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Thesis Summary

The Mnisi community, a rural area, is nestled at the cusp of a human/livestock/wildlife interface in
Bushbuckridge Municipality, Mpumalanga Province, South Africa. In this area, undifferentiated non-
malarial acute febrile illness (AFI) is among the most common presenting signs in patients seeking
healthcare at the community clinics. Recent research suggested that zoonotic pathogens either rodent-
borne or tick-borne may be common aetiologies of febrile illness in the community. The study had shown
that patients presenting with non-malarial AFI had prior exposure to Bartonella spp., spotted fever group
Rickettsia, Coxiella burnetii and Leptospira spp. Low levels of West Nile and Sindbis, but no Rift Valley
fever virus exposure were found. In a separate study, the molecular detection of a bacterium closely
related to Anaplasma phagocytophilum in dog samples collected in the Mnisi community was also
reported. The aim of this study was, therefore to investigate wild rodents, cattle and dogs as well as
their associated ticks, as possible sources of zoonotic pathogen infection in the Mnisi community using
a microbiome sequencing approach. We also screened AFI patient samples, rodents, dogs, cattle and
ticks for the presence of A. phagocytophilum using a real-time PCR assay. The Anaplasma species

detected were subsequently characterized using gene sequencing and phylogenetic analysis.

The sample set consisted of 282 wild rodents trapped across three habitat types, 74 AFI patients, 56
domestic dogs, 100 cattle, 160 Rhipicephalus sanguineus ticks collected from dogs and 348
Amblyomma hebraeum ticks collected from cattle. Of these, the bacterial blood microbiome of a subset
of samples was generated using circular consensus sequencing (CCS) performed on the Pacific
Biosciences platform at Washington State University. The full sample set was then also screened for
the specific presence of A. phagocytophilum using a Tagman real-time PCR assay, followed by the
molecular characterization and phylogenetic analysis of A. phagocytophilum targeting the 16S rRNA,

gltA, ankA and msp4 genes.

The bacterial blood microbiome of 25 Mastomys rodent species collected from three habitat areas

revealed a total of 65,060 bacterial sequences with 29% of the total sequence reads obtained
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corresponding to Bartonella grahamii, 23% to Bartonella sp. strain RF255YX and 12% of sequences to
Bartonella spp. Overall, rodents from Hlalakahle (urban/periurban area) and Tlhavekisa (communal
rangeland) had higher proportions of Bartonella species (~85%), while Gottenburg (urban/periurban
area) and Manyeleti (protected area) had lower Bartonella spp. loads (~45%). Other organisms of
zoonotic and veterinary significance detected included Ehrlichia sp. (~0.03%), C. burnetii (~0.02%),

Anaplasma spp. (~0.5%), and Brucella spp. (~1%).

Characterization of the blood microbiome of the dogs revealed 30,340 bacterial sequences, with 24%
of the total sequences obtained from canine blood corresponding to Ehrlichia canis, 19.3% to A. platys,
14.8% to Anaplasma sp. ZAM dog, while 0.3% of sequences corresponded to A. phagocytophilum. The
characterization of the blood microbiome from nine cattle revealed 34,559 bacterial sequences, of which
58% corresponded to A. marginale, 22.2% to Anaplasma sp. Mymensingh, 10.5% to Anaplasma spp.
and 5.4% to Anaplasma sp. Dedessa. In addition, these species were detected in the following rates in
cattle blood: Anaplasma sp. Hadesa: 2.7%, A. centrale: 1.4%, Bartonella spp.: 0.5%, A. platys: 0.2%,
Anaplasma sp. Saso: 0.2% and A. phagocytophilum: 0.01%.

Characterization of the bacterial microbiome from 24 pools of salivary glands and 23 pools of midgut
tissues from the 348 A. hebraeum ticks produced a total of 86,308 bacterial sequence reads from the
midgut pools as well as 84,420 sequences from the salivary gland pools. Of these, 81.7% of the
bacterial sequences from the midgut pools and 83% of the sequences from the salivary gland pools
were dominated by the zoonotic pathogen Rickettsia africae, the cause of African tick bite fever (ATBF).
A further 6.8% of the sequences from the salivary gland pools and 6.9% of the sequences from the
midgut pools corresponded to Rickettsia spp. Six percent of the total sequences from the salivary gland
pools and 3.4% of the sequences from the midgut pools corresponded to E. ruminantium, while 1.4%
of the sequence reads from the salivary gland pools and 1.2% of the reads from the midgut pools
corresponded to Coxiella spp. symbionts. Characterization of the blood microbiome of nine AFI patients
revealed 13,726 bacterial sequences. Of significance was the detection of R. africae from three AFI

patients and Brucella melitensis from one AFI patient.

DNA from 74 non-malarial acute febrile illness patients, 282 rodents, 100 cattle, 56 dogs, and 160 R.
sanguineus ticks were screened using a quantitative real-time PCR designed to target the msp2 gene
of A. phagocytophilum. However, the test was found to detect A. phagocytophilum and an Anaplasma
sp. recently described from Zambian dogs (Anaplasma sp. ZAM dog). Sequencing of the 16S rRNA
and gltA genes confirmed the presence of A. phagocytophilum DNA in humans, dogs and rodents; also
highlighting its potential importance as a possible contributing cause of acute febrile illness in humans
in this rural community in South Africa. Anaplasma sp. ZAM dog and Anaplasma platys were
furthermore identified in dogs, while Candidatus Anaplasma boleense and Anaplasma sp. Mymensingh
were identified in cattle. Anaplasma sp. ZAM dog was also identified in R. sanguineus ticks collected
from dogs. Phylogenetic analyses grouped Anaplasma sp. ZAM dog into a distinct clade; providing

sufficient divergence with the other Anaplasma species to warrant classification as a separate species.
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Until appropriate type-material can be deposited and the species can be formally described, we will

refer to this novel organism as Anaplasma sp. SA dog (for Anaplasma sp. southern Africa dog).

In conclusion, the detection of an array of zoonotic bacterial pathogens from wild rodents, domestic
dogs, cattle and their associated ticks and humans in this study highlights their significance as possible
contributing factors to non-malarial febrile illness in the Mnisi community area. We therefore recommend

that healthcare practitioners in the community should consider them in the differential diagnosis of AFI.
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Chapter 1

General Introduction

1.1 Introduction

Zoonotic tick-borne diseases have been described as models for emerging diseases worldwide (Raoult
and Roux, 1997). It is documented that ticks are ranked second only to mosquitoes in the number of
infectious diseases they transmit to humans globally (Parola and Raoult, 2001). It is further estimated
that more than six out of ten infectious diseases in humans are spread from animals, often by an
arthropod vector (Jongejan and Uilenberg, 2004). In recent years, vector-borne viral, bacterial and
parasitic diseases have emerged or re-emerged in many regions, affecting global health and presenting
economic concerns (Colwell et al., 2011). A study in Europe has found an increasing number of vector-
borne infections in companion animals in recent years (Beugnet and Marié, 2009). Another study found
22.8% of all emerging infectious diseases (EID) to be caused by vector-borne pathogens (Jones et al.,
2008). The ecology and epidemiology of these diseases are affected by the interrelations between the
pathogen, the host (human, animal or vector) and the environment (Colwell et al., 2011, Parola and
Raoult, 2001). Vector-borne infections transmitted from wildlife reservoir hosts to domestic animals or

humans are thus of major concern.

In sub-Saharan Africa, a study carried out on patients with febrile illness in East Africa found that malaria
was generally over diagnosed and there was a need to improve the reliability of diagnosis to differentiate
between true cases of malaria and cases of undifferentiated non-malarial acute febrile illness (AFI)
(Amexo et al., 2004, Reyburn et al., 2004). AFl is defined as a rapid fever without an obvious cause,
and it poses a challenge in developing countries, as health care workers do not know how best to
proceed and treat such cases (Capeding et al., 2013). A study conducted in Kenya found the rates of
AFI were grossly underestimated in hospital settings (Feikin et al., 2011). Tick-borne bacterial zoonoses
are frequently implicated in cases of AFI, but very little is known about these zoonoses in Africa (Hotez
and Kamath, 2009). Studies have thus called for improved diagnostics, pathogen surveillance, and the

prompt detection of emerging pathogens (Wolfe et al., 2007).

In Southern Africa, there is a paucity of information on causes of febrile illness in low income
communities (Prasad et al., 2015). The Mnisi community, an area of high rural poverty, is situated at
the human/livestock/wildlife interface in the northeastern corner of the Bushbuckridge Municipality in
Mpumalanga, South Africa andiscl assi fied as one of Sout les. Thé
community is made up of an estimated 29,500 hectares of land (Berrian et al., 2016) and shares 75%
of its boundary with wildlife reserves, which are open to the Kruger National Park and the Mpumalanga
Tourism and Parks Agency (MTPA) game reserves (Manyeleti and Andover) and private game reserves
(Sabi Sands and Timbavati). It is estimated about 40,000 people live in Mnisi in 8,500 households

(Statistics, 2012). In the Mnisi community, undifferentiated non-malarial AFI is among the most common
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presenting sign in patients seeking healthcare at the community clinics (Quan et al., 2014, Simpson et
al., 2018). A study on the one health profile of the community found 72% of all households reported
owning an animal, with 68% of households owning livestock (Berrian et al., 2016). From the number of
households owning animals: 55% of households owned chickens, 31% dogs, 25% cattle, 16% goats,
9% cats, pigs were owned by 5% of households and less than 1% of the households sampled owned
ducks and pigeons (Berrian et al., 2016). Recent research suggests that rodent and vector-borne
zoonoses may be common causes of febrile illness in the Mnisi community (Quan et al., 2014). Partial
16S rRNA gene sequences closely related to the zoonatic tick-borne rickettsial pathogen Anaplasma
phagocytophilum have been detected in domestic dogs in the area and Rickettsia africae was found in
ticks collected from dogs (Kolo et al., 2016). The aforementioned study in the community (Berrian et al.,
2016) also showed that 76% of households sampled reported seeing rodents in and/or around their
home. Out of that number, 62% of the respondents said they saw them daily (Berrian et al., 2016). A
recent serological survey carried out on non-malarial AFI patients in the area found 63.4% of patients
had prior exposure to spotted fever group (SFG) Rickettsia spp., 38.3% to Coxiella burnetii, the cause
of Q fever, while another 9.5% were PCR-positive to zoonotic rodent-borne Bartonella species
(Simpson et al., 2018). The active surveillance for potential pathogens in febrile patients, wild rodents,
domestic dogs, cattle, and their associated ticks is thus of utmost importance in order to predict and
combat emerging zoonotic diseases which could impact human health and livestock production in the

Mnisi area and beyond.

This study sought to investigate wild rodents, cattle and dogs, as well as their associated ticks, as
possible sources of zoonotic pathogen infection in the Mnisi community using a microbiome sequencing
approach. Because partial 16S rRNA gene sequences with 99% sequence similarity to the zoonotic
pathogen A. phagocytophilum have already been found in the region, we characterized this pathogen

from samples collected in the area by sequence analysis of several molecular markers.

1.2 Research Hypothesis

A significant proportion of non-malarial acute febrile illness in the Mnisi community area can be

attributed to zoonotic bacterial intracellular pathogens.

1.3 Research aims and objectives

The aim of this research was to investigate wild rodents, cattle and dogs as well as their associated
ticks, as possible sources of zoonotic pathogen infection in the Mnisi community using a microbiome
sequencing approach. We also screened AFI patient samples, as well as rodents, dogs, cattle and ticks
for the presence of A. phagocytophilum using a real-time PCR assay. The specific objectives were:

1. The characterization of the bacterial blood microbiome of wild rodents collected from three

different habitat areas in the Mnisi community area using next-generation sequencing.



2. The characterization of the bacterial blood microbiome of domestic dogs and cattle in the Mnisi
community using next-generation sequencing.

3. The characterization of the bacterial microbiome of the salivary gland and midgut of
Amblyomma hebraeum ticks collected from cattle across eight different dip tanks in the Mnisi
community area.

4. The characterization of the bacterial blood microbiome of nine AFI patients in the Mnisi
community using next-generation sequencing.

5. The occurrence and genetic diversity of A. phagocytophilum in AFI patients, rodents, cattle,
dogs and Rhipicephalus sanguineus ticks collected from dogs using a quantitative real-time

PCR assay and targeted sequencing of the 16S ribosomal RNA, gItA, msp4 and ankA genes.

1.4 Thesis overview

Chapter 1: This gives a general overview of the background to the study and ends with the aims and

objectives of the study.

Chapter 2: This gives a review of microbiome studies, especially in ticks, rodents, dogs, cattle and
humans and a review of zoonotic bacterial pathogens previously incriminated in the aetiology of non-

malarial acute febrile illness with a focus in Africa.

Chapter 3: The aim of this chapter was to provide a comprehensive insight into bacterial pathogens in
the blood of wild rodents captured from different habitat areas in the Mnisi communal area using next-
generation sequencing approaches. Barcoded sample-specific primers were used to amplify the 16S
ribosomal RNA (rRNA) gene from genomic DNA from 25 wild rodents all previously molecularly
identified as Mastomys spp. Purified PCR amplicons were submitted for circular consensus sequencing
on the Pacific Biosciences platform at the genomic sequencing core of the Washington State University,
Pullman, USA. Sequence analysis revealed notable organisms of zoonotic interest. Targeted species
of interest from the microbiome analysis were further validated using conventional PCR techniques.
Phylogenetic analysis was carried out on 16S rRNA gene sequences from the most prevalent pathogen

detected in the microbiome analysis.

Chapter 4: The aim of this chapter was to survey the bacterial populations in the blood of domestic
dogs and cattle in order to understand the role they play as reservoirs of zoonatic tick-borne pathogens
in the Mnisi community area. Barcoded sample-specific primers were used to amplify the 16S ribosomal
RNA gene from genomic DNA from 10 domestic dogs and nine cattle. Sequence analysis revealed the

detection of Anaplasma, Ehrlichia, Bartonella and Mycoplasma species.

Chapter 5: The aim of this project was to use next-generation sequencing on the Pacific Biosciences
platform to characterize the bacterial microbiome of A. hebraeum ticks collected from domestic cattle
across eight different cattle dip tanks in the Mnisi community area, Mpumalanga, South Africa.

Barcoded sample-specific primers were used to amplify the 16S rRNA gene from genomic DNA of 24



pools of salivary glands and 23 pools of midgut tissue dissected from A. hebraeum. Sequence analysis
revealed R. africae as the dominant symbiont in the microbiome. Microbiome analyses were verified
using a Rickettsia genus-specific QPCR assay. Phylogenetic analysis was carried out on 16S rRNA

gene sequences of Rickettsia species.

Chapter 6: The aim of this chapter was to determine the bacterial population in the blood of nine
patients in Mnisi community with AFI. Barcoded sample-specific primers were used to amplify the 16S
rRNA gene from genomic DNA of nine AFI patients. Sequence analysis revealed zoonotic bacterial
pathogens such as R. africae, Rickettsia spp., Brucella sp. and Stenotrophomonas spp., Herbaspirillum

spp. from the blood of AFI patients.

Chapter 7: The aim of this chapter was to determine the occurrence of A. phagocytophilum and other
Anaplasma spp. in different hosts in Mnisi Community, Mpumalanga Province, South Africa. The
genetic diversity of A. phagocytophilum in AFI patients, rodents, cattle, dogs and R. sanguineus ticks
was explored in order to understand its circulation in the study area. Samples were first screened with
a quantitative real-time polymerase chain reaction (QPCR) assay that targets the msp2 gene of A.
phagocytophilum; however this test was found to cross-react with Anaplasma sp. ZAM dog. Positive
samples were characterized using discriminant genetic markers: 16S rRNA, gltA, msp4 and ankA
genes. Phylogenetic analysis of the 16S rRNA and the gltA gene sequences obtained in this study were

analysed to infer phylogenetic relationships between A. phagocytophilum and other Anaplasma spp.

Chapter 8: This chapter gives a general discussion, conclusion and recommendations on the outcomes

of this study.
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Chapter 2

Literature Review

2.1 Microbiome analysis

Expansion of the human population and the concurrent movement of domestic animals, together with
ecological and environmental changes, including climate change and socio-economic changes, as well
as the complex relationships that exist between disease-causing organisms, human populations and
reservoirs have led to an increasing number of emerging diseases (Colwell et al., 2011). The
epidemiology of known diseases is also constantly changing, especially that of vector-borne diseases
(Colwell et al., 2011). Thus, although many causal agents of undifferentiated acute febrile illness (AFI)
in humans are known and assays to detect them have been developed and can be used in active
surveillance programs, it is possible that AFI could be caused by previously unknown pathogens.
Microbiome analysis of bacterial communities in vectors, humans and animal reservoirs can be used
as an effective tool in detecting the causes of AFIl. The microbiome is simply defined as being made up
of the entire community of microorganisms (commensals, symbionts and pathogens) that occupy a

particular environment (Peterson, 2009).

2.1.1 Methods to study microbial communities

In classical microbiology, culture-based methods have been used in the study of microbes. Other
traditional methods of pathogen identification involve microscopy and serology (Houpikian and Raoult,
2002). Optic microscopy has been used to detect new microorganisms from stained smears from blood
and tissue (Burgdorfer, 1984, Goodman et al., 1996). Bartonella quintana was first detected in
haematoxylin and eosin (H&E) stained tissue sections of patients with bacillary angiomatosis using
histopathology (Maurin and Raoult, 1996). Electron microscopy has advantages over traditional optic
microscopy in its adaptability and high sensitivity (Curry, 2000) and was first used to detect Helicobacter
pylori in the gastric epithelium (Warren and Marshall, 1983). It however has the disadvantages of being
expensive, not readily available, tedious and requires the use of experienced staff (Curry, 2000).
Serology and antigenic detection have also been useful tools to establish indirect evidence to disease
exposure (Houpikian and Raoult, 2002). Serology however, has the disadvantage of widespread cross-
reaction observed between members of the same bacterial genus (Houpikian and Raoult, 2002).
Bacterial culture remains the gold standard in the identification of microbes as it enables antigenic and
genetic research, experimental modelling and antibiotic susceptibility tests (Houpikian and Raoult,
2002). However culture based methods have the disadvantage of being laborious and it has been
estimated that between 20-60% of microorganisms associated with the human microbiome are
uncultivable (Bik et al., 2006, Eckburg et al., 2005).

Next-generation sequencing (NGS) techniques have been shown to offer an alternative to bacterial

culture in studying the diversity of bacterial communities in different organs and systems within the
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human body (Whittle et al., 2019). Two types of NGS methods have been used in the study of
microbiomes; they include shotgun sequencing and amplicon sequencing (Greay et al., 2018). The
most common approach to the study of microbiomes has been amplicon sequencing of the 16S rRNA
gene (Huttenhower et al., 2012). The 16S rRNA gene is a common tool used in amplicon sequencing
because it is made up of both conserved and variable sequence regions that allows for the identification
of microorganisms (Barko et al., 2018). Shotgun sequencing encompasses the fields of metagenomics
and transcriptomics (Greay et al., 2018). Shotgun sequencing also offers some advantages over
amplicon sequencing because it can be used to determine whole or partial genomes, it is also PCR-
free therefore eliminating the bias of amplicon sequencing (Kuczynski et al., 2012). On the other hand,
it is more expensive than amplicon sequencing and requires considerably more data analysis (Sims et
al., 2014).

After the completion of the first human genome sequence which was achieved with Sanger sequencing,
also known as first-generation sequencing, there was a clamour for faster and cheaper sequencing
techniques, and this led to the development of second-generation sequencing or next-generation
sequencing (NGS) methods (Grada and Weinbrecht, 2013). Different NGS platforms carry out huge
parallel sequencing in the course of which millions of DNA fragments from a single sample are
sequenced simultaneously (Grada and Weinbrecht, 2013). NGS has proven useful in the fields of public
health and epidemiology through the sequencing of bacterial and viral species and has led to the

discovery of novel virulence determinants (Grada and Weinbrecht, 2013).

High throughput sequencing using Roche 454, Pacific Biosciences (PacBio), lon Torrent PGM and
lllumina platforms can be used to determine the microbiome, or the organisms that reside within a
particular host, both pathogenic and non-pathogenic (Grada and Weinbrecht, 2013). The Roche 454
platform has an average reading length of between 400-500 base range with paired reads and has
been useful in the genome sequencing of bacteria, animals and humans (Ronaghi et al., 1996). The
lllumina platform uses a reversible terminator chemistry, has a high-throughput, produces short reads
and is based on the detection of fluorescence produced by the addition of fluorescently tagged
nucleotides to a growing fragment of DNA with an error rate of <0.4% in the data produced from this
platform (Grada and Weinbrecht, 2013). The lon Torrent PGM uses semiconductor sequencing that
detects changes in pH when a nucleotide is inserted into a replicating strand of DNA and produces
short reads between 100-200 bp in length with an error rate of ~ 1.8% (Quiail et al., 2012). The PacBio
platform referred to as one of the third-generation sequencing methods, uses an instrument that
sequences separate DNA fragments in real-time. The methodology involves single DNA polymerases
being fixed to the surface of microscope slides (Glenn, 2011). The sequence of the individual DNA
strands is detected when each dNTP gives off a distinctive fluorescent label before being separated
during synthesis (Glenn, 2011). PacBio sequencing gives the longest available read length of 2500 bp,
produces strobed reads containing numerous sub reads from a single strand of DNA and is relatively

inexpensive compared to other NGS platforms (Glenn, 2011). PacBio library preparation however



requires a high DNA input when compared to llumina and lon Torrent PGM which both require far less
DNA (Quail et al., 2012).

2.1.2 Statistical approaches in community analyses

The diversity of bacterial microbiomes is commonly analysed using alpha and beta diversity indices.
The alpha diversity refers to the number of species in a particular sample, i.e. diversity within a sample,
while the beta diversity index is a measure of the dissimilarity between samples or diversity seen
between different samples (Lozupone et al., 2007, Whittaker, 1972). Alpha diversity rarefaction plots
are commonly used in microbiome studies to determine if sufficient sequencing depth was achieved for
every sample (Greay et al., 2018). A plateau in the plot indicates that sufficient sequencing depth was
achieved while an increasing trend in the plot indicates that more sequencing depth needs to be attained
(Greay et al., 2018). Ordination techniques such as principal component analysis (PCA) and
correspondence analysis (CA) have been used to break down complex data sets into primary values
that show variation within different variables (Skalski et al., 2018). Nonmetric multidimensional scaling
(NMDS) ordination has also been used as a statistical tool in microbiome studies to compare samples
based on their rarefied bacterial populations while also analysing the phylogenetic relationship between
operational taxonomic units (OTUs) (Gall et al., 2017, Rynkiewicz et al., 2015). Statistical tests like the
t test, one way analysis of var i apaametri¢ ANV K)skal-
Wallis test) have been used to calculate statistical inferences in microbiome studies (Gosiewski et al.,
2017, Li et al., 2018, Paisse et al., 2016).

2.1.3 Tick microbiome studies

Itis documented that ticks are second to mosquitoes in the transmission of a large number of pathogenic
organisms, including protozoa, bacteria and viruses, to humans and animals worldwide. (Colwell et al.,
2011, Jongejan and Uilenberg, 2004). Evaluation of the microbial diversity residing in tick vectors is
thus of medical and veterinary significance and is important in detecting endemic infections, for
assessing new and emerging zoonotic pathogens and to reveal the associated bacteria within the tick
hosts (Carpi et al., 2011). Non-pathogenic microbes residing in ticks have also been implicated as
important drivers in the transmission of tick-borne pathogens that impact on human and animal health
(Bonnet et al., 2017). Numerous papers have been published describing the microbiome of various
species of ticks (Bonnet et al., 2014, Budachetri et al., 2014, Carpi et al., 2011, Fryxell and DeBruyn,
2016, Gofton et al., 2015a, Qiu et al., 2014, Vayssier-Taussat et al., 2013). A study using the lllumina
platform was able to identify the emerging zoonotic pathogens Candidatus Neoehrlichia mikurensis,
Borrelia miyamotoii and Rickettsia felis from questing Ixodes ricinus nymphs collected from the
vegetation in Western France, as well as several expected pathogens like A. phagocytophilum, R.
helvetica and Borrelia burgdoferi (Vayssier-Taussat et al., 2013). Other studies using the lllumina
platform revealed the zoonotic parasites Babesia divergens, B. microti and Babesia sp. EU1 as well as

B. major and Theileria species in I. ricinus ticks collected from Eastern France (Bonnet et al., 2014).
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Another study revealed how the choice of blood meals alters the pathogen richness and composition

of the microbiome of Ixodes pacificus in the USA (Swei and Kwan, 2016).

Studies using the lon Torrent platform have detected Borrelia sp., Bartonella henselae and Rickettsia
spp. in Ixodes ticks in Australia (Gofton et al., 2015b), Coxiella and Rickettsia spp. as dominant taxa
from Haemaphysalis ticks in Malaysia (Khoo et al., 2016) and also microbiome changes following blood

feeding in Amblyomma maculatum in the US (Menchaca et al., 2013).

A study done using the Pac Bio platform revealed how microbiome disruptions of Dermacentor
andersoni ticks influenced infection of the ticks with Anaplasma marginale (Gall et al., 2016). Another
study from the same group also using the Pac Bio platform showed how the bacterial microbiome of D.
andersoni differed in ticks collected from different geographic locations and was unique to particular

tissues, in this case the salivary glands and midgut (Gall et al., 2017).

In general, NGS has been used as a tool to discover tick-borne parasites which could be potentially
transmitted by the ticks to susceptible hosts, as well as the discovery of unexpected parasites (Bonnet
et al., 2014, Carpi et al., 2011, Vayssier-Taussat et al., 2013).

2.1.4 Other microbiome studies

The majority of microbiome studies in humans funded by the US NIH Human Microbiome Project (HMP)
and the European Commission Metagenomics of the Human Intestinal Tract (MetaHIT), have focused
on describing the microbiota of the gut, nasal cavity, oral cavity, skin and vagina (Deng and Swanson,
2015). A study in humans, conducted in France, assessed the microbial profile in the blood of healthy
donors using 16S rRNA gene sequencing in order to ensure that blood supplied to patients in need was
not harmful (Paisse et al., 2016). Other studies have used NGS as a diagnostic tool to identify infectious
pathogens in the blood of septic patients (Grumaz et al., 2016) as well as comparing the bacterial
diversity in the blood of septic patients against blood collected from healthy volunteers (Gosiewski et
al., 2017). Another recent study gave a comprehensive description of heterogeneous microbiota in the
blood of apparently healthy individuals as well as in patients with severe acute pancreatitis (Li et al.,
2018).

Novel pathogens, mostly viruses, have been discovered using NGS techniques worldwide. Examples
include the detection of a novel human papillomavirus from patients with febrile respiratory conditions
in the United States (Mokili et al., 2013), and the detection of lujo virus, a haemorrhagic fever associated
virus from patients in South Africa (Briese et al., 2009). Other studies include the discovery of a new
strain of E. coli responsible for an outbreak of haemolytic-uremic syndrome in Germany (Rasko et al.,
2011) and the discovery of a new species, Staphylococcus cornubiensis, from a human skin infection
in the United Kingdom (Murray et al., 2018).
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A few studies have also been published that elucidated the diversity of bacterial communities in the
blood of rodents and their ectoparasites (Cohen et al., 2015, Rynkiewicz et al., 2015). However, the
majority of microbiome studies that have been carried out on animals have been primarily focused on
the microbiome of the gastrointestinal tract. Gastrointestinal microbiome studies have been carried out
in mice (Gu et al., 2013), dogs and cats (Hand et al., 2013, Handl et al., 2011, Ritchie et al., 2008,
Suchodolski et al., 2008, Tun et al., 2012), and cattle (Dowd et al., 2008, Myer et al., 2016).

2.2 Acute febrile illness

In recent years the occurrence of malaria as a febrile illness, and fatalities associated with it, have been
on the decline in Africa; this is despite the disease still being a major cause of fever on the continent
(D'Acremont et al., 2010). This development has led to research focused on the aetiology of
unexplained causes of febrile illness in Africa (Mourembou et al., 2015), and several studies have
identified known pathogens as the cause of AFIl. The flea-borne pathogen, R. felis, the cause of flea-
borne spotted fever (FBSF) has been detected in AFI patients in Kenya, Tanzania and Senegal (Maina
et al., 2012, Prabhu et al., 2011, Socolovschi et al., 2010b). Serological surveys in Cameroun have
detected antibodies to R. africae, the cause of African tick-bite fever (ATBF), in the serum of non-
malarial AFI patients (Ndip et al., 2004). Other studies conducted in Tanzania have implicated C.
burnetti, the cause of Q fever, as the leading cause of non-malarial AFIl in patients from resource-
constrained communities (Crump et al., 2013, Prabhu et al., 2011). Bartonella species causing
bartonellosis have been detected in AFI patients in the Congo and Tanzania (Hercik et al., 2017,
Laudisoit et al., 2011). Studies in East Africa have detected Brucella abortus and B. melitensis in febrile
children in Tanzania (Chipwaza et al., 2015). Brucellosis was also confirmed in 3.5% of hospitalized
patients in Northern Tanzania (Bouley et al., 2012), 2.6% of febrile outpatients in Ethiopia (Animut et
al., 2009) and in AFI patients in Kenya (Njeru et al., 2016). Leptospirosis has been confirmed in 8.4%
of AFI patients in Northern Tanzania (Biggs et al., 2011). In South Africa in the Mnisi community in
Mpumalanga Province, recent research carried out on AFI patients found 24.1% of patients to be
serologically positive for spotted fever group (SFG) Rickettsia, 2.3% to C. burnetii, and 6.8% to
Leptospira spp.; furthermore, 9.5% of patients tested were positive for Bartonella species using PCR
(Simpson et al., 2018).

The current knowledge of selected zoonotic bacterial pathogens that have been implicated as causes

of non-malarial AFl is presented in the following sections.

2.2.1 Anaplasma phagocytophilum

Anaplasma phagocytophilum is a gram-negative obligate intracellular bacterium which infects
neutrophils and causes granulocytic anaplasmosis worldwide (Dumler et al., 2001). Human granulocytic
anaplasmosis (HGA) is an emerging tick-borne zoonosis caused by A. phagocytophilum. The disease
is a febrile illness that can be mild to severe to life threatening (Bakken and Dumler, 2008). It was first

reported in the Unites States (Chen et al., 1994) and has occurred in Europe (Petrovec et al., 1997)
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and Asia (Ohashi et al., 2013, Zhang et al., 2009). Anaplasma phagocytophilum also causes tick-borne
fever (TBF) in ruminants, equine granulocytic anaplasmosis (EGA) in horses and canine granulocytic
anaplasmosis (CGA) in dogs (Stuen et al., 2013). Anaplasma phagocytophilum is transmitted to animal
hosts by Ixodes scapularis and I. pacificus in the USA and by I. ricinus in Europe and I. persulcatus in
Asia (Thomas et al., 2009). Other species of Ixodes ticks reported to maintain enzootic cycles of A.
phagocytophilum include I. spinipalpis in America and I. trianguliceps in northwestern England (Bown
et al., 2003, Zeidner et al., 2000).

2.2.1.1 Biology of Anaplasma phagocytophilum

In infected granulocytes A. phagocytophilum usually appears as morulae in intracytoplasmic vacuoles
(Woldehiwet, 2010). The organism is pleomorphic but can appear as cocci or elliptical in shape and is
0.5-1.5 pym in diameter (Dumler et al., 2005). Anaplasma phagocytophilum divides by binary fission and
it lacks a lipopolysaccharide biosynthetic mechanism (Dumler et al., 2005). Different variants of A.
phagocytophilum have different host predilections and not all strains can infect humans (Barbet et al.,
2013). The Ap-ha strain, which is maintained in the white-footed mouse and which infects humans,
does not seem to cause infection in ruminants (Massung et al., 2003), while the Ap-variant 1 maintained
in white-tailed deer infects ruminants and horses but does not cause infection in mice and humans
(Massung et al., 2006). Other host predilections of A. phagocytophilum include the US human HZ strain
and the horse MRK strain. In general, strains infecting humans, rodents and dogs have been found to

be more similar to each other and different from strains infecting ruminants (Barbet et al., 2013).

2.2.1.2 Epidemiology of Anaplasma phagocytophilum
(a) Worldwide

In Europe, particularly in the United Kingdom, outbreaks of TBF in ruminants have been reported in
domestic goats (Gray et al., 1988), feral goats (Foster and Greig, 1969), sheep (Gordon et al., 1932),
and in red, fallow and roe deer (Alberdi et al., 2000, Silaghi et al., 2011). In Norway, Slovenia,
Switzerland and Austria, TBF has been reported in red deer, moose and chamois (Jenkins et al., 2001,
Liz et al., 2002, Petrovec et al., 2002, Polin et al., 2004, Stuen et al., 2001). CGA was first reported in
dogs in the USA (Madewell and Gribble, 1982), subsequently it was reported in Scandinavia (Egenvall
et al., 1997), Switzerland (Pusterla et al., 1998b), and the United Kingdom (Shaw et al., 2001a, Shaw
et al., 2005). HGA variants have also been shown to cause disease in dogs and horses in North America
(Pusterla et al., 2001). In Scandinavia and other regions of Europe, infection with A. phagocytophilum
in cats has been reported (Bjoersdorff et al., 1999, Lappin et al., 2004, Tarello, 2005). EGA was first
reported in the USA (Gribble, 1969). EGA variants have been found to cause infection in horses in
Scandinavia (Engvall and Egenvall, 2002), Switzerland (Pusterla et al., 1998a), the United Kingdom
(Shaw et al., 2001b), Brazil and Croatia ( Got i | e t. In humans, HGAwag f)rst reported in the
USA (Chen et al., 1994), subsequently infections were reported in different parts of Europe, China and
Japan ( L o +urlanlet al., 1998, Ohashi et al., 2013, Strle, 2004, Zhang et al., 2009).
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(b) Africa

Nucleic acid-based techniques have been used to detect Anaplasma phagocytophilum infection in
horses and ticks in Tunisia (M'Ghirbi et al., 2012), and a serological prevalence study also found horses
with antibodies to A. phagocytophilum (Said et al., 2014). In Algeria, antibodies to A. phagocytophilum
were detected in dogs (Azzag et al., 2015) and the pathogen was also detected by gPCR in cattle
(Dahmani et al., 2015). In Egypt, 7.5% of farmers tested showed evidence of A. phagocytophilum
infection (Ghafar and Eltablawy, 2011), and the pathogen was also detected in R. sanguineus ticks
collected from dogs in that country (Ghafar and Amer, 2012). In Zambia, A. phagocytophilum infection
was detected in 13.6% of baboons and vervet monkeys tested (Nakayima et al., 2014) and more
recently an Anaplasma sp. closely related to the Anaplasma sp. SA dog strain detected in South Africa
(Inokuma et al.,, 2005) named Anaplasma sp. ZAM dog was detected in domestic dogs in Lusaka
(Vlahakis et al., 2018). In Zimbabwe, a PCR based analysis of captive wild felids found 7% of lions,
13% of southern African wild cats and 50% of servals to be infected with A. phagocytophilum (Kelly et
al., 2014).

In South Africa, there has been no official report of the diagnosis of A. phagocytophilum infection in
humans. The organism has been reported in ticks collected from cattle, sheep and goats in South Africa
(Mtshali et al., 2015). However, this finding should be verified since close inspection of the PCR primers
used in that study indicates that they could amplify any Anaplasma species, and the sequence data

presented does not conclusively prove the presence of A. phagocytophilum.

There is a published report of the molecular detection of a bacterium closely related to A.
phagocytophilum designated Anaplasma sp. SA dog strain in three dogs presented at the Veterinary
Teaching Hospital of the Medical University of South Africa (Inokuma et al., 2005). The same organism
was detected in domestic dogs in the Mnisi community area (Kolo et al., 2016). An A. phagocytophilum-
like bacterium was also reported from ticks collected from dogs and cats from four provinces in South
Africa (Mtshali et al., 2017).

While the aforementioned studies (summarised in Table 2-1) suggest A. phagocytophilum detection
across the breadth of Africa, caution is urged, as all the fragment sizes of the sequences generated in
these studies were short (below 490 nucleotides), so it cannot be categorically proven if indeed A.
phagocytophilum was detected or other closely related Anaplasma species. Furthermore, with the
advent of high throughput detection methodologies and 16S rRNA gene survey studies becoming
popular, there have been increasing numbers of distinct Anaplasma-like 16S rRNA gene sequences
being deposited in the public sequence databases. The relationship of these newly detected agents to
known pathogens, and their ability to serve as a source of cross-reaction in molecular testing, have not

been well assessed.
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Table 2-1: Studies that have reported the detection of A. phagocytophilum in Africa using nucleic acid-
based detection methods.

Host animal or
ticks

Dogs

Horses and
Hyalomma
marginatum

Baboons and
vervet monkeys

Rhipicephalus
sanguineus
collected from
dogs

Cattle

Cattle

Amblyomma
cohaerens
Rhipicephalus
pulchellus
Rhipicephalus
maculatus

Lions, serval
and south
African wild cat
Dog

Rhipicephalus
evertsi evertsi,
Rh. decoloratus
and A.
hebraeum
Rhipicephalus

sanguineus and

Haemaphysalis
elliptica

Country

Algeria

Tunisia

Zambia

Egypt

Algeria

Algeria

Ethiopia
Ethiopia

Kenya

Zimbabwe

South Africa

South Africa

South Africa

Gene used for
detection

msp2

16S rRNA

16S rRNA

16S rRNA

23S rRNA

16S rRNA

msp2
16S rRNA

16S rRNA

16S RNA

16S rRNA

16S rRNA

16S rRNA

Fragment size
of sequence
generated

Not sequenced

431 bp

305 bp

219 bp

485 bp

313 bp

Not sequenced

345 bp PCR

Not sequenced

319 bp

316 bp

258 bp

250 bp

250 bp

2.2.1.3 Lifecycle of Anaplasma phagocytophilum

% identity on BLAST

Not sequenced

99% identical to A.
phagocytophilum
(MH122889)

100% identical to A.
phagocytophilum
(MH122891)

99% identical to
Anaplasma sp. clone
(MK138362)

100% identical to A.
phagocytophilum
(CP006618)

100% identical to A.
phagocytophilum
(MH122891)

Not sequenced

Not sequenced
100% identical to A.

phagocytophilum
(MG668811) and

Candidatus Anaplasma

boleense (MH244922)

99% identical to uncultured

Anaplasma sp.
(MG869522)
100% identical to

uncultured Anaplasma sp.

(KP823596)

98% identical to A.
phagocytophilum
(DQ648489)

93% identical to uncultured

Anaplasma sp.
(KX417195)

Reference

(Azzag et al.,
2015)
(MdGhirhbi
2012)

(Nakayima et al.,
2014)

(Ghafar and
Amer, 2012)

(Dahmani et al.,
2015)

(Dahmani et al.,
2015)

(Hornok et al.,
2016)

(Teshale et al.,
2016)
(Mwamuye et al.,
2017)

(Kelly et al., 2014)

(Kolo et al., 2016)

(Mtshali et al.,
2015)

(Mtshali et al.,
2017)

The life cycle of A. phagocytophilum involves both mammalian and tick stages. Anaplasma

phagocytophilum is not effectively transmitted transovarially in ticks so typically larvae are not infected

(Rikihisa, 2011). Ticks of different stages (larvae, nymphs and adults) acquire A. phagocytophilum when

feeding on infected animals. Once infected, A. phagocytophilum is maintained in the tick and

transstadial transmission to susceptible animals occurs during blood feeding (Rikihisa, 2011). Wild
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animals like white footed mice (Peromyscus leucopus) and white-tailed deer (Odocoileus virginianus)
serve as the primary reservoirs of variants of A. phagocytophilum in North America, while domestic
animals like dogs serve as secondary reservoirs for human infection (Telford et al., 1996). Humans are
accidental hosts from the bite of infected ticks and do not form part of the normal lifecycle of the
organism (Rikihisa, 2010). Nosocomial transmission of A. phagocytophilum in humans has been
reported in China though it was not conclusively confirmed by isolation in culture or visualization of the
organism in blood smears (Zhang et al., 2008). Upon transmission to a mammalian host, A.
phagocytophilum multiplies in granulocytes and in monocytes or macrophages by an impairment of the
host 6s innate de(Rikhisa, 006he c hani s ms

2.2.1.4 Clinical signs

(a) Human granulocytic anaplasmosis

Clinical signs of infection with A. phagocytophilum in humans are reported to include flu-like symptoms
of fever, chills, headache and myalgia (AgueroRosenfeld et al., 1996, Bakken and Dumler, 2008,
Dumler et al.,, 2005, Dumler et al., 2007). In the United States, HGA can be serious, requiring
hospitalization in 36% of patients (Dahlgren et al., 2011). Haematological irregularities like leucopenia,
thrombocytopenia, anemia and an increase in the serum aspartate and alanine aminotransferase liver
enzyme activity, which is suggestive of liver damage, have also been observed in 3% of hospitalised
patients (AgueroRosenfeld et al., 1996, Bakken and Dumler, 2008, Dumler et al., 2005, Dumler et al.,
2007).

(b) Granulocytic anaplasmosis in domestic animals

Clinical signs of tick-borne fever in ruminants include a high fever and anorexia accompanied by
inclusion bodies (morulae) that are seen in the neutrophils and thrombocytopenia (Engvall and
Egenvall, 2002, Stuen, 2007). Lameness and losses in milk production have also been observed in
domestic ruminants (Stuen et al., 2002, Tuomi, 1967), as well as abortions in ewes and decreased
fertility in rams and bulls (Stuen, 2007). Anaplasma phagocytophilum infection is not usually fatal in

ruminants unless there are complications with other opportunistic infections (Stuen, 2007).

Clinical signs of CGA include fever, lethargy and anorexia (Little, 2010). Lameness as a result of a
neutrophilic polyarthritis, vomiting, diarrhoea and bleeding anomalies like epistaxis have also been
observed (Egenvall et al., 1997, Engvall and Egenvall, 2002, Greig et al., 1996, Kohn et al., 2008,
Poitout et al., 2005). In cats infected with A. phagocytophilum, clinical signs that have been seen include
fever, inappetance, lethargy, hyperaesthesia, lameness, conjunctivitis and a lack of body coordination
(Heikkila et al., 2010).

The gravity of the clinical signs seen in EGA is usually dependent on the age of the horse, the length
of the iliness, the variant of the organism causing the illness and the immune condition of the host

(Madigan and Gribble, 1987, Stuen et al., 1998). Adult horses more than four years of age show signs
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of fever, depression, anorexia, distal limb oedema, petechial bleeding of mucosa, jaundice, ataxia and
a disinclination to move (Pusterla and Madigan, 2013). Horses younger than four years show less
pronounced signs of a moderate fever, depression, a mild limb oedema and ataxia (Pusterla and
Madigan, 2013). Pathologic findings in horses infected with A. phagocytophilum include leukopenia,
thrombocytopenia, anaemia, jaundice and presence of morulae in the neutrophils and eosinophils
(Pusterla and Madigan, 2013).

2.2.1.5 Diagnosis, treatment and control of A. phagocytophilum

The diagnosis of A. phagocytophilum can be facilitated by the identification of the organism in blood
smears using a light microscope, serological detection of antibodies to the organism in blood, cultivation
of the organism in cell cultures and molecular detection of the organism using polymerase chain
reaction (PCR) methods (Stuen et al., 2013). The drug of choice in the treatment of HGA is tetracycline
(Brodie et al., 1986, Woldehiwet, 2010). In patients allergic to tetracyclines, rifampin can be used as an
alternative drug for treatment (Bakken and Dumler, 2006, Jin et al., 2012). Doxycycline hyclate has
been used successfully in the treatment of HGA at a dosage of 100 mg for adults and 2.2 mg/kg for
children every 12 hours (Stuen et al., 2013).

Prevention of the disease in domestic animals is based on managing tick infestation by the use of
acaricides by dipping or the use of pour-on applications of synthetic pyrethroids (Stuen, 2007). Use of
long-acting antibiotics like tetracycline as prophylaxis before movement of animals from tick-free
environments to tick-infested grazing land has also been practiced (Brodie et al., 1986). Biological tick
control has been proposed as an alternative method to tick management (Samish et al., 2004) but there
are limitations on maintaining the biological control of ticks under natural field conditions (Stuen et al.,
2013).

There is no vaccine available against A. phagocytophilum with attempts to develop one so far
unsuccessful (Ge and Rikihisa, 2006), as a vaccine requires an antigen that is broadly conserved
among isolates (Stuen et al., 2013). Vaccines against ticks have been developed, and cement antigen
vaccines such as TICKGUARDPLUS and Gavac are examples that have been tested and are available
commercially. They work by targeting the midgut cells of ticks resulting in their rupture and eventual tick
mortality (De la Fuente et al., 2007, Labuda et al., 2006). Vaccines that suppress the expression of
subolesin, a tick protective antigen that plays a role in the processes of reproduction, development and
digestion of blood meals in the tick, are also being developed (De la Fuente et al., 2006). There is no
developed vaccine yet against suppressing the activities of tick salivary glands. Tick vaccines have
been advocated as a cost-effective and environmentally friendly method of tick control in comparison

to chemical methods (De la Fuente and Kocan, 2006).
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2.2.2 Rickettsiae

Rickettsioses are a group of infectious diseases caused by bacteria of the genus Rickettsia (Parola et
al., 2005, Raoult and Roux, 1997). They are transmitted by arthropod vectors which include ticks, fleas,
mites and lice (Kelly et al., 2002). Rickettsial organisms include members of the spotted fever group of
rickettsiae, typhus group of rickettsiae and Orientia tsutsugamushi (formerly known as Rickettsia
tsutsugamushi), the cause of scrub typhus (Parola and Raoult, 2006). Spotted fever rickettsiosis has
been recognized in South Africa since the beginning of the 20th century with the earliest report of human
disease as far back as 1911 (McNaught, 1911). Rickettsia conorii, the agent of Mediterranean spotted
fever (MSF), has long been associated with human disease in South Africa (Pretorius and Birtles, 2002,
Troup and Pijper, 1931). Rickettsia aeshlimannii, which causes a Mediterranean spotted fever-like
illness, has also been identified in South Africa (Beati et al., 1997). African tick-bite fever (ATBF),
caused by Rickettsia africae, is also prevalent in South Africa (Jensenius et al., 2003a). Rickettsia
sibirica mongolotimonae, which causes a lymphangitis-associated rickettsiosis (LAR), has been
reported in France from a recent traveller from Egypt (Socolovschi et al., 2010a) and in a construction

worker in the Northern Province of South Africa (Pretorius and Birtles, 2004).

2.2.2.1 Rickettsia africae

Rickettsia africae is the cause of ATBF (Parola et al., 2005). It is transmitted by ticks of the genus
Amblyomma (Kelly et al., 1996), with A. hebraeum and A. variegatum being regarded as the reservoir
hosts and vectors of the organism (Jensenius et al., 2003a). In South Africa, R. africae is transmitted
mainly by A. hebraeum (Kleinerman et al., 2013). In Africa, R. africae has also been detected in a variety
of other ticks including A. lepidum, A. compressum, Rhipicephalus annulatus, R. evertsi evertsi, R.
decolaratus, R. sanguineus, R. geigyi, and Hyalomma dromedarii in Djibouti, Guinea, Senegal, Nigeria,
Liberia, the Democratic Republic of Congo, Botswana, Algeria and Egypt (Abdel-Shafy et al., 2012,
Kernif et al., 2012, Mediannikov et al., 2012a, Mediannikov et al., 2010a, Mediannikov et al., 2012b,
Mediannikov et al., 2010b, Ogo et al., 2012, Portillo et al., 2007, Reye et al., 2012, Socolovschi et al.,
2007). In recent years, it has been detected in A. hebraeum (Halajian et al., 2016) and also in

Haemaphysalis elliptica in South Africa (Kolo et al., 2016).

Signs and symptoms of ATBF include multiple inoculation eschars, headaches, nuchal myalgia, painful
lymphadenopathy, and occasionally, a sparse vesicular rash (Jensenius et al., 2003a). Rickettsia
africae has been detected in ticks and/or humans in 22 countries in sub-Saharan Africa (Parola et al.,
2013). Most cases of African tick-bite fever are seen in international travellers returning from sub-
Saharan Africa (Althaus et al., 2010, Fournier et al., 1998, Jensenius et al., 2003b). In Cameroon, R.
africae DNA was detected in 6% of the indigenous patients that presented with an undifferentiated fever
that was not caused by malaria or typhoid fever (Ndip et al., 2004). In a recent serological survey
conducted in the Mnisi community area, prior exposure to SFG Rickettsia was detected in 92.2% of
patients that presented with AFI in community clinics and 64.4% of farmers, herdsmen and veterinary

personnel who were screened (Simpson et al., 2018).
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2.2.2.2 Rickettsia conorii

A previous study using multi locus sequence typing (MLST) proposed four sub-species of R. conorii as
R. conorii subsp. conorii, R. conorii subsp. indica, R. conorii subsp. caspia and R. conorii subsp.
israelensis (Zhu et al., 2005). Rickettsia conorii subsp. conorii is the cause of MSF. It is mainly
transmitted by the brown dog tick Rhipicephalus sanguineus (Parola et al., 2005). To date, R. conorii
subsp. conorii has been reported in the Central African Republic, Zimbabwe, Senegal, South Africa,
Uganda, Swaziland, Kenya, Libya, Egypt, Algeria, Tunisia and Morocco (Mediannikov et al., 2010a,
Parola et al., 2013, Socolovschi et al., 2007). It has been detected by polymerase chain reaction (PCR)
assays in R. sanguineus ticks in Algeria, Tunisia and Morocco (Bitam et al., 2006, Boudebouch et al.,
Sfar et al., 2009). Rickettsia conorii subsp. conorii has also been detected in Rhipicephalus mushumae
ticks from cattle in the Central African Republic, in Rhipicephalus simus and Haemaphysalis leachi ticks
from dogs in Zimbabwe (Parola et al., 2013), in an R. evertsi evertsi tick from a horse in Senegal and
in a H. punctaleachi tick from a dog in Uganda (Mediannikov et al., 2010a, Socolovschi et al., 2007).
Clinical signs of MSF include high fever with an acute onset (above 39°C), headache, malaise,
arthromyalgias and an eschar at the location of the tick bite (Rovery and Raoult, 2008). There have
been increasing numbers of reports of human cases of MSF in Algeria, Tunisia and Morocco (Kernif et
al., 2012). In Algeria, 49% of patients hospitalized for MSF had very serious forms of the disease
(Kaabia et al., 2009, Mouffok et al., 2009). Rickettsia conorii subsp. conorii was also detected in the
blood of a young girl with fever in Senegal (Mediannikov et al., 2010a) and in a South African man on
a trip to Brazil who later died of the infection (De Almeida et al., 2010). Clinical signs seen in this fatal
case included fever, chills, vomiting, hematuria, sore throat and a generalized maculopapular rash (De
Almeida et al., 2010). Rickettsia conorii was also recently detected in a survey of small mammals across

seven provinces in South Africa and parts of Namibia (Essbauer et al., 2018).

Other subspecies of R. conorii identified in Africa include R. conorii subsp. israelensis which causes of
Israeli spotted fever (ISF). The organism has been detected by PCR in skin biopsy samples from
patients in southern Tunisia (Znazen et al.,, 2011). Rickettsia conorii subsp. caspia, the cause of
Astrakhan fever, was detected in a French traveller who was returning from Chad, and presented with

a fever and a maculopapulous rash (Fournier et al., 2003).

2.2.2.3 Rickettsia aeschlimannii

Rickettsia aeschlimannii causes a Mediterranean spotted fever-like illness. The organism was first
isolated from Hyalomma marginatum marginatum ticks in Morocco (Beati et al., 1997). Rickettsia
aeschlimannii has been detected in different species of Hyalomma ticks collected from cattle and
camels in Egypt, Sudan, Algeria, and Tunisia (Kernif et al., 2012), in H. marginatum rufipes and H.
truncatum in Senegal (Mediannikov et al.,, 2010a), in R. evertsi evertsi in Nigeria and Senegal
(Mediannikov et al., 2010a, Reye et al., 2012) and in R. annulatus and A. variegatum in Nigeria (Reye

et al., 2012). Human infections have been reported in a French traveller after a trip to Morocco (Raoult
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et al., 2002), in two febrile patients in Algeria (Mokrani et al., 2008) and in a South African patient

infected after been bitten by a Rhipicephalus appendiculatus tick (Pretorius and Birtles, 2002).

2.2.2.4 Rickettsia sibirica mongolotimonae

Rickettsia sibirica mongolotimonae is the cause of lymphangitis associated rickettsioses (LAR)
(Socolovschi et al., 2010a). It has been detected in H. truncatum ticks collected from cattle in Niger
(Parola et al., 2001) and H. truncatum collected from horses, donkeys, cattle, sheep and goats in
Senegal (Mediannikov et al., 2010a). Human infection with this organism has been reported in South
Africa in a patient that presented with lymphanagitis, fever and an eschar on his toe (Pretorius and Birtles,
2004). Two travellers who had recently returned to Southern France from Algeria (Fournier et al., 2005,
Socolovschi et al., 2010a) and Egypt (Fournier et al., 2005, Socolovschi et al., 2010a) presented with
fever, asthenia, headaches and arthromyalgia and were determined to have R. sibirica infection.

2.2.2.5 Other rickettsiae detected in South Africa

A number of other rickettsial pathogens have been reported in South Africa. Rickettsia massilliae was
detected in ten Amblyomma sylvaticum and one Rhipicephalus simus collected from a Leopard tortoise
in a study conducted in Limpopo and Western Cape Provinces (Halajian et al., 2016). In another study,
R. massilliae, R. felis, R. helvetica, and three new Candidatus species, Candidatus Rickettsia
africaustralis, Ca R. rhabdomydis and Ca R. muridii, were detected from small mammals collected from
seven provinces in the country (Essbauer et al.,, 2018). A Rickettsia felis-like organism, Ca R.
asemboensis, was also detected in Ctenocephalides felis strongylus fleas collected from domestic dogs

in Mpumalanga Province (Kolo et al., 2016).

2.2.2.6 Diagnosis, treatment and control of rickettsial infections

Rickettsial diseases are difficult to diagnose clinically because of the similarity of clinical signs with
many other infectious diseases. Therefore, laboratory investigations help in ascertaining the cause of
rickettsial diseases (Parola and Raoult, 2006). The cultivation of rickettsiae in reference laboratories
remains the most definitive way of isolating rickettsiae from clinical samples but it requires that the
research is conducted in biosafety level 3 laboratories (Parola and Raoult, 2006). Embryonated chicken
egg yolk sacs, laboratory animals, and cell cultures using Vero or L929 cells have been successfully
used in the isolation of rickettsiae (La Scola and Raoult, 1997). Serological tests like the Weil-Felix test,
indirect fluorescent antibody (IFA) test, enzyme-linked immunosorbent assay (ELISA), the cross-
absorption (CA) technique and the western immunoblot assay are also useful tools in the diagnosis of
rickettsioses (Ghorbani et al., 1997, La Scola and Raoult, 1997, Osuga et al., 1991, Thiga et al., 2015).
Molecular techniques including PCR and sequencing are fast, sensitive and practical tools in the
diagnosis of rickettsial pathogens from blood and skin biopsy samples, however these tests suffer from
sensitivity issues and work best during acute infection (Parola et al., 2005). Several assays targeting
different genes have been developed for the effective diagnosis of rickettsioses (Fournier and Raoult,
2004, Kidd et al., 2008, Renvoise et al., 2012, Stenos et al., 2005). Genomic advances have also
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broadened the knowledge base on rickettsiae, with large amounts of genomic data readily available
(Fournier et al., 2007, Merhej and Raoult, 2011).

Doxycycline remains the drug of choice for the treatment of rickettsioses at a dosage of 100 mg twice
a day for adults while other newer macrolides like clarithromycin and azithromycin show promise as
alternatives in the treatment of some rickettsioses (Botelho-Nevers et al., 2012, Dumler et al., 2007,
Ghorbani et al., 1997). There were two types of vaccines previously in use against rickettsial diseases
in humans whole killed bacteria and live attenuated bacteria (Walker, 2009). However these vaccines
have sometimes caused severe illness with low protection (Gear, 1969). There is no vaccine currently

available for the prevention of rickettsial infections (Richards, 2004).

2.2.3 Bartonella

Bartonella species are gram-negative intracellular bacteria that infect erythrocytes, endothelial cells and
macrophages of mammals and are transmitted by arthropod vectors which include ticks, fleas, bat flies,
sand flies, ked flies and lice (Billeter et al., 2012, Billeter et al., 2008). Infections with Bartonella species
have a worldwide distribution, and since the discovery of the genus, more than 30 species of Bartonella
have been identified from a variety of mammals (Kosoy et al., 2012). A number of Bartonella species
have been implicated in causing disease in humans. Bartonella henselae is the cause of cat-scratch
disease (CSD), endocarditis, bacillary peliosis and bacillary angiomatosis (Groves and Harrington,
1994). In South Africa, B. henselae was detected using nucleic acid-based techniques in 10% of HIV

immunocompromised patients (Frean et al.,, 2002), and in cats using the IFA test (Kelly, 1996).

Bartonella bacilliformisi s t he aeti ol ogical agent of Carrionés

fever in the acute phase and verruga peruana in the chronic stages (Clemente et al., 2012). It is a
disease that occurs in Peru and parts of Ecuador and Colombia in South America (Minnick et al., 2014).
Oroya fever is a serious disease that can be fatal if left untreated in the acute stages (Clemente et al.,
2012). Bartonella bacilliformis is transmitted by phlebotomine sand flies (Clemente et al., 2012).
Bartonella quintana causes trench fever transmitted by the human body louse Pediculus
humanus variety corporis (Ohl and Spach, 2000). It is estimated that over a million troops had trench
fever dur i n ¢Vvinsuo et al.d196@)alm imr@unocompromised individuals, B. quintana causes
bacillary angiomatosis, endocarditis, and lymphadenopathy (Spach et al., 1993). In western countries
of Europe and North America, B. quintana infection is linked to homeless people, alcoholism and
poverty (Ohl and Spach, 2000).

Rodent-borne Bartonella species including B. elizabethae, B. grahamii, B. tribocorum, B. washoensis,
B. alsatica and B. vinsonii subsp. arupensis have also been implicated in causing human infection
especially in immunocompromised individuals (Anderson and Neuman, 1997, Breitschwerdt et al.,
2007). In Africa, a serological study detected IgG antibodies against B. henselae, B. quintana and B.

clarridgeiae in 4.5% of patients that presented with fever in the Democratic Republic of Congo (DRC)
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using an IFA test (Laudisoit et al., 2011). Bartonella spp. were also detected in 1% of AFI patients in

Tanzania using real-time PCR (Hercik et al., 2017).

In South Africa, Bartonella spp. have been detected in 25% of rodents, 9.5% of cats, 22.5% of HIV
patients, 9.5% of apparently healthy volunteers and 9% of dogs screened in Gauteng Province (Trataris
et al., 2012). Recently, B. vinsonii subspecies berkhoffii, B. henselae, B. quintana, B. thailandensis and
Bartonella spp. were detected in 9.5% of AFI patients screened in the Mnisi community area (Simpson
et al., 2018). In other studies in the country, Bartonella spp. were detected in small rodents from the
Free State Province (Pretorius et al., 2004) and B. elizabethae in 44% of rock mice (Brettschneider et
al., 2012). A recent study reported an infection rate of 15% and the presence of three phylogenetic
lineages of Bartonella species circulating in 80 Rhabdomys pumilio rodents captured from the Western
Cape Province (Hatyoka et al., 2019). Bartonella elizabethae has been implicated as a cause of
bacteraemia and endocarditis in humans (Daly et al., 1993). A wide range of Bartonella species have
been detected from small mammals and ectoparasites in other African countries. Bartonella elizabethae
and B. tribocorum were detected in rodents and hedgehogs sampled from Algeria, DRC and Tanzania
(Bitam et al., 2009, Gundi et al., 2012). In Algeria, B. vinsonii subsp. berkhoffii, B. clarridgeiae, and B.
elizabethae were detected in 6.2% of domestic dogs (Kernif et al., 2010) and recently, B. tamiae was
detected from 63.2% of Ixodes vespertilionis ticks and different genotypes of a Bartonella sp. were
detected in soft ticks (Lafri et al., 2017, Leulmi et al., 2016). A diversity of Bartonella species has also
been detected in small mammals and fleas in Ethiopia (Kumsa et al., 2014, Meheretu et al., 2013),
Uganda (Billeter et al., 2014), Kenya (Halliday et al., 2015, Young et al., 2014) and in fleas from
Morocco, DRC and Egypt (Boudebouch et al., 2011, Loftis et al., 2006, Sackal et al., 2008). Bartonella

species have also been detected from rodents, fleas and ticks in Nigeria (Kamani et al., 2013).

Clinical presentations seen in humans with Bartonella infection include fever, malaise, joint and muscle
pain. Endocarditis and neurological abnormalities have been seen in more severe cases which may be
life threatening, especially in individuals with weakened immune systems (Anderson and Neuman,
1997, Breitschwerdt et al., 2007).

2.2.3.1 Diagnosis, treatment and control of Bartonella spp.

Isolation by culture, serology and PCR are effective methods used in the diagnosis of bartonellosis
(Anderson and Neuman, 1997). Culture of Bartonella is usually laborious requiring 2 to 6 weeks for the
organism to be isolated (Anderson and Neuman, 1997). Serological tests remain the most practical
method of detecting Bartonella infections, with commercial kits readily available for the detection of anti-
Bartonella antibodies in humans (Regnery et al., 1992). Erythromycin at a dosage of 500 mg four times
daily or doxycycline at a dosage of 100 mg twice daily are effective in the treatment of Bartonella spp.
infections (Rolain et al., 2004). Control of vector-borne Bartonella species like B. henselae, B. quintana

and B. bacilliformis or rodent-borne Bartonella spp. is usually achieved by reducing the population of
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the vectors which include fleas, lice and sand flies or the reservoir in the case of rodents (Trataris et al.,
2012).

2.2.4 Coxiella burnetii

Coxiella burnetii causes Q fever, an infection that presents as an acute to chronic fever and pneumonia
in humans, as well as causing abortion in livestock (Vanderburg et al., 2014). It is transmitted by various
tick species, and by direct contact in humans via inhalation of aerosols, eating infected animal products
(Maurin and Raoult, 1999) or by direct contact with infected aborted foetuses or other birth products
from animals (Vanderburg et al., 2014). Studies in Tanzania have implicated C. burnetii as the leading
cause of non-malarial AFI in patients from resource-constrained communities (Crump et al., 2013,
Prabhu et al., 2011). The organism was also detected in 9% of AFI patients in Tunisia (Kaabia et al.,
2006), and 5% of AFI patients in Burkina Faso (Ki-Zerbo et al., 2000). In northern Togo, a serological
survey found 26.9% of humans, 16.1% of cattle, 16.2% of sheep and 8.8% of goats positive for C.
burnetii (Dean et al., 2013). In a study carried out in the Gambia, a seroprevalence of 9.7% in humans

and 24.7% in small ruminants was reported (Bok et al., 2017).

In South Africa, antibodies to C. burnetii have been detected in cattle (Gummow et al., 1987), and in
wild dogs in the Kruger National Park (Van Heerden et al., 1995). The organism was also detected in
44% of R. sanguineus and 4% of H. elliptica collected from dogs, cats and ruminants across four
provinces in the country (Mtshali et al., 2015, Mtshali et al., 2017). A recent seroprevalence study
carried out on veterinary staff, cattle farmers and herders in a rural community in Mpumalanga Province
also found 60.9% of individuals positive for anti-Coxiella antibodies (Simpson et al., 2018). The indirect
immunofluorescent antibody test (IFA) is the most common serological test used in the diagnosis of
acute or chronic Q fever (Herremans et al., 2013). In acute illness before the administration of
antibiotics, PCR can be an effective tool used to detect C. burnetii infection from whole blood or serum
(Fournier and Raoult, 2003). Doxycycline at a dosage of 100 mg twice daily for adults and 2.2 mg/kg
body weight twice daily for children remains the drug of choice in the treatment of acute cases of Q
fever (Anderson et al., 2013).
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Chapter 3

Bacterial blood microbiome of rodents captured from a

human/livestock/wildlife interface in the Mnisi community, South Africa

3.1 Abstract

The Mnisi community is located in Bushbuckridge Municipality, Mpumalanga, South Africa and is
nestled in the heart of a human/livestock/wildlife interface. Recent research in the area found rodents
to be abundant with 76% of sampled households reporting rodents in and around their homes. Although
it is well known that wild rodents serve as reservoir hosts for many human pathogens and that they play
a key role in the natural circulation of viral, bacterial and parasitic infections, the role that rodents in the
Mnisi community play in the transmission of zoonotic pathogens to humans is unknown. The aim of this
project was to provide a comprehensive insight into bacterial pathogens in the blood of wild rodents
captured from different habitat areas in Mnisi using next-generation sequencing approaches. The 16S
rRNA gene was amplified from genomic DNA extracted from the blood of 25 wild Mastomys individuals
using barcoded primers. Purified PCR amplicons were submitted for circular consensus sequencing on
the Pacific Biosciences platform. A total of 65,060 bacterial sequences were obtained, with the average
number of reads per sample being 2,602 which was sufficient to satisfy rarefaction curves indicating
that all operational taxonomic units (OTUs) were captured. Notable organisms of zoonotic interest
included members of the genus Bartonella, B. grahamii and Bartonella sp. RF255YX, which were the
dominant organisms in the rodent blood microbiome. Overall, rodents from Hlalakahle (urban/periurban)
and Tlhavekisa (communal rangeland) had higher proportions of Bartonella species (~85%), while those
from Gottenburg (urban/periurban) and Manyeleti Game Reserve (protected area) (~45%) had lower
Bartonella loads. Other organisms of zoonotic and veterinary significance detected included Ehrlichia
sp. (~0.03%), Anaplasma centrale and A. marginale (~0.01%), Brucella spp. (~1%), Anaplasma
phagocytophilum (~0.008%) and Coxiella burnetii (~0.02%). Detection of Brucella spp. was validated
using conventional PCR techniques. This study serves as the first report on the detection of zoonotic
agents: B. grahamii, Ehrlichia sp., A. phagocytophilum, C. burnetii and Brucella spp. in rodents in the
Mnisi community and highlights the possible risk these organisms pose to human health within the

community.

3.2 Introduction

Zoonotic pathogens make up an important and increasing number of emerging and re-emerging
infectious diseases of humans worldwide (Woolhouse and Gowtage-Sequeria, 2005). Rodents are
documented to serve as hosts and reservoirs of over 60 zoonotic pathogens that pose significant
challenges to human health (Luis et al., 2013). The order Rodentia is the largest and most prolific order
of all mammalian species and makes up to 43% of the total number of mammals worldwide (Huchon et
al.,, 2002). The Mnisi community area in Bushbuckridge Municipality, Mpumalanga, South Africa is

cradled in the heart of a human/livestock/wildlife interface. In this community, humans, domestic
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animals and wildlife have perennial direct and indirect contact. Research in the area has found rodents
to be common and abundant (Berrian et al., 2016) with 76% of households having reported seeing
rodents around their homes. A recent study conducted in the area also suggested that rodent-borne
zoonoses may be implicated as causes of non-malarial acute febrile illness (AFI) in humans (Simpson
et al., 2018). In that study, 9.5% of AFI patients tested positive for the rodent-borne zoonotic pathogen
Bartonella spp. on PCR, while 6.8% of patients showed prior exposure to Coxiella burnetii, the cause
of Q fever and 2.3% to Leptospira spp. using serological tests (Simpson et al., 2018). The surveillance
of zoonotic pathogens in rodents in this community is thus of utmost importance as the role they play

in the transmission of zoonotic pathogens to humans is unknown.

The advent of next-generation sequencing (NGS) tools have helped to reveal the diversity of bacterial
communities that exist in different hosts (Greay et al., 2018). Few NGS studies have been carried out
to explore microbial communities in rodents (Cohen et al., 2015, Ge et al., 2018, Razzauti et al., 2015,
Rynkiewicz et al., 2015). The studies conducted in China (Ge et al., 2018) and in France (Razzauti et
al., 2015), focused on characterizing the bacterial communities in rodent spleens, while studies
conducted in Israel and the US (Cohen et al., 2015, Rynkiewicz et al., 2015) explored the bacterial
communities in rodent blood and their flea and tick vectors. The aforementioned studies on rodents
concluded by stating that characterizing the bacterial communities in hosts and their arthropod vectors
is crucial in understanding the abundance of vector-borne pathogens as well as the roles and
interactions that exist within these bacterial communities (Cohen et al., 2015, Rynkiewicz et al., 2015).
Rodents are important hosts of tick-borne pathogens and have been found to be competent reservoirs
for these pathogens (Telfer et al., 2007). Therefore, the aim of this project was to provide an insight into
bacterial pathogens in the blood of wild rodents captured from different habitat areas in Mnisi using near

full-length 16S rRNA gene circular consensus sequencing on the Pacific Biosciences platform.

3.3 Materials and Methods
3.3.1 Ethics approval

The animal ethics committee (AEC) of the Faculty of Veterinary Science, University of Pretoria approved
the study with reference number (V105-15). Permission was obtained to conduct the research, in terms
of Section 20 of the Animal Diseases Act of 1984, from the Department of Agriculture, Forestry and
Fisheries (DAFF), South Africa, with reference numbers 12/11/1/1 and 12/11/1/1/6.

3.3.2 Study area and sample collection

Blood samples were collected from 282 rodents from three habitat areas in the Mnisi community,
Mpumalanga Province, South Africa: urban/periurban (Gottenburg and Hlalakahle), communal
rangelands (Tlhavekisa) and a protected area (Manyeleti Game Reserve), during three research visits
from 2014 to 2015. Wild rodents were trapped using baited Sherman live traps, identified using a field
guide (Stuart and Stuart, 2001), and humanely euthanized using isoflurane, an inhalant anaesthetic.

Blood was collected immediately after the last heartbeat in EDTA tubes and on FTA cards. Blood
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samples were moved to a BSL3 facility at the Faculty of Veterinary Science, University of Pretoria.
Subsequently, 25 blood samples from the three habitat areas (six samples per site, except for
Gottenburg which had seven samples) all obtained from Mastomys spp., identified using both
morphological and molecular methods, were then selected for use in this study. Molecular typing of the
rodents using the mitochondrial cytochrome b gene (Russo et al., 2006) was done at the Mammal
Research Institute Laboratory, Department of Zoology & Entomology, University of Pretoria. Figure 3-1

shows the map of the study area and the locations of rodent capture.
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Figure 3-1: Map of the Mnisi community study area in Bushbuckridge Municipality Mpumalanga Province, South Africa. Red
stars show sites of rodent capture. Gottenburg and Hlalakahle are urban or periurban areas, while Tlhavekisa is located in
communal rangelands. Manyeleti is a protected wildlife reserve. Dark green represents protected areas where wildlife roam freely
(map produced by Estelle Mayhew).

3.3.3 PCR amplification and sequencing

DNA was extracted from blood spotted on FTA cards using the QIAamp® DNA Mini Kit (Qiagen,
Hi |l den, Ger many) according t oPCRIigrade wedenwas aott ur er 6 s
spotted on FTA cards to evaluate potential contaminants on cards. Extracted DNA was kept
frozen at -20°C until further analysis. The 16S rRNA gene (V1-V8 variable regions) was
amplified from 25 rodent DNA samples using barcoded universal 16S rRNA gene primers, 27F
( SAGA GTT TGATCM TGG CTC AGAACG-386) and -CERBTHRCITABEG ATT
CCR RCT TCA-3 @Dbane, 1991, Turner et al., 1999) (Table 3-1) as previously described (Gall
et al., 2016). Sample-specific combinations of barcoded primers (Table 3-2) were used in a
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final reaction volume of 25 pl containing 1 X Phusion Flash® High Fidelity PCR Master Mix
(composed of Phusion Flash Il DNA Polymerase, reaction buffer, dNTPs, and MgClz)
(ThermoFisher Scientific, South Africa), 0.15 uM of each primer, and five ul of template DNA
(approximately 100 ng of DNA). For each sample, three technical replicates were performed
using the same sample-specific barcoded primer set (Gall et al., 2016). Anaplasma centrale
vaccine strain (Onderstepoort Biological Products) was used as the positive control while PCR

grade water was used as a no template negative control.

The thermal cycling parameters used were 98°C for 30 seconds, followed by 35 cycles of 98°C
for 10 seconds, 60°C for 30 seconds and 72°C for 30 seconds, and a final extension at 72°C
for 10 minutes. PCR products were visualized by electrophoresis on a 1.5% agarose gel (1 X
TAE buffer, pH 8.0) stained with ethidium bromide and viewed under UV light. PCR products
were purified using the QIAquick® PCR purification kit (Qiagen) according to the
manufacturero6s instructions. Purified PCR ©products
Sequencing Core of the Washington State University, Pullman, USA for circular consensus
sequencing (CCS) on a Pacific Biosciences (PacBio, Menlo Park, CA) platform. Table 3-2

shows the sample information of the library for circular consensus sequencing.

Table 3-1: Barcoded primers used for the amplification of the 16S rRNA gene.

Name Code *Multiplex identifier (MID) sequence APrimer
MID1-27F F1 CGT ATC GCC TCC CTC GCG CCA TCAG ACG AGT GCGT 27F
MID2-27F F2 CGT ATC GCC TCC CTC GCG CCA TCAG ACG CTC GACA 27F
MID3-27F F3 CGT ATC GCC TCC CTC GCG CCA TCAG AGA CGC ACTC 27F
MID4-27F F4 CGT ATC GCC TCC CTC GCG CCA TCAG AGC ACT GTAG 27F
MID5-27F F5 CGT ATC GCC TCC CTC GCG CCA TCAG TCA GAC ACGA 27F

MID1-1435R R1 CTATGC GCC TTG CCA GCC CGC TCAG ACG AGT GCGT 1435R
MID2-1435R R2 CTATGC GCC TTG CCA GCC CGC TCAG ACG CTC GACA 1435R
MID3-1435R R3 CTATGC GCC TTG CCA GCC CGC TCAG AGA CGC ACTC 1435R
MID4-1435R R4 CTATGC GCC TTG CCA GCC CGC TCAG AGC ACT GTAG 1435R
MID5-1435R R5 CTATGC GCC TTG CCA GCC CGC TCAG ATC AGA CACG 1435R

*red font= Adaptor sequence, blue font= Key sequence, green font= MID sequence.

27F -AGBO6GTT TGA TCM TGG CTC ALGMTTACTAGCAATE GARRCBTTCA
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Table 3-2: Sample information and primer combinations used to construct the library for circular

consensus sequencing (CCS).

Origin of rodent Rodent species? DNA ID Barcoded primer IDP
Tlhavekisa M. coucha R2 FIR1
Gottenburg M. natalensis R171 F1R2
Gottenburg M. natalensis R172 F1R3
Tlhavekisa M. coucha R6 F1R4
Hlalakahle M. natalensis R98 F1R5
Tlhavekisa M. natalensis R84 F2R1
Tlhavekisa M. coucha R5 F2R2
Tlhavekisa M. coucha R11 F2R3
Tlhavekisa M. coucha R12 F2R4
Gottenburg M. natalensis R19 F2R5
Gottenburg M. natalensis R29 F3R1
Gottenburg M. natalensis R30 F3R2
Gottenburg M. natalensis R31 F3R3
Gottenburg M. natalensis R20 F3R4
Manyeleti M. coucha R21 F3R5
Manyeleti M. coucha R179 F4R1
Manyeleti M. coucha R53 F4R2
Manyeleti M. coucha R61 FAR3
Hlalakahle M. natalensis R95 F4R4
Hlalakahle M. natalensis R74 FAR5
Hlalakahle M. natalensis R75 F5R1
Hlalakahle M. natalensis R78 F5R2
Hlalakahle M. natalensis R99 F5R3
Manyeleti M. coucha R159 F5R4
Manyeleti M. coucha R177 F5R5

@ Species identification was confirmed by molecular typing of the mitochondrial cytochrome b gene (Russo et al., 2006)

b Primer combination used to amplify each sample; See Table 3-1.

3.3.4 Sequence analysis

Binning, trimming and filtering of sequence data obtained was conducted using the Pacific Biosciences
software according to the set sequence size range and 99% precision. Reads were then analysed using
the Ribosomal Database Project (RDP) 16S classifier (Cole et al., 2009) to classify sequence reads to
the genus level with a 95% confidence interval. Filtered data were then analysed against the NCBI
BLASTn 16S microbial database using the command line application to ascertain the identity of
sequences. Results from BLASTn were filtered to a minimum length of 1275 bp and 98% identity in
Microsoft Excel (Gall et al., 2016). Sequence reads that fell below 98% identity were reported at the
genus level, while reads with an identity of 98% and above were reported at the species level (Bonnet
et al., 2014, Budachetri et al., 2014, Jones et al., 2010). Operational taxonomic units (OTUs) that were

l ess than 1% of the total number (Gdl etsale §OL&.NRave s

microbiome sequence data will be deposited at the sequence read archive at the National Center for

Biotechnology information.

Consensus sequences of organisms of interest were extracted in CLC genomics workbench 9.5.1.
(Qiagen). An alignment of sequences from Bartonella species along with homologous sequences from
GenBank was created from within the workbench. Phylogenetic analyses of the 16S rRNA gene

sequences was conducted using the Maximum likelihood method in MEGA 7 (Kumar et al., 2016). An
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alignment of representative Brucella and Ochrobactrum sequences was created within the workbench

to determine sequence differences between the two genera.

3.3.5 Statistical analysis

The microbial compositions in rodent blood were analysed using the community ecology package vegan
version 2.5-2 (Oksanen et al., 2016) in R studio version 1.1 (R Core Team, 2013). Alpha diversity
rarefaction curves were plotted to calculate the mean species diversity of bacteria in all rodents from
the different habitat areas. Principal Component Analysis (PCA) was done to quantify the compositional
similarity or dissimilarity of the bacterial population in the blood of the rodents across the habitat areas
where dimensions or principal components were constructed from the linear combinations of the
variables. This was done using the package FactoMineR (Lé et al., 2008) for explanatory data analysis
in R studio. The individuals that clustered together indicated they shared similar blood bacterial profiles
while dispersion indicated variability. The close proximity of the variables on one plane of the projections
indicated that the variables are positively correlated while positions of variables on the opposing
quadrant of the projection indicated negative correlation. The correlation coefficient (r) between
variables and the dimensions was extracted from the PCA and was considered significant if the p value
was lower than 0.05. Statistical tests of analysis of variance (ANOVA) and Kruskal-Wallis rank sum test
were conducted to test if there were statistically significant differences in the bacterial composition
between rodents from different habitats. The differences were considered to be statistically significant

with a p value (0.05.

3.3.6 Brucella spp. PCR assay

To confirm the detection of Brucella spp. identified by microbiome data analysis, a PCR assay
amplifying a 214 bp fragment of the 16S-23S rRNA internal transcribed spacer (ITS) of Brucella species
using pr i mer s-AGATAEZAAC GEGAGGC CAGTCA-306) and {AGSTAT EGACEE

AAA CGC TAC-3 6) was conducted as(Kexreeal, 200T)s Thg reattors was i

performed in a final volume of 15 pl, containing 0.2 pM of each primer, 1 X DreamTaqg Green PCR
Master Mix (consisting of DreamTaq DNA polymerase, DreamTaq Green buffer, 0.2 mM each of dATP,
dCTP, dGTP and dTTP and 2 mM MgCl2) (ThermoFisher Scientific, South Africa), and 2 pl of DNA
template. Brucella abortus field strain 544 (obtained from B. abortus OIE reference Lab, Teramo, Italy)
was used as the positive control and PCR grade water was used as the no template negative control.
Cycling conditions were 95°C for 3 minutes, 35 cycles of 95°C for 1 minute, 60°C for 2 minutes and
72°C for 2 minutes, followed by a final extension of 72°C for 5 minutes. PCR products were visualized
by electrophoresis on a 2% agarose gel (1 X TAE buffer, pH 8.0) stained with ethidium bromide and
viewed under UV light.
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3.4 Results
3.4.1 Barcoded 16S rRNA gene amplification

PCR amplicons of the near full length 16S rRNA gene were obtained from 25 rodents collected from

the three habitat areas. Figure 3-2 shows a representative gel picture of the 16S rRNA gene PCR

products amplified using barcoded primers.

250V g _ -

Figure 3-2: Example of 16S rRNA gene amplicons obtained from rodent samples. PCR amplicons of the 16S rRNA gene were

amplified using barcoded Primers 27F and 1435R and separated on a 1.5% agarose gel (stained with ethidium bromide). Lanes

c-q contain rodent PCR samples. Lane b contains the positive control Anaplasma centrale and lane r contains the negative water

only control. Lane a contains the 1kb DNA molecular ladder (Invitrogen, ThermoFisher® Scientific, South Africa) with sizes in bp

indicated on the left.

3.4.2 Sequence and statistical analysis

Sequence analysis generated 65,060 bacterial sequences. After filtering, the mean number of reads

per sample was 2,602 sequences, which was sufficient to satisfy a rarefaction curve indicating that all

OTUs were captured. The mean species diversity of bacterial populations detected in the rodents

plotted using a rarefaction curve plateaued early in the sampling indicating that the majority of bacterial

communities were well represented. The rarefaction curve is shown in Figure 3-3.
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Figure 3-3: Rarefaction curves of rodents from the Mnisi community. The mean species diversity of bacterial populations in

rodent blood were plotted as a function of read depth. The vertical line in the plot indicates the value where rarefaction criterion

was satisfied.
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species within seven genera were obtained from the rodent samples. Bartonella grahamii comprised
s e gBaromelaess. RAE2B5YX chreprisedo d e nt s 6
23%, and several Bartonella spp. that fell below the cut-off point of 98% identity in BLASTn made up

29% of the total bacteri al

12% of the sequences, respectively. Other organisms detected were Pseudomonas spp. (17.9%),

Ochrobactrum spp. (7.2%), Brucella spp. (1%), Anaplasma spp. (0.5%), B. henselae (0.1%), Ehrlichia

sp. (0.03%), and Coxiella burneti( 0. 02 %) . The
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4.3% of the bacterial sequences in the blood of the rodents, respectively. Ten sequences of A. centrale,

five sequences of A. phagocytophilum and two sequences of A. marginale were also detected from the

rodents. Figure 3-4 shows the predominant bacterial taxa in the blood of Mastomys spp. in the Mnisi

community.
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Figure 3-4: Relative abundance of major taxa of bacteria in the blood of 25 Mastomys spp. rodents. Six to seven rodents from

each habitat area were sampled. The village name is indicated under the rodent number.

Rodents from Hlalakahle and Tlhavekisa had the highest proportions of Bartonella spp. (~85%); while

Gottenburg and Manyeleti (~ 45%) had much lower Bartonella loads. Brucella spp. and Ochrobactrum

spp. were detected in rodents captured from Gottenburg and Manyeleti. On the other hand, Ehrlichia

sp. was detected in rodent 75 from Hlalakahle and rodent 172 from Gottenburg while Coxiella sp. was

only detected in rodent 12 from Tlhavekisa. Anaplasma phagocytophilum was detected in rodent 98

from Hlalakahle, while A. centrale and A. marginale were detected from rodent 20 from Gottenburg.

Rodents from Manyeleti had the highest infection burden of Pseudomonas spp. (~34%) in their blood

compared to rodents captured from other areas, however this is primarily due to two rodents with high
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Pseudomonas burdens. Figure 3-5 shows the microbial composition of the blood from Mastomys spp.

based on the sites of rodent capture.
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Figure 3-5: Relative abundance of major taxa of bacteria in the blood of Mastomys spp. from different habitat areas: Hlalakahle
and Gottenburg (urban/periurban area), Tlhavekisa (communal rangeland), and Manyeleti Game Reserve (protected wild

reserve).

Consensus sequences of organisms of interest in the blood microbiome of rodents revealed that the
majority of Bartonella sequences based on the near full length 16S rRNA gene were 99% identical to
B. grahamii strain as4aup (CP001562) while the remainder were 99% identical to Bartonella sp. strain
RF255YX (AY993936). For Ehrlichia sp., Rodent 75 (Hlalakahle) and Rodent 172 (Gottenburg) had
eight sequences with 98% identity to Ehrlichia sp. EH727 (AY309970) and Ehrlichia sp. Ehf669
(AY309969) from Haemaphysalis ticks in Japan. The sequences also had a 98% identity to Ehrlichia
sp. Tibet (AF414399) from Rhipicephalus (Boophilus) microplus in China and E. chaffeensis
(NR_074500). For Brucella spp., detected in rodents from Gottenburg, Rodent 30 had 566 sequences
that had a 99% identity to B. melitensis (CP025822) and two sequences with 99% identity to B. abortus
(CP007705) while Rodent 31 had 14 sequences with 99% identity to both B. melitensis (CP025822)
and B. abortus (CP007705). For Anaplasma spp., Rodent 98 (Hlalakahle) had five sequences with 99%
identity to A. phagocytophilum dog strain Dog2 (CP006618), rodent strain JM (CP006617) and human
strains HZ (CP000235), HZ2 (CP006616) and Webster (NR044762). For Ochrobactrum spp. a total of
4,680 sequences were detected in rodents from Gottenburg and Manyeleti, Rodent 29 had 26
sequences, Rodent 30 had 1,793 sequences, Rodent 31 had 1,649 and Rodent 53 had 1,212
sequences with 99% identity to various species: O. intermedium (IJN613288), O. intermedium
(KT696500) and O. pseuintermedium (DQ365922). For the whole data set, Pseudomonas spp. had
11,907 sequences with 98% identity to P. extremaustralis (NR114911) Pseudomonas sp. BFXJ-8
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(EU013945) and P. fluorescens (CP015638) and was detected in all the rodents except Rodent 29.
Finally, for Coxiella sp., Rodent 12 (Tlhavekisa) had 15 sequences with a 99% identity to C. burnetii
strain Schperling (CP014563) and C. burnetii strain Namibia (CP007555).

Principal component analysis (PCA) of the individuals factor map revealed rodents caught from
Gottenburg (R30 and R31) and Manyeleti (R53) were distinct and clearly separated from the rest of the
rodents. Similarities were observed in R19 from Gottenburg and R21 and R159 from Manyeleti which
grouped in the bottom right quarter and mid-line of the Dim 1 X Dim 2 figure. The remaining rodents
irrespective of the habitat area of capture formed one main cluster at the bottom left quarter to the mid-
line of the figure. Figure 3-6 shows the PCA plot from individual rodents in the Mnisi communal area

and the nearby wildlife area of Manyeleti.
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Figure 3-6: PCA plot of the individuals factor map of rodents from the Mnisi communal area and the nearby wildlife area of
Manyeleti. Sample ids in black represent samples from Gottenburg, samples from Hlalakahle are in red, samples from Manyeleti
are in green and samples from Tlhavekisa are in blue. Outliers R21, R53 and R159 are from Manyeleti Game Reserve (protected
reserve), while R19, R30 and R31 are from Gottenburg (periurban area). Dim 1 and 2 are dimensions or principal components
produced from the linear combinations of the variables. The percentage of variability for each dimension is given 32.86% for the

first axis and 25.49% for the second axis.

The PCA plot of the variables factor map (Figure 3-7) showed that Ochrobactrum spp. expressed by
the correlation coefficient (R=0.8) and unclassified Brucellaceae (R=0.9) were significantly and
positively correlated to Dimension 1 alongside Brucella spp. (R=0.8) and B. henselae (R= 0.8). On the
other hand, Bartonella sp. RF255YX (R= 0.5), Bartonella spp. (R= 0.4) and unclassified Rhizobiales
(R= 0.5) were significantly and positively correlated to Dimension 2. Bartonella spp. (R= -0.7) and
Bartonella sp. RF255YX (R= -0.4) were significantly and negatively correlated to Dimension 1.
Pseudomonas spp. and unclassified Pseudomonadaceae (R= -0.9) were significantly and negatively

correlated to Dimension 2. When linking the PCA plot of the individuals factor map to the variables
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factor map, we see that R30 and R31 (Gottenburg) and R53 (Manyeleti) were linked to the variables
Ochrobactrum spp., unclassified Brucellaceae, Brucella spp. and B. henselae that are main positive
contributors to Dimension 1. On the other hand, rodents that grouped into the main cluster were linked
to the variables Bartonella sp. RF255YX, Bartonella spp., B. grahamii and unclassified Rhizobiales that
were positive contributors to Dimension 2. Rodents R19 (Gottenburg), R21 and R159 (Manyeleti) were

linked with the variables Pseudomonas spp. and unclassified Pseudomonadaceae.
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Figure 3-7: PCA plot of the variables factor i.e. bacterial populations from the blood of rodents in the Mnisi community area. Dim
1 and 2 are dimensions or principal components produced from the linear combinations of the variables. The percentage of

variability for each dimension is given 32.86% for the first axis and 25.49% for the second axis.

There was no statistically significant difference between bacterial populations in rodents from
Tlhavekisa and Hlalakahle using the Kruskal-Wallis rank sum test (P = 0.1). Statistically significant
differences were observed using ANOVA in the bacterial populations in rodents captured from
Gottenburg and Tlhavekisa (P < 0.007), Manyeleti and Hlalakahle (P = 0.05) and Gottenburg and
Manyeleti (P < 0.005).

3.4.3 Phylogenetic analysis of Bartonella spp.

Phylogenetic analysis of eight Bartonella 16S rRNA gene sequences from representative rodents from
the different habitat areas revealed that the rodents had co-infections with different species of
Bartonella. Figure 3-8 shows the Maximum likelihood phylogenetic tree of Bartonella 16S rRNA gene

sequences.
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g3 B. vinsonii subsp. arupensis (NR104902)
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Figure 3-8: Maximum likelihood tree based on the Jukes-Cantor model showing the phylogenetic relationship between 16S rRNA
gene sequences of previously identified Bartonella spp. and Bartonella spp. identified in the blood of rodents from different habitat
areas in the Mnisi community. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.

The analysis involved 22 nucleotide sequences. There were 1285 positions in the final dataset.

3.4.4 Brucella spp. PCR assays
Brucella 16S-23S rRNA ITS PCR products were amplified from the DNA samples of Rodents 30 and

31 from Gottenburg, for which Brucella spp. were identified in the microbiome data. Figure 3-9 shows

the gel picture of the ITS region PCR.
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Figure 3-9: Brucella-specific amplification from rodents. Photograph of a 2% agarose gel (stained with ethidium bromide) of PCR
products of the ITS region amplified using primers ITS66 and ITS279. Lanes d and e show amplification products from rodent
DNA (R30 and R31). Lane h contained the positive control B. abortus strain 544 while lane i contained the negative control. Lane
a and j contain the 100 bp DNA molecular ladder with sizes in bp indicated on the right (Invitrogen, ThermoFisher® Scientific,

South Africa). The other lanes contain samples from another study.

An alignment of consensus sequences of B. melitensis, B. abortus and Ochrobactrum spp. obtained
from rodents R30 and R31 from Gottenburg and reference sequences of B. melitensis, B. abortus, O.
intermedium and O. pseuintermedium from GenBank revealed 28 nucleotide positions where Brucella

species differ from Ochrobactrum species. Table 3-3 shows nucleotide differences observed between

the two related genera.
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Table 3-3: Nucleotide positions showing differences discriminating between Brucella and
Ochrobactrum species in an alignment with reference sequences from GenBank. Accession numbers

of reference sequences are enclosed in brackets.

$Position *B.m R30 R31 *B.a R30 R31 *0.i R30 R31 *0.p
(CP025822) B m B.m (CP007705) B.a B.a  (IN613288)  och Och (DQ365922)
311 G G G G G G A A A A
319 T T T T T T G G G G
330 T T T T T T A A A A
351 c c c c c c T T T T
506 T T T T T T A A A A
513 A A A A A A T T T T
518 G G G G G G A A A A
609 T T T T T T A A A A
690 A A A A A A T T T T
705-706 TC TC TC TC TC TC AA AA AA AA
759-760 AA AA AA AA AA AA TT T T TT
761 A A A G G G A A A A
763 T T T T T T C C c C
1058-1059 GA GA GA GA GA GA AG AG AG AG
1096-1097 CG cG cG CG cG cG TC TC TC TC
1101-1102 AT AT AT AT AT AT CA CA CA CA
1104-1105 TG TG TG TG TG TG CA CA CA CA
1120 c c c c C C A A A A
1123-1126 CGAA CGAA  CGAA CGAA CGAA  CGAA TCTC TCTC  TCTC TCTC
1129 G G G G G G T T T T
1131-1132 AC AC AC AC AC AC GT GT GT GT
1136 c c c c c c G G G G
1168 G G G G G G
1172-1173 CA CA CA CA CA CA TG TG TG TG
1175-1176 AT AT AT AT AT AT TG TG TG TG
1181-1182 CG CG cG CG cG cG GA GA GA GA
1214-1216 cce ccc ccc ccc ccc  ccc GTA GTA  GTA GTA
1221-1223 GGG GGG GGG GGG GGG GGG TAC TAC  TAC TAC

$ Numbers in bold in the first column indicate nucleotide positions where differences were observed.

*B.m = Brucella melitensis, B.a = Brucella abortus, O.i = Ochrobactrum intermedium, O.p = Ochrobactrum pseuintermedium,

Och = Ochrobactrum species.

3.5 Discussion

The multimammate mice, M. natalensis and M. coucha, are two morphologically similar mice that are
well represented in Southern Africa (Skinner and Chimimba, 2005). Both species are commonly found
in the veld and are regarded as synanthropic with humans, frequently being found in scrub fences
around households and stores in African kraals (De Graaff, 1981). Mastomys coucha is the main

reservoir host of flea-borne Yersinia pestis, the cause of bubonic plague (Davis, 1964), while M.
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natalensis has been found to carry Lassa fever virus (Skinner and Chimimba, 2005). The close
association that both species have with humans means that they are likely to serve as carriers of
infection to man (Skinner and Chimimba, 2005). Results of the sequence analysis of bacterial
populations in the blood of Mastomys spp. in the Mnisi community revealed that 64% of the bacterial
sequences corresponded to Bartonella spp. and all rodents examined were infected with the organism.
This is in agreement with previous studies that found Bartonella to be the dominant phylotype in rodent
blood and fleas collected from rodents (Cohen et al., 2015) and from rodents in southern Indiana in the
USA (Rynkiewicz et al., 2015), though the latter study found much higher numbers of Bartonella spp.
which made up 97.8% of the total sequences in that study (Rynkiewicz et al., 2015). In this study, B.
grahamii comprised 16.5% of the total bacterial sequences in M. natalensis and 12.4% of the bacterial
sequences in M. coucha. It has previously been detected in Tatera leucogaster from the Sand Veld in
South Africa (Pretorius et al., 2004) and in Rattus norvegicus from Nigeria (Kamani et al., 2013).
Bartonella grahamii has been implicated as causing retinal occlusions in the eye of a man in France
(Serratrice et al., 2003), in causing cat scratch disease in an immunocompromised patient in Finland
(Oksi et al., 2013) and was also found to be the cause of bilateral neuroretinitis in a female patient in
the Netherlands (Kerkhoff et al., 1999). The detection of the zoonotic pathogen B. grahamii from rodents

in our study area is notable because of the zoonotic risks posed to human health in the community.

Bartonella sp. RF255YX made up 12.6% of the total bacterial sequences in the blood of M. coucha and
10.6% of sequences in M. natalensis. This organism has previously been detected in Rattus tanezumi

flavipectus in Yunnan, China (Li et al., 2004).

Seventy-three sequences of Bartonella henselae were detected in rodent 30 (M. natalensis) from
Gottenburg in this study. Antibodies to B. henselae have previously been detected in cats in South
Africa (Kelly, 1996). It has also been detected by PCR in impounded cats in Gauteng Province (Trataris
etal., 2012) and in HIV infected patients in Johannesburg (Frean et al., 2002). Bartonella henselae has
been recognized for its zoonotic potential in causing endocarditis in humans (Hadfield et al., 1993), and
has been implicated in causing occult infection in immunocompromised patients (Breitschwerdt et al.,
2007). The pathogen was very recently detected in two AFI patients in Mnisi community (Simpson et

al., 2018); thus, the detection of this organism in Mastomys spp. from the same area is notable.

Phylogenetic analysis confirmed the microbiome results: Mastomys spp. from all habitat areas had co-
infections with different Bartonella spp. This is in agreement with previous studies that found a diverse
assembly of Bartonella spp. in rodents from Southern China (Ying et al., 2002) and also from rodents
in South-western Spain (Marquez et al., 2008). The phylogenetic findings are also in agreement with a
recent study that reported the presence of three phylogenetic lineages of Bartonella species circulating
in 80 Rhabdomys pumilio rodents captured from the Western Cape in South Africa (Hatyoka et al.,
2019).

57



Seventeen percent of the bacterial sequences detected in the blood of Mastomys spp. in the Mnisi
community corresponded to Pseudomonas species. Pseudomonas spp. are generally known as
opportunistic pathogens that cause clinical infection only in rodents that are immunocompromised
(Baker, 1998). It may be possible that detection of Pseudomonas spp. in rodent blood may be a result
of contamination because the genus has been listed as a possible contaminant of high throughput 16S
rRNA gene sequencing samples that have been amplified from negative (blank) controls (Salter et al.,
2014). However, no detectable PCR band was observed in the negative control of the barcoded 16S
rRNA gene PCR conducted in this study so the detection of Pseudomonas spp. from rodent blood may

well be valid.

Ochrobactrum spp. made up 7.2 % of the sequences obtained from rodent blood and were detected in
rodents 29, 30 and 31 (M. natalensis) from Gottenburg and rodent 53 (M. coucha) from Manyeleti. The
Ochrobactrum genus comprises nine species with O. intermedium, O. anthropi, and O.
pseudintermedium having previously been isolated from human clinical samples in France (Teyssier et
al., 2005, Teyssier et al.,, 2007). Ochrobactrum spp. are generally regarded as opportunistic and
nosocomial pathogens (Hagiya et al., 2013). The clinical manifestations of human infection with
Ochrobactrum spp. have been found to mimic infection with Brucella spp. (Scholz et al., 2008a). In fact,
Ochrobactrum spp. are phylogenetically closely related to Brucella spp. and 16S rRNA gene sequences
of the two genera are 98.6% identical (Scholz et al., 2008a). An alignment of Ochrobactrum and Brucella
species in this study indicated 28 nucleotide positions that discriminate between this closely two related
genera but it was interesting that Ochrobactrum spp. and Brucella spp. were detected in the same
rodents in this study. The 16S rRNA gene alignment could not differentiate between O. intermedium
(IJN613288) and O. pseuintermedium (DQ365922) as the two species were identical.

Brucella spp. made up 1% of the total bacterial sequences obtained from Mastomys spp. and were
detected in Rodents 30 and 31 (M. natalensis) from Gottenburg and Rodent 53 (M. coucha) from
Manyeleti. Brucella species are gram negative facultative intracellular bacteria causing brucellosis, a
major zoonosis in humans, livestock, wildlife and marine mammals (Corbel, 1997). The detection of
Brucella DNA in Rodents 30 and 31 was validated using conventional PCR amplification of the ITS
region. New Brucella strains phylogenetically distinct from previously described Brucella species have
been reported from wild native rodents in Australia (Tiller et al., 2010), and very recently from rodents
and shrews in Germany (Hammerl et al., 2017). Rodent-borne B. neotomae and B. microti have been
detected in desert rats and in the common vole Microtus arvalis in the Czech Republic (Corbel, 1997,
Scholz et al., 2008b). In South Africa, antibodies to Brucella spp. have been detected in wild ruminants
(De Vos et al., 1969) and B. abortus has been isolated from the African buffalo (Gradwell et al., 1977).
Brucella abortus has also been detected in cattle (Coetzer et al., 1994, Hesterberg et al., 2008) and
very recently B. melitensis, a species usually associated with goats was isolated from cattle in South
Africa (Kolo et al., 2018). The 16S rRNA gene sequence of Brucella species is identical (Gee et al.,
2004, Vizcaino et al., 2000); this gene is therefore not a useful tool to discriminate between Brucella

species. This study serves the first report of the detection of Brucella spp. in rodents from an
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urban/periurban area closely situated to human settlements in South Africa. It elucidates that rodents

are reservoirs of Brucella spp. in the Mnisi community and highlights the potential risks to human health.

Anaplasma spp. comprised 0.5% of the sequences obtained from the blood of Mastomys spp. in this
study and was detected in M. natalensis. Ten sequences of A. centrale and two sequences of A.
marginale were detected from rodent 20 from Gottenburg and five sequences of A. phagocytophilum
were detected from rodent 98 from Hlalakahle. Anaplasma marginale is generally known to infect cattle
as well as other wild ruminant species including American bison, antelope, deer, water buffalo and
giraffes (Aubry and Geale, 2011). Anaplasma centrale, as well, has been recognized as a parasite of
cattle but has also been detected in sika deer (Wu et al., 2015), sheep (Hosseini-Vasoukolaei et al.,
2014), buffalo and wildebeest (Khumalo et al., 2016). The detection of A. marginale and A. centrale in
wild rodents was curious as these species of Anaplasma are known to infect ruminants. Because the
numbers of sequences obtained were quite low, we speculate on one possible scenario as follows: If
an infected tick Ainjectedo these pathogens into a r
presence in the blood could still be detected due to the depth of the sequence coverage that the Pac
Bio platform provides (Rhoads and Au, 2015). However, it has been reported that M. natalensis is a
good host for Haemaphysalis elliptica and Rhipicephalus simus, with a high burden of infestation of
larvae having been noted on these rodents (Horak et al., 2005). Rhipicephalus simus has been proven
to be experimentally competent of transmitting A. marginale and A. centrale (Potgieter, 1987). Zoonotic
A. phagocytophilum is known to have a much wider host range which includes humans, dogs, cattle,
horses, reptiles, wild ruminants, insectivores and birds (Dugat et al., 2015). Rodents are generally
considered as reservoir hosts of A. phagocytophilum with a high prevalence rate of infection detected
in dusky footed wood rats and brush mice in the USA (Drazenovich et al., 2006, Foley et al., 2008). In
Europe, A. phagocytophilum has been detected in more than nine rodent species (Stuen et al., 2013),
from yellow necked mice in the Czech republic (Hulinska et al., 2004) to field voles in the UK (Bown et
al., 2003). Anaplasma phagocytophilum sequences detected were closely related to A.
phagocytophilum dog strain Dog2, rodent strain JM and human strains HZ, HZ2 and Webster. This
study serves the first report of the detection of A. centrale, A. marginale and A. phagocytophilum from

rodents in South Africa.

Ehrlichia sp. comprised 0.03% of the total sequences obtained from the blood of Mastomys spp. in
Mnisi and was detected in M. natalensis from Rodent 75 from Hlalakahle and Rodent 172 from
Gottenburg. The sequences had 99% identity to Ehrlichia sp. Ehf669 (AY309969) detected from
Haemaphysalis ticks collected from dogs in Japan (Inokuma et al., 2004) and were closely related to E.
chaffeensis, with 98% similarity to E. chaffeensis (NR_074500). Ehrlichia chaffeensis causes human
monocytic ehrlichiosis (HME), an important tick-borne zoonosis in the USA transmitted by Amblyomma
americanum ticks (Paddock and Childs, 2003). In Africa, serological evidence of human infection with
E. chaffeensis has been reported from patients in Burkina Faso and Mozambique (Brouqui et al., 1994)
and in an American traveller on return from travel to Mali, West Africa (Uhaa et al., 1992). Clinical

infection with E. chaffeensis has also been detected and reported from undifferentiated AFI patients in
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Cameroun (Ndip et al., 2009). In South Africa, a serological survey has detected antibodies to E.
chaffeensis in dogs in the Free State province (Pretorius and Kelly, 1998). This study thus serves the

first report of the detection of an Ehrlichia sp., similar to E. chaffeensis, in rodents in South Africa.

Coxiella burnetii was detected in only Rodent 12 (M. coucha) from Tlhavekisa. Coxiella burnetii causes
Q fever, an infection that presents as an acute to chronic fever and pneumonia in humans, and also
causes abortion in livestock (Vanderburg et al., 2014). It is transmitted by various tick species, and by
direct contact in humans via inhalation of aerosols or eating infected animal products (Maurin and
Raoult, 1999). Previous studies have detected C. burnetii from rodents in Spain and Central Italy
(Barandika et al., 2007, Pascucci et al., 2015). Studies in Tanzania have implicated C. burnetii as the
leading cause of non-malarial AFI in patients from resource-constrained communities (Crump et al.,
2013, Prabhu et al., 2011). In South Africa, antibodies to C. burnetii have been detected in cattle
(Gummow et al., 1987), and in wild dogs in the Kruger National Park (Van Heerden et al., 1995). The
organism was also detected from 44% of R. sanguineus and 4% of H. elliptica ticks collected from dogs,
cats and ruminants across four provinces in the country (Mtshali et al., 2015, Mtshali et al., 2017).
Haemaphysalis elliptica is frequently found on M. natalensis in South Africa (Horak et al., 2005) and
Kenya (Guerra et al., 2016). The probability of transmitting C. burnetii to humans via tick bites is,
however, very rare (Eklund et al., 1947). This study serves the first detection of zoonotic C. burnetii

from a wild rodent in a communal grazing area in the Mnisi community.

We did not detect any Rickettsia spp. in the blood of the Mastomys spp. in this study, this is contrary to
a recent study reported by (Essbauer et al., 2018) in which the pathogenic rickettsial organisms, R.
conorii, R. massiliae, R. felis and R. helvetica, were detected in wild rodents sampled across seven
provinces in South Africa and Namibia. In a recent study in China (Ge et al., 2018), Rickettsia spp. were
detected and comprised 60% of the bacterial communities in the spleen of wild mice and shrews.
However, the authors of both of these studies extracted DNA from ear tissue samples and spleen, while
we used DNA extracted from blood (Essbauer et al., 2018, Ge et al., 2018). Previous studies have
stated that rickettsial pathogens are usually enclosed in the dermis, vascular endothelium and spleen
(Bayliss et al., 2009, Hawley et al., 2007) so it is more likely to detect rickettsiae in such tissues rather

than in blood.

The number of sequences of Anaplasma, Ehrlichia and Coxiella species detected in Mastomys spp. in
this study was low and may not be statistically significant, however because these were genera of
zoonotic and veterinary importance, it necessitated the mention of their detection. No significant
similarities were observed when comparing bacterial communities based on the rodent species
sampled: either M. coucha or M. natalensis. Statistical analysis of bacterial communities in the blood of
Mastomys spp. revealed that the blood microbiome of rodents was diverse across the different habitat
areas. Rodents from the communal grazing area, Tlhavekisa, on the most part shared similar bacterial
profiles with rodents from Hlalakahle, an urban/periurban area. The physical distance from Tlhavekisa

to Hlalakahle is about 8.1 km, further than the distance from Tlhavekisa to Gottenburg (about 7.7 km)
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so it is not certain why rodents from these two areas shared similar blood bacterial profiles. On the other
hand, rodents captured from Gottenburg, also an urban/periurban area, and rodents from Manyeleti
Game Reserve, a protected wildlife reserve, had diverse blood bacterial profiles. This is in agreement
with a previous study (Gall et al., 2017) where the authors speculated that geographic location plays a
role in the ecological variation that is seen in bacterial populations in hosts and vectors. PCA revealed
an association of positive correlations observed between B. grahamii, Bartonella sp. RF255YX,
Bartonella spp. and unclassified Rhizobiales as well as positive correlations between Ochrobactrum
spp., unclassified Brucellaceae, Brucella spp. and B. henselae from the blood bacterial profile of rodents
R30 and R31 from Gottenburg and R53 from Manyeleti. Overall, the sample numbers in our study were

low, such that individual variation had a large impact on the statistical outcome.

Due to regulations by the Department of Agriculture, Forestry and Fisheries (DAFF) South Africa, we
were not allowed to collect the ticks that were on the body of the rodents when they were captured. All
ectoparasites were frozen with the rodent carcasses at -80°C. In ideal circumstances, we would have
collected the ticks, allowed them to digest their blood meals, performed dissections and characterized
the bacterial microbiome of the tick salivary gland and midgut. Prior studies conducted on rodents and
their ectoparasites have underpinned how characterizing the bacterial populations in hosts and their
arthropod vectors is important in understanding the abundance of vector-borne pathogens as well as
the roles and interactions that exist within these bacterial populations (Cohen et al., 2015, Rynkiewicz
et al., 2015). Unfortunately, we were unable to do so. A limitation of the study was that PCR grade water
was not spotted on FTA cards to evaluate potential contaminants on cards; this would have been useful

as a DNA extraction control.

In conclusion, this study provided a synoptic insight into the bacterial diversity of zoonotic pathogens in
the blood of wild rodents in the Mnisi community. It revealed Mastomys spp. as important reservoirs of
bartonellae in the Mnisi community, hosting a variety of species. Finally, it reports the detection of other
important zoonotic pathogens: Brucella spp., Ehrlichia sp., A. phagocytophilum and C. burnetii from

rodents in South Africa.
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Chapter 4

Composition of the bacterial blood microbiome of dogs and cattle in the

Mnisi community

4.1 Abstract

All over the world, dogs are nurtured and kept as domestic pets. In most parts of Sub-Saharan Africa,
the majority of the dog population are owned by households yet wander about freely. Cattle on the other
hand are prized stock known to generally improve the standard and quality of life of communal farmers.
In the Mnisi community, livestock farming is by far the most significant agricultural activity and cattle
form the vast majority of domestic livestock reared. Recent research in the area has detected tick-borne
pathogens of zoonotic and economic importance from domestic dogs and cattle. Because of the close
contact dogs and cattle share with humans, the aim of this project was surveillance of the bacterial
populations in the blood of dogs and cattle in order to understand the role these domestic animals play
as reservoirs of zoonotic and other important tick-borne pathogens in the Mnisi community. The 16S
rRNA gene was amplified from genomic DNA extracted from the blood of 10 domestic dogs and nine
cattle using barcoded primers. Purified PCR amplicons were submitted for circular consensus
sequencing on the Pacific Biosciences platform. Sequencing of 16S rRNA gene amplicons from the
dogs resulted in 30,340 bacterial sequences. Approximately 24% of the sequences from the blood of
the dogs corresponded to Ehrlichia canis, 19.3% to Anaplasma platys, 14.8% to Anaplasma sp. ZAM
dog, and 21.4% to Achromobacter xylosoxidans. Several species were represented by relatively small
numbers of sequences as follows: 5% of sequences corresponded to Mycoplasma haemocanis, 0.3%
to A. phagocytophilum, while 1.6% of the total sequences obtained from canine blood corresponded to
other Anaplasma spp. A similar number of bacterial sequences, 34,559 were obtained from cattle. Of
the total number of sequences obtained from cattle blood, 54% corresponded to A. marginale, 22.2%
to Anaplasma sp. Mymensingh, 10.5% to Anaplasma spp., and 5.4% to Anaplasma sp. Dedessa.
Species with low representation included: Anaplasma sp. Hadesa at 2.7%, A. centrale at 1.4%,
Bartonella spp. at 0.5%, A. platys at 0.2%, Anaplasma sp. Saso at 0.2% and A. phagocytophilum at
0.01% of the total sequences obtained from cattle blood. Sequences of Borrelia sp., Brucella sp.,
Bartonella bovis and the novel pathogen Ehrlichia minasensis were also detected in cattle. The average
number of sequence reads obtained per sample was 3,034 sequences for dogs and 3,839 sequences
for cattle, sufficient to satisfy rarefaction curves that all OTUs were captured. In conclusion, this study
reveals that domestic dogs and cattle in Mnisi community serve as reservoirs of zoonotic and other
economically important Anaplasma spp. This study also serves as the first report of the detection of
recently described Anaplasma species and E. minasensis in cattle and the pathogen M. haemocanis in

dogs in South Africa.
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4.2 Introduction

Dogs play a dominant role in the lives of husnmans, as
friend. Because of the close relationship they share with humans, they can serve as sentinels of
infection between humans, livestock and wildlife (Damborg et al.,, 2016, Macpherson, 2005). The
majority of dogs in the Mnisi community are owned by households and are also free roaming (Conan
et al., 2015). Recent research conducted in the area reported the molecular detection of Anaplasma
spp. from domestic dogs (Kolo et al., 2016). In the Mnisi community cattle rearing is the main agricultural
activity, and cattle are regarded as the most valuable livestock to communal farmers (Choopa, 2016).
A study reported that 65% of cattle screened for tick-borne haemoparasites were positive for Ehrlichia,
Anaplasma, Theileria and Babesia species (Choopa, 2016). People in this community have close
interactions with both dogs and cattle, and these animals could serve as conduits of zoonotic
pathogens.

The advent of next-generation sequencing technologies coupled with the advances made in
bioinformatics analyses have led to the discovery of pathogens and their genes within and on the body
of humans and companion animals (Barko et al., 2018, Deng and Swanson, 2015). The majority of
microbiome studies that have been conducted on domestic animals have focused purely on the
microbiome of the gastrointestinal tract in mice (Gu et al., 2013), dogs and cats (Hand et al., 2013,
Handl et al., 2011, Ritchie et al., 2008, Suchodolski et al., 2008, Tun et al., 2012), and cattle (Dowd et
al., 2008, Myer et al., 2016). Other studies conducted in dogs have characterized the microbiota of the
upper and lower respiratory tracts and that of the skin (Ericsson et al., 2016, Hoffmann et al., 2014).
Studies in cattle have characterized the microbiome of the respiratory tract (Gaeta et al., 2017, Holman
et al., 2015, Lima et al., 2016, Nicola et al., 2017). The microbiome of the bovine mammary gland has
also been described (Falentin et al., 2016, Le Loir, 2017, Oikonomou et al., 2014), while other studies
have characterized the vaginal and uterine microbiota of cows (Rodrigues et al., 2015, Santos and
Bicalho, 2012). However, there is little or no information about using next generation sequence
technology to describe the bacterial composition of the circulating blood in domestic dogs and cattle.
The aim of this study was to perform a survey of the bacterial populations in the blood of dogs and cattle
using circular consensus sequencing on the Pacific Biosciences platform in order to understand the role
these domestic animals play as reservoirs of zoonotic and other important pathogens in the Mnisi

community.

4.3 Materials and Methods
4.3.1 Ethics approval

The study was conducted with approval number (V105-15) from the Animal Ethics committee (AEC) of
the Faculty of Veterinary Science, University of Pretoria. Permission was obtained to carry out the
research in terms of Section 20 of the Animal Diseases Act 1984, from the Department of Agriculture,
Forestry and Fisheries (DAFF) South Africa with reference numbers: 12/11/1/1; 12/11/1/1/6.
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4.3.2 Samples used for the study

A set of 10 DNA samples extracted from blood collected from domestic dogs and nine DNA samples
extracted from cattle blood was used in the study. Blood samples were collected during a Health and
Demographic Surveillance System (HDSS) programme that ran in the Mnisi community (Conan et al.,
2015) and was stored in the Hans Hoheisen Wildlife Research Station Biobank, University of Pretoria,
at the Orpen Gate, Kruger National Park. Blood samples from domestic dogs were collected from
households in Hluvukani village between April to May 2012. Blood samples from cattle were collected
at dip tanks in Seville A, Seville B, Hlalakahle, TIhavekisa and Gottenburg between April to September
2013. Figure 4-1 shows the map of the study area and the locations of blood sampling.

Figure 4-1: Map of study area with red stars showing locations of blood sampling from dogs and cattle. Dark green represents

protected areas where wildlife roam freely (map produced by Estelle Mayhew).

4.3.2 PCR amplification and sequencing

DNA used in this study was extracted from 200 pl EDTA blood using the QlAamp DNA mini kit ® (Qiagen,
Hil den, Germany) according to the +28QTThe4leV8 variable
regions (i.e. near full length) of the 16S rRNA gene was amplified from samples using barcoded sample
specific primers as described in Chapter 3 of this thesis using five pl of DNA (approximately 100 ng of
DNA) to make a final PCR reaction volume of 25 ul. Purified PCR products were couriered to the
Genomics Sequencing Core at Washington State University, Pullman, WA, USA for Pacific Biosciences
(PacBio, Menlo Park, CA) circular consensus sequencing (CCS). Table 4-1 shows the sample

information of the library prepared for CCS.
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