Candidatus Ehrlichia regneryi Saudi Arabia Bastos et al. (2015)
JX629806 Ehrlichia mineirensis Brazil Cruz et al. (2012)
CP000107 Ehrlichia canis str. Jake USA Palenik et al. (2005) (Direct submission)
JN391407 Ehrlichia canis Philippines Ybariez et al. (2011)
AM999887 Wolbachia sp. Sri Lanka Klasson et al. (2008)
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CHAPTER 4

Results

4.1 Reverse line blot hybridization assay

The RLB hybridization assay was used to screen rock sengis (n=160) for the presence of
Theileria, Babesia, Ehrlichia and Anaplasma species. An example of a blot membrane is
illustrated in Figure 4.1. The results of the RLB assay indicated that the majority of PCR
products hybridized with the genus-specific probes only (Table 4.1); 51 (31.9%) with the
Anaplasma/Ehrlichia genus-specific probe and eight (5%) with the Theileria/Babesia genus-
specific probe. Only one PCR product obtained from a rock sengi captured at the Goro Game
Reserve hybridized with the B. bovis probe. None of the other PCR products hybridized with
the A. bovis probe. A total of 86 (53.8%) PCR products failed to hybridize with any probes;
these samples are considered negative for infection or to be infected at a level lower than the

detection level of the assay.

Babesla bovis

Bahesla 2 genus-specific
Babesia 1 genus-specific
Theleria genus specific
Thelerid'Babesia panus-specfic

Anaplasma centrae

Ehrkehial =

genus-5p

Figure 4.1 Representative reverse line blot (RLB) hybridization assay results for the simultaneous detection of
Theileria, Babesia, Ehrlichia and Anaplasma species in the rock sengi samples. The genus and species-specific
oligonucleotides probes were applied in horizontal lanes and the PCR products in vertical lanes. Positive and
negative control, respectively were loaded in lanes labelled control and negative. Lanes 1 to 39 were loaded with

sample DNA.
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Table 4.1: Tick-borne haemoparasite infections in rock sengi investigated in this study as determined

with the Reverse Line Blot hybridization assay.

Goro Game Reserve Ezemvelo Nature Reserve Total

(n=112) (n=48) (n=160)
Babesia bovis 1 (0.9%) 0 1 (0.6%)
Anaplasma/Ehrlichia genus-specific 35 (31.3%) 16 (33.3%) 51 (31.9%)
Theileria/Babesia genus-specific 6 (5.4%) 2 (4.2%) 8 (5%)
Babesia genus-specific 1 19 (17%) 9 (18.8%) 28 (17.5%)
Babesia genus-specific 2 17 (15.2%) 7 (14.6%) 24 (15%)
Theileria genus-specific 5 (4.5%) 11 (22.9%) 16 (10%)
Negative/Below detection limit 61 (54.5%) 25 (52.1%) 86 (53.8%)

*Number in column headings indicates the total samples from every locality and the ultimate total of samples
screened. This does not indicate totals from the underlying columns as there were multiple infections present within

some of the samples.

The V1 hypervariable region of the 16S rRNA gene of a published Anaplasma bovis sequence
from rock sengi (Harrison et al., 2013), was aligned with the currently used A. bovis RLB probe
(Bekker et al., 2002). This alignment revealed that the current A. bovis probe differed at three
nucleotide sites (Figure 4.2) from the A. bovis-like sequences identified in rock sengi, which
would explain why the A. bovis RLB probe could not detect A. bovis-like sequences within the
rock sengi samples during our initial RLB screening. These sequences were then used to
design an A. bovis-like (sengi) RLB probe for the specific detection of the A. bovis-like strains.
The custom-designed probe was subsequently used to screen 108 rock sengi samples that

previously tested negative for A. bovis.

A. bovis (U03775) ATGCAAGTCGAACGGATTGTTCTETAGCTTECTATEAGARCHATTAGTGGCAGACS!
A. bovis-like (E.myurus)d4 . . . ... ... ... ... B, i S e iR T e i s Y S T D (e
A. bovis-like (E. myurus)5 ...............] Roaine b X R o ] IR (D S s ST

Figure 4.2: Nucleotide alignment of a 60 bp region each of the V1 hypervariable region of the published 16S rRNA
gene of A. bovis and the A. bovis-like strain previously identified from eastern rock sengi. The region where the A.

bovis-like (sengi) RLB probe was designed is indicated in a red block.

The new A. bovis-like (sengi) probe was able to detect A. bovis-like sequences within the rock
sengi DNA samples (Figure 4.3). Of the 108 samples tested, 17 (15.7%) of the PCR products
hybridized with the A. bovis-like (sengi) probe; 12 (10.5%) from the Goro Game Reserve, and

five (10.4%) from the Ezemvelo Nature Reserve.
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Babesla bovis

Babesia 2 genus-specific
Babesia 1 genus-specific
Thedena genus-specific
Thelevia/Babesia genus-specific

Anaplasma bovis-like (sengi)

Anaplasma centrale
Ehriichia/Anaplasma genus-specific

3

Figure 4.3: Representative RLB hybridization assay results illustrating the use of the newly designed A. bovis-like
(sengi) RLB probe that was used to screen a subset of rock sengi blood samples. Positive and negative control,
respectively were loaded in lanes numbered Control and Negative. Lanes 1 to 40 were loaded with sample DNA.

4.3 Genetic characterization of Anaplasma-positive samples

The samples that previously tested positive for A. bovis-like (sengi) during RLB hybridization
(n=17), together with two samples that were negative, were selected for further PCR screening
and molecular characterization, using primers targeting the parasite 16S rRNA and GroEL
genes.

Primers previously described for the amplification of the 16S rRNA (Parola et al., 2000, Frank
et al., 2008, Ybafiez et al., 2012, Bastos et al., 2015) failed to amplify the parasite 16S rRNA
and GroEL genes from the rock sengi samples, with no amplification showing on the agarose
gel. The new A. bovis-like (sengi) specific primers that were subsequently designed (Table
3.2), successfully amplified both gene regions.

4.3.1 16S rRNA gene sequence analysis

After amplification of the 16S rRNA gene region, a single band the size of 1.0-1.4 kb was
observed on 1.5% agarose gel. After purification and sequencing, 12 samples were identified
to be closely related to A. bovis (Accession no: KC811530 and U03775). The 12 partial- to
near full-length 16S rDNA sequences (700-1300 bp) generated in this study, when
complemented with homologous reference sequences in the Genbank database
(www.ncbi.nlm.nih.gov), and trimmed of end-aligned sequences, resulted in a final dataset
675 nt in length.
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BLASTn homology searches showed that the obtained sequences were most closely related
(99-100% sequence identity) to an uncultured Anaplasma sp. (Accession no: KC811530)
previously identified in eastern rock sengis (Harrison et al., 2013). The obtained sequences
further showed 99% sequence identity with A. bovis (Accession no: U03775) previously
described from bovines in South Africa by Visser & Allsopp (1993) (unpublished). The
geographical origin of the rock sengi, the RLB assay results and phylogenetic classification
for the obtained sequences are summarised in Table 4.2.

Pairwise comparisons of gene sequences generated in this study and those of closely related
Anaplasma sequences in the Genbank database allowed for determination of the number of
base differences in the final dataset (675 nt). The two genotypes identified from the NJ p-
distance analysis were designated A. bovis-like (sengi) genotype A (represented by two
sequences) and A. bovis- like (sengi) genotype B (represented by 10 sequences). The two
genotypes differed at one nucleotide position from each other with genotype A differing at one
nucleotide position from the A. bovis-like sequence previously detected in rock sengi
(Accession no: KC811530) by Harrison et al. (2013), and genotype B perfectly matching this

sequence.

The observed sequence similarities were confirmed by phylogenetic analyses (Figure 4.4). Of
interest is that both the Maximum likelihood and Bayesian analyses recovered near-significant
levels of support (68% and 92%, respectively) for a sister taxon relationship between the A.
bovis clade, within which the sengi genotypes clustered and the well-supported clade (83%
and 100%, respectively) containing the Anaplasma phagocytophilum-odocoilei-platys species.
The sister taxon relationship between the afore-mentioned clades and a clade containing the
Anaplasma central-ovis-marginale species complex was 97% and 99%, respectively (Figure
4.4). The phylogeny further revealed that the previously identified A. bovis-like sequences
described by Harrison et al. (2013) formed a well-supported monophyletic group (99% and
100%, respectively) within which published A. bovis sequences, including sequences
described from South Africa (U03775), Japan (GU937020) and China (KY007145) also

clustered.
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Table 4.2: Origin and results of the rock sengi samples selected for 16S rRNA gene characterization.

SEQUENCE LENGTH

A. BOVIS-LIKE

SAI\NARPLE LOCALITY RLB RESULTS (BP) (SENGI) GENOTYPE
16S rRNA GroEL 16S rRNA GroEL
5 Goro A/E catch-all, A. bovis-like (sengi) 1104 - B -
28 Goro T & B1 catch-all 939 568 B D
42 Goro A/E catch-all, A. bovis-like (sengi) 943 568 B D
43 Goro A/E catch-all, A. bovis-like (sengi) 1199 380 B D
55 Goro A/E catch-all, A. bovis-like (sengi) 1236 - B -
95 Goro A/E catch-all, A. bovis-like (sengi), T, 1199 473 B D
Bl & B2 catch-all
105 Goro A/E catch-all, A. bovis-like (sengi) 1064 474 B D
109 Goro A/E catch-all, A. bovis-like (sengi), T, 885 473 B D
Bl & B2 catch-all
L10 Ezemvelo A/E catch-all, A. bovis-like (sengi) 821 475 A C
L11 Ezemvelo A/E catch-all, A. bovis-like (sengi) 733 - A -
L65 Ezemvelo A/E catch-all, T catch-all 1030 497 B C
L77 Ezemvelo A/E catch-all, A. bovis-like (sengi) 733 - B -

A/E catch-all = Anaplasma/Ehrlichia genus-specific probe

B1 catch-all = Babesia genus-specific probe 1
B2 catch-all = Babesia genus-specific probe 2

T catch-all = Theileria genus-specific probe
Spaces marked with “-“ indicates that no sequence data was obtained
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KY007145 Anaplasma sp
GU937020 Anaplasma bovis

JX092094 Anaplasma bovis
U03775 Anaplasma bovis
99/100
Anaplasma bovis ke (sengi) genolype A (N=2)

I’Anaplasma bowvis like (sengi) genotype B (N=10)
KC811530 Anaplasma bovis
CPO00235 Anaplasma phagocytophilum HZ
CPOD6617 Anaplasma phagocytophifum str JM
837100 NR 118489 Anaplasma odocoier
KF843825 Candidatus Anaplasma cameil
Saieg AYOT77619 Anaplasma plalys
JQ396431 Anaplasma platys
a6/100 | KUG86784 Anaplasma centrale
CPO01759 Anaplasma centrale str. |srael
KJ639879 Anapilasma ovis
AFA414870 Anaplasma ovis isolate OV
KUG86794 Anaplasma marginale
LCPOO%O Anaplasma marginale str. St. Maries

68/92

99100

68/94 || CPO01079 Anaplasma marginale str Florida
73/1100' AF414876 Anaplasma marginale
991 ﬂ' CRY925677 Ehrlichia ruminantium str. Gardel
CR767821 Ehrbictwa rurminantium str. Welgevonden
94/02 [~ NRO44747 Ehrhchia ewingii
AB074459 Candidatus Ehrlichia shimanensis
CP007474 Ehrichia sp. HF
——FT33_ CPO06917 Ehrlichia muns
CPO00236 Ehrhchia Chaffeensis sir. Atkansas
KF843826 Candidatus Ehrlichia regnerys
—— CP000107 Ehrichia canis str. Jake
95/100 | GU810149 Enrfictua canis
JXG629805 Ehrfichia mineirensis

AMI99887 Wolbachria sp

0.020

Figure 4.4: Maximum likelihood tree of the 16S rRNA gene found in rock sengi, inferred using the Kimura 2-
parameter (K2P) model of sequence evolution with a gamma distribution shape parameter (G) of 0,19. This analysis
involved 32 sequences (excluding the outgroup Wolbachia) from the genus Anaplasma and Ehrlichia and was
based on a 675 nucleotide region, corresponding to the 5" end of the gene. Bootstrap support values from maximum
likelihood (5000 replicates) and nodal support values from Bayesian Inference (10 million generations, four chains
with one cold and default heated chain settings, and a 10% burn-in) are indicated as ML/BI next to each node. Only

those values were higher than 60% and 90%, respectively are indicated.
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4.3.2 GroEL gene sequence analysis

Purification and sequencing of bands of the expected band size of 500-600 bp observed on
1.5% agarose gel after amplification of the GroEL gene region with the A. bovis-like (sengi)
primers designed specifically for this study, resulted in eight GroEL sequences (400-600 nt in
length). BLASTn homology searches showed that the obtained sequences were 88% identical
(99% query cover) to an uncultured Anaplasma sp. in a raccoon identified by Ybarfiez et al.
(2011) (Accession no: JN588562) and 87% identical (99% query cover) to an A. bovis
sequence in a Haemaphysalis concinna tick from Russia (Accession no: JX092095) (Figure
4.5).

Pairwise comparisons of gene sequences generated in this study and those of closely related
Anaplasma sequences in the Genbank database allowed for determination of the number of
base differences in the final dataset (372 nt). From the eight GroEL sequences obtained from
rock sengi, two variants could be identified, which were designated GroEL A. bovis-like (sengi)
genotype C (represented by two sequences) and A. bovis-like (sengi) genotype D
(represented by six sequences). The two genotypes differed at two nucleotide sites from each
other, and differed substantially (>11%) from other A. bovis sequences within the analysis. It
is evident from the GroEL analysis that the A. bovis-like (sengi) form a discrete lineage.
Although this lineage clusters with other A. bovis strains (88% and 99% support from ML and
BI, respectively), the relationships between the three major lineages within this clade are
unresolved. There is also no support for the deeper/internal nodes of the Anaplasma clade,
rendering them polyphyletic (Figure 4.5). This contrasts markedly with the 16S rRNA
phylogeny, for which internal node support was high.
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Figure 4.5: Maximum likelihood tree depicting GroEL gene relationships of in the Anaplasma species detecting in

rock sengi and other members of the tick-borne Anaplasmataceae. This analysis involved 32 sequences (excluding

the outgroup Wolbachia) from the genus Anaplasma and Ehrlichia and was based on a 372 base pair region. The

HKY+G (G=0.26) model of nucleotide sequence evolution was used to infer the tree. Bootstrap support values from

maximum likelihood (5000 bootstraps) and posterior probability estimates expressed as percentage, from Bayesian

Inference (10 million generations, four chains with one cold and default heated chain settings, and a 10% burn-in)

are indicated as ML/BI next to each node.
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It is commonly known that small mammals like rodents and shrews play important roles in the
ecology of a broad range of zoonotic and veterinary diseases, and in parasite-host
relationships between these small mammals and the parasites that infect them. But, even
though rock sengi are particularly well-suited to studying these relationships, due to high levels
of infestation with a range of arthropod parasites (Fourie et al., 1995), there is a gap in our
knowledge about the potential tick-borne haemoparasites that these small mammals carry

and/or transmit.

In our study, the Reverse Line Blot (RLB) hybridization assay results revealed that all samples
failed to hybridize with the species-specific probes and only hybridized with the genus-specific
probes; suggestive of novel species or variants within the positive genera. Only one PCR
product obtained from a rock sengi captured at the Goro Game Reserve tested positive for B.
bovis with the original species-specific RLB probe. The RLB hybridization assay has been
developed and used to simultaneously detect and differentiate tick-borne haemoparasite
infections (Gubbels et al., 1999, Bekker et al., 2002, Decaro et al., 2008, Sibeko et al., 2008,
Muhanguzi et al., 2010a, Muhanguzi et al., 2010b, Nijiiri et al., 2015), and has proven to be a
valuable tool in the identification of novel parasites (Nijhof et al., 2005, Oosthuizen et al.,
2008). The sensitivity of the RLB assay was determined at 0.000001% parasitaemia, enabling

detection of the carrier state of most parasites (Gubbels et al., 1999).

The detection of B. bovis DNA in one sengi sample was of interest as B. bovis is a pathogen
of cattle that causes babesiosis (redwater) and is responsible for major economic losses
(Uilenberg, 1995, Omar et al., 2016). Babesia bovis is highly host-specific, occurring in cattle
and in the one-host tick Rhipicephalus microplus in South Africa. This tick is not known to feed
on rodents (L Neves 2018, Personal communication, 14 November 2018). The reason for
detection of B. bovis within the blood of a rock sengi is thus unclear. No sequence data have
been obtained to support this finding and we can therefore only speculate whether this was a
true or an incidental finding. An incidental infection could occur when a non-host is accidentally
infected with a parasite through for example a tick bite (Tembo, 2012). The parasite is usually
eliminated by the incidental host, but can sometimes remain in the host for a short while, but
it does not cause disease. The presence of previously unrecognized species or variants of
existing species (with slightly different 18S rDNA genotypes) that might have cross-reacted

with the RLB probes could also explain some of these results (Tembo, 2012). Alternatively
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these results could be due to contamination of one sample with target DNA from another
sample, or contamination with PCR products from a previous experiment. To elucidate this in

a further study, the full-length 18S rRNA genes should be amplified and sequenced.

Despite contention surrounding the basis of the sole species-specific result, it was clear from
the RLB genus-specific results that co-infections were abundant, and that these likely involved
novel genotypes or variants as the majority failed to bind to available species-specific probes.
Previous studies reporting significantly higher tick loads on eastern rock sengis compared to
other sympatric small mammals (Fourie et al., 1992, Harrison et al., 2011) found a wide variety
of tick species infesting eastern rock sengi, most of which belonged to the ixodid tick family.
Extensive studies have been done on tick infestation in cattle and other livestock and it is
commonly known that ixodid tick species transmit a wide variety of haemoparasites, yet the
information regarding the three most common ticks found on eastern rock sengi (Ixodes
rubicundus, Rhipicentor nuttalli, Rhipicephalus warburtoni) is minimal. It is clear that more
studies are needed in order to clarify which haemoparasite infections are present within these

rock sengi, and their associated ectoparasites.

We expected to identify Anaplasma bovis in the rock sengi sample set since previous studies
revealed that eastern rock sengi from South Africa harbour a rickettsial pathogen that is closely
related to A. bovis in cattle (Harrison et al., 2013). Anaplasma bovis is mostly studied within
cattle, where it causes monocytic anaplasmosis (Rar & Golovljova, 2011). However, recent
reports reveal that this pathogen occurs in a broad range of geographical areas and hosts, but
has not been studied as extensively as other Anaplasma species. This contributes to the
urgency for undertaking additional scientific studies on this species, especially in small
mammals such as rock sengi, which are likely to play an important, but largely overlooked role

in perpetuation of these bacteria.

Sequence alignment in the RLB probe region for A. bovis showed three nucleotide site
differences between the A. bovis-like sequences previously described from rock sengi
(Harrison et al., 2013) and the RLB probe sequence. The nucleotide differences most likely
prevented hybridisation of the PCR amplicons to the RLB probe, resulting in failure of the RLB
assay to identify A. bovis-like DNA in the samples. A new A. bovis-like (sengi) probe was
subsequently developed and was able to detect the sengi-associated A. bovis-like strain. The
occurrence of the A. bovis-like (sengi) in only 15.7% of the samples would suggest that the
probe did not optimally detect A. bovis-like (sengi). Full optimisation of the probe was not done
during this study and future steps should be taken to ensure that the probe and/or PCR-RLB

conditions are fully optimised to detect A. bovis-like (sengi). Another explanation for the low
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A. bovis-like (sengi) detection rate could be the presence of other genetic variants not detected
by the A. bovis-like (sengi) probe. It is also possible that reservoirs can be infected with
multiple strains from the same genus, one popular co-infection is that of A. marginale and A.
centrale (Belkahia et al., 2015, Khumalo et al., 2016, Chaisi et al., 2017, Hove et al., 2018).
As such, we were only able to amplify and obtain 16S rDNA and GroEL gene sequence data

for 12 and eight animals, respectively.

There is limited gene sequence information available for conserved and semi-conserved A.
bovis genes due to the unsuccessful attempts to cultivate A. bovis in vitro (Moustafa et al.,
2015). This difficulty in cultivating Anaplasma spp. makes it difficult to generate enough target
DNA for whole-genome sequencing (Battilani et al., 2017). With most gene sequence
information being available for A. marginale and A. phagocytophilum (Battilani et al., 2017),
the phylogenetic position of the A. bovis-like strain is uncertain (Ooshiro et al., 2008).
According to Kang et al. (2011), 16S rRNA gene sequence analysis has shown that A. bovis
has a closer relationship with A. phagocytophilum than with A. centrale. This was also been
demonstrated by Zobba et al. (2014), where phylogenetic analysis of two 16S rRNA A. platys-
like sequences demonstrated that the A. platys-like sequences grouped into the same cluster
as A. phagocytophilum and A. bovis. Our results support the closer relationship between A.
bovis and its closely related strains, including those in sengi, and the monophyletic lineage
containing A. phagocytophilum, A. odocoilei, A. platys and “Candidatus A. camelii”. However,
the levels of support for this relationship were below the 70% and 95% nodal support values
corresponding to statistical significance for ML and BI, respectively (Hillis and Bull, 1993,
Alfaro et al., 2003).

The Anaplasma sp. sequence obtained in this study resembles that of A. bovis but is
sufficiently genetically distinct to tentatively suggest that it likely represents a novel species
within an A. bovis species complex, which in addition to containing the sengi strain, comprises
of two additional discrete lineages, viz. KJ410304 + KX987399 and JN588562 + JX092095 in
the GroEL gene phylogeny. However, the higher levels of variation within the GroEL gene
region characterised did not assist with improved phylogenetic placement of the sengi strain,
nor of A. bovis within the broader Anaplasma phylogeny as only the terminal nodes had high
levels of support. In addition, the number of genotypes recovered for the GroEL gene region
matched that identified with the more conserved 16S rRNA gene. However, the combination
of the two datasets revealed the presence of at least three genetically discernible genotype
combinations, viz. A-C, B-C and B-D. Together these results suggest that concatenation of
the two gene regions prior to phylogenetic analysis may be warranted, and that

characterisation of additional gene regions is needed to resolve the phylogenetic position of
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A. bovis and its closely related genotypes/species within the tick-borne Anaplasmataceae
phylogeny with confidence. Sequence data on its own is not sufficient to describe new species;
thus we suggest that a type specimen be obtained by attempting to culture the strain. The full
description of the novel species would highly benefit from additional morphological studies as

well.

During 16S rRNA sequence analysis of this Anaplasma species found within rock sengi, it was
clear that this species shares recent common ancestry with A. bovis (99% bootstrap support)
but that these are polyphyletic, which means that the common ancestor cannot be identified
with confidence. These sequences might also stem from the same ancestor as A.
phagocytophilum, A. platys and A. odocoilei but this is only supported by a 68% bootstrap
support. Further studies on this novel species are very important so that we could clearly place
this unknown species within the genus Anaplasma. When A. bovis is present within cattle and
symptoms occur, case fatality rates can reach 50%. It is unclear how pathogenic the A. bovis-
like (sengi) strain is. Harrison et al. (2013) clearly stated how important it is to compare this

novel species to other pathogenic strains found in cattle to determine its potential impact.

The fact that twelve 16S rRNA A. bovis-like sequences were obtained from rock sengi from
two localities eliminates the possibility of ‘incidental infection’. It is widely known that
pathogens can infect vertebrates that are not their natural hosts but this is more common in
humans (Baxby et al., 1994, Hartskeerl & Terpstra, 1996, Barnett et al., 1999, Chantrey et al.,
1999).

In their study, Harrison et al. (2013) amplified A. bovis-like sequences from 30 samples using
Parola (EHR 16SD and EHR 16SR) primers. These primers were less successful within our
study where no A. bovis DNA could be amplified with these primers. However, the A. bovis
found within their study was identical to the A. bovis-like (sengi) genotype B across a 675 bp
region of the 16S rRNA gene. The 16S rRNA Anaplasma sequences identified within their
study were closely related to A. platys and A. phagocytophilum, which is consistent with the
results obtained in our study. Obtaining A. bovis-like sequences from two different studies

done on rock sengi, indicates that a novel A. bovis species occurs within rock sengi.

Ybarfiez et al. (2014) stated that previous studies on the phylogeny of Anaplasma spp. through
the use of the GroEL gene, did not include A. bovis because no sequence data were available
at that time for this bacterial species. Consequently, the phylogeny on A. bovis was only done
with the 16S rRNA gene (Ybafiez et al., 2014). After the introduction of the analysis of the

GroEL gene of A. bovis, a number of studies were published which helped to place A. bovis

49



more accurately in the phylogeny of the genus Anaplasma (Kang et al., 2011, Ybafiez et al.,
2014, Zobba et al., 2014). The study of Ybafiez et al. (2014) showed that A. bovis clusters
with A. platys and A. phagocytophilum (90% bootstrap support), whereas that of Zobba et al.
(2014) indicated that A. bovis strains are genetically distinct from all other species within the
genus Anaplasma. The results in our study correspond to the results found in Zobba et al.
(2014), again showing the need of further studies to clarify the position of A. bovis-like (sengi)

within the phylogeny of Anaplasma.
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Detecting an Anaplasma bovis-like strain in rock sengi, which usually only infects bovines,
makes it clear that more studies needs to be done on the genus Anaplasma. It has been
proven how extensively rock sengi are infected with ticks, yet this is the first study in which the
simultaneous detection of haemoparasites infecting rock sengi has been investigated. This
underscores the current lack of knowledge regarding the role that rock sengi play as reservoir
hosts for a range of infectious pathogens, vector-borne agents which could pose a potential
threat to animal and human health. Thus, further research needs to be done on the
pathogenicity and the potential threat to animal and human health of this A. bovis-like (sengi)
strain, as well as the other haemoparasites infecting rock sengi.
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APPENDICES

Appendix I: Letter approval for the MSc study “Tick-borne haemoparasite occurrence and

Anaplasma bovis strain diversity in eastern rock sengis (Elephantulus myurus)” issued by the

Animal Ethics Committee, University of Pretoria, South Africa.

SITEIT VAN PRETOR
S§ITY OF PRETOR
JESITHI YA PRETOR
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Animal Ethics Committee

Extension No. 1
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(Elepontulus myurus) and their associated fick species

PROJECT NUMBER - VoB1-16

RESEARCHER /PRINCIPAL INVESTIGATOR i R Jacobs

STUDENT NUMBER (where applicable) ] UP_16338147

: DISSERTATION/THESIS SUBMITTED FOR M5c
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3 Approval period to use animals for reseorch/testing purposes Jomgery 2017-Janvary 2018
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Appendix Il: Permission to do research in terms of Section 20 of the Animal Diseases ACT,

1984 (ACT No. 35 of 1984) for the research project “Tick-borne haemoparasite occurrence

and Anaplasma bovis strain diversity in eastern rock sengis (Elephantulus myurus)”’, issued

by the Department of Agriculture, Forestry and Fisheries, Pretoria, South Africa.

agriculture,

forestry & fisheries

Depantment:
Agriculture, Forestry and Fishenes
REPUBLIC OF SOUTH AFRICA

Dwectorate Anmal Heatth, Department of Agnaulture, Forestry and Fisheries
Private Bag X138, Pratoria 0001

Enquiries: MrHany Gololo » Tek +27 12 310 7532 « Fax: =27 12318 7470 « E-malt: HenyGacall cov.za

Prof Marninda Oosthuizen
Veterinary Tropical Diseases,
Faculty of Veterinary Science,
University of Pretona

Email: Marinda.ocosthuizen@up.ac.za

RE: PERMISSION TO DO RESEARCH IN TERMS OF SECTION 20 OF THE ANIMAL DISEASES
ACT, 1984 (ACT NO. 35 OF 1984)

Dear Prof Oosthulzen

Your application, received on 7 October 2016, reguesting permission under Section 20 of the Animal
Disease Act, 1984 (Act No. 35 of 1984) to perform a research project or study, refers.

| am pleased to inform you that permission i1s hereby granted to perform the following study, with the
following conditions:

Conditions:
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him/her by any other Act of the Republic of South Africa;
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the above is to be stored or distributed;

3. Only rock sengl extracted DNA and tick samples collected during previcus studies at the
university, as outlined in the Section 20 appiication. may be utilised in the current study. No
new field samples are permitted to be collected or utiised;

4. Piease note that Section 20 approval Is required to be obtained prior to the collection of field
samples intended for research purposes,
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Title of research/study: Tick-borne haemoparasite occurrence and Anaplasma bovis strain diversity
in eastern rock sengis (Elephantulus myurus)

Researcher: Prof Marinda Oosthuizen
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freezer at the Department of Veterinary Tropical Diseases, University of Pretoria;

ii) Stored samples may not be outsourced or used for further research without prior
written approval from DAFF.

Kind regards,
Mt eso
D( MPHO MAJA
DIRECTOR! IMAL HEALTH

O W8 -ii- g7

72



Appendix Ill: Summary of results obtained within this study along with the results from the study of Harrison et al. (2013).

Sample Location Harrison results RLB Results 16S rRNA results from GroEL results from
No with Parola primers current study current study
1 Goro A. bovis AJ/E catch-all, T. catch-all (vf)
2 Goro A. bovis Negative
3 Goro A. bovis AJ/E catch-all, A. bovis-like (sengi) (vf)
5 Goro A. bovis AJE catch-all, A. bovis-like (sengi) (f) Genotype B — Closest match is
to Uncultured Anaplasma sp.
clone ES1
_ Goro Negative B. catch-all 1, B. catch-all 2
7 Goro A. bovis A/E catch-all, A. bovis-like (sengi) (vf)
8 Goro Negative Negative
_ Goro Negative Negative
10 Goro Negative A/E catch-all (vf)
11 Goro Negative Negative
12 Goro A. bovis A/E catch-all
13 Goro Negative Negative
_ Goro Negative Negative
15 Goro Negative A/E catch-all
16 Goro A. bovis Negative
17 Goro Negative Negative
18 (20) Goro Negative Negative
19 Goro Negative Negative
21 Goro Negative Negative
23 Goro Negative Negative
24 Goro Negative Negative
25 Goro Negative Negative
26 Goro Negative A/E catch-all
Goro Negative A/E catch-all
28 (31) Goro A. bovis T. catch-all, B catch-all 1(f) Genotype B-D — Closest match ~ Genotype B-D — Closest
is to Uncultured Anaplasma sp.  match is to Uncultured
clone ES1 Anaplasma sp. clone 499
29 Goro Negative Negative
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Sample Location Harrison results RLB Results 16S rRNA results from GroEL results from
No with Parola primers current study current study
30 Goro Negative Negative
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (vf)
Goro Negative Negative
Goro Negative Negative
Goro Negative Negative
Goro Negative A/E catch-all, T/B catch-all, B. catch-all 1, B. catch-all 2, B. bovis
Goro Negative B. catch-all 1; B. catch-all 2
Goro A. bovis AJE catch-all
Goro Negative A/E catch-all
Goro Negative Negative
Goro Negative Negative
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (vf) Genotype B-D — Closest match ~ Genotype B-D — Closest
is to Uncultured Anaplasma sp.  match is to Uncultured
clone ES1 Anaplasma sp. clone 499
Goro A. bovis A/E catch-all, A. bovis-like (sengi) Genotype B-D — Closest match ~ Genotype B-D — Closest
is to Uncultured Anaplasma sp.  match is to Uncultured
clone ES1 Anaplasma sp. clone 499
44 Goro Negative B. catch-all 1; B. catch-all 2
46 Goro A. bovis AJE catch-all
a7 Goro Negative Negative
_ Goro Negative
49 Goro A. bovis Negative
50 Goro Negative B. catch-all 1; B. catch-all 2
Goro Negative B. catch-all 1; B. catch-all 2
Goro Negative Negative
Goro Negative
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (f) Genotype B — Closest match is
to Uncultured Anaplasma sp.
clone ES1
Goro Negative Negative
Goro Negative Negative
Goro Negative Negative
Goro Negative B. catch-all 1; B. catch-all 2
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Sample Location Harrison results RLB Results 16S rRNA results from GroEL results from
No with Parola primers current study current study
Goro Negative Negative
Goro Negative B. catch-all 1 (f)
Goro Negative Negative
Goro Negative Negative
Goro Negative Negative
Goro Negative Negative
Goro Negative Negative
Goro Negative Negative
_ Goro Negative Negative
_ Goro Negative Negative
Goro Negative T. catch-all (vvf)
Goro Negative Negative
Goro Negative A/E catch-all
Goro Negative A/E catch-all (vvf)
Goro Negative Negative
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (vf)
Goro Negative T/B catch-all, B. catch-all 1, B. catch-all 2
Goro Negative T/B catch-all (vf); B. catch-all 1; B. catch-all 2 (vf)
Goro Negative Negative
Goro A. bovis A/E catch-all
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (f)
Goro Negative Negative
Goro Negative A/E catch-all
Goro Negative Negative
_ Goro A. bovis AJE catch-all (f)
Goro Negative B. catch-all 1; B. catch-all 2 (vf)
89 Goro Negative B. catch-all 1; B. catch-all 2 (vf)
90 Goro Negative Negative
91 Goro Negative B. catch-all 1; B. catch-all 2 (f)
Goro A. bovis AJE catch-all
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Sample Location Harrison results RLB Results 16S rRNA results from GroEL results from
No with Parola primers current study current study
Goro Negative A/E catch-all (vf)
Goro A. bovis A/E catch-all (vf)
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (vf), T/B catch-all (vf), B. catch-all 1, B. ~ Genotype B-D — Closest match  Genotype B-D — Closest
catch-all 2 is to Uncultured Anaplasma sp.  match is to Uncultured
clone ES1 Anaplasma sp. clone 499
Goro A. bovis A/E catch-all
Goro A. bovis A/E catch-all
98 Goro Negative Negative
Goro Negative Negative
_ Goro Negative B. catch-all 1, B. catch-all 2
Goro Negative Negative
_ Goro A. bovis Negative
_ Goro A. bovis Negative
Goro Negative Negative
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (vf) Genotype B-D — Closest match ~ Genotype B-D — Closest
is to Uncultured Anaplasma sp.  match is to Uncultured
clone ES1 Anaplasma sp. clone 499
Goro Negative Negative
_ Goro Negative T. catch-all (wf)
Goro Negative Negative
Goro A. bovis A/E catch-all, A. bovis-like (sengi) (f), T/B catch-all (f), B. catch-all 1, B. Genotype B-D — Closest match  Genotype B-D — Closest
catch-all 2 is to Uncultured Anaplasma sp.  match is to Uncultured
clone ES1 Anaplasma sp. clone 499
Goro A. bovis A/E catch-all, T. catch-all, B. catch-all 1
111 Goro Negative B. catch-all 1; B. catch-all 2 (vvf)
112 Goro Negative Negative
113 Goro A. bovis AJE catch-all
New samples from Hatyoka, 2018
L27-14 Goro ND Negative
L35-14 Goro ND Negative
Goro ND A/E catch-all (f), T/B catch-all, B. catch-all 1, B. catch-all 2
Goro Negative
Goro Negative
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Sample

Location Harrison results RLB Results 16S rRNA results from GroEL results from
with Parola primers current study current study

Goro Negative

Goro Negative

Goro Negative

Ezemvelo T. catch-all (vf)

Ezemvelo Negative

Ezemvelo A/E catch-all, A. bovis-like (sengi) (vf)

Ezemvelo Negative

Ezemvelo AJ/E catch-all, A. bovis-like (sengi) (vf) Genotype A-C — Closest Genotype A-C — Closest
match is to Uncultured match is to Uncultured
Anaplasma sp. clone ES1 Anaplasma sp. clone 499

Ezemvelo A/E catch-all, A. bovis-like (sengi) (vvf) Genotype A — Closest
match is to Uncultured
Anaplasma sp. clone ES1

Ezemvelo Negative

Ezemvelo Negative

Ezemvelo T. catch-all, B. catch-all 1, B. catch-all 2 (f)

Ezemvelo Negative

Ezemvelo T. catch-all, B. catch-all 1, B. catch-all 2

Ezemvelo Negative

Ezemvelo Negative

Ezemvelo Negative

Ezemvelo Negative

Ezemvelo Negative

Ezemvelo Negative

Ezemvelo A/E catch-all (vvf)

Ezemvelo Negative

Ezemvelo A/E catch-all, T/B catch-all, B. catch-all 1, B. catch-all 2 (f)

Ezemvelo A/E catch-all (f), T/B catch-all, B. catch-all 1, B. catch-all 2 (f)

Ezemvelo Negative

Ezemvelo AJE catch-all

Ezemvelo B. catch-all 1

Ezemvelo T. catch-all
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Sample Location Harrison results RLB Results 16S rRNA results from GroEL results from

with Parola primers current study current study
Ezemvelo Negative
Ezemvelo Negative
Ezemvelo A/E catch-all, B. catch-all 1
Ezemvelo AJE catch-all
Ezemvelo A/E catch-all, T. catch-all, B. catch-all 1, B. catch-all 2
Ezemvelo AJ/E catch-all, T. catch-all Genotype B-C - Closest Genotype B-C — Closest match
match is to Uncultured isto Uncultured Anaplasma sp.
Anaplasma sp. clone ES1 clone 499
Ezemvelo Negative
Ezemvelo A/E catch-all (f), T. catch-all (vvf)
Ezemvelo Negative
Ezemvelo Negative
Ezemvelo A/E catch-all, A. bovis-like (sengi) (vf), T. catch-all (f)
Ezemvelo AJ/E catchall, A. bovis-like (sengi) (vvf) Genotype B — Closest match
is to Uncultured Anaplasma
sp. clone ES1
Ezemvelo A/E catch-all, T. catch-all
Ezemvelo Negative
Ezemvelo Negative
Ezemvelo T. catch-all, B. catch-all 1 (vf), B. catch-all 2 (vvf)
Ezemvelo Negative
Ezemvelo Negative
L93 Ezemvelo T. catch-all, B. catch-all 1 (vf), B. catch-all 2 (vvf)
L94 Ezemvelo Negative
L97 Ezemvelo Negative
L100 Ezemvelo A/E catch-all (vf)
L104 Ezemvelo Negative
A/E catch-all = Anaplasma/Ehrlichia genus-specific probe (f) = faint
B1 catch-all = Babesia genus-specific probe 1 (vf) = very faint
B2 catch-all = Babesia genus-specific probe 2 (vvf) = extremely faint
T catch-all = Theileria genus-specific probe ND = Not Done
Negative = Considered negative or below the detection limit of the assay *Numbers highlighted with blue indicates those that were subjected to Genomiphi amplification
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