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Dissertation summary 

 

Anthrax is a zoonotic disease caused by a Gram-positive, rod-shaped, soil bacterium 

known as Bacillus anthracis. The global phylogenomic structure of B. anthracis consists 

of three major lineages namely clades A, B, and C. Anthrax is endemic in the northern 

part of Kruger National Park (KNP) in South Africa, which show cases of distinctive 

genetic diversity of B. anthracis A and B-clade strains. Until the 1990s, animals in the 

KNP were mainly infected by B-clade strains, but since the 1990s, only A-clade strains 

have been isolated from animals. In this study, whole genome sequencing (WGS) 

approach was employed to screen B. anthracis isolates (n=80) collected from animal 

carcasses and environmental samples in the KNP between 2012 and 2015. Whole 

genome single nucleotide polymorphism (wgSNP) and pan-genome analysis were 

employed to infer the population structure of B. anthracis A- and B-clades, as well as to 

understand the genetic differences amongst these clades, respectively. Furthermore, 

genetic characterization of the Bacillus collagen-like protein A (bclA), tryptophan operon 

and antibiotic resistance (AR) genes were investigated on A- and B-clades of the KNP B. 

anthracis genomes.  

 

The population structure of the KNP B. anthracis consisted of diverse strains grouping in 

the prominent A.Br.005/006 (Ancient A) SNP lineage. The B. anthracis isolates from 

2012-2015 are dispersed amongst minor sub-clades that present a non-stabilized genetic 

population within this SNP lineage. Pan-genomics showed a clear distinction between A- 

and B-clade B. anthracis genomes with 11,374 predicted clusters of protein coding 

sequences. B-clade genomes contain unique accessory genes that dissociates them 

phylogenetically from the A-clade genomes. These consisted of multiple copies of Heme-

based aerotactic transducer (hemAT), long-chain-fatty-acid--CoA ligase (fadD13) and 

murein hydrolases (mepH) which form part of the cell wall biosynthesis pathway of B. 

anthracis. The mepH gene, located on pXO2 in B-clade genomes is truncated and 

structurally differs from the A-clade genomes. AR profiles showed that the genomes of A 

and B lineages consist of fosB1 and fosB2 genes that encode for fosfomycin resistance. 

However, a gene copy of a multidrug gene (mdtG_2) was a unique feature of the B-clade 
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genomes. Furthermore, one of the KNP A.Br.005/006 strain 1298 had a unique 

antimicrobial resistance profile (blaTEM-116_1) which conferred resistance to amoxicillin, 

ampicillin, cephalothin, piperacillin and ticarcillin. Genes linked to prophage regions were 

also identified as a unique feature in A-clade genomes. Genetic differences in the 

tryptophan operon showed a truncated tryptophan synthase subunit alpha (trpA) gene in 

the B-clade strains. Sequence length variation of the BclA protein on the exosporium of 

the B. anthracis endospores and the copy number of the GXX amino acid repeats 

identified in the collagen like region (CLR) could be used for subtyping and differentiation 

of B. anthracis strains. The A.Br.005/006 genomes had a higher copy number (4:3) of 

variable number of tandem repeats (VNTR) in comparison to B-clade genomes. 

Comparative genomics was successfully used to infer genetic diversity of B. anthracis 

strains.  

 

This study highlights the ubiquity of the A-clade, and its persistence in both enzootic and 

non-enzootic (areas south of the endemic region) regions of the KNP. This is the first 

study to report genetic variability in A- and B-clade B. anthracis strains based on the 

tryptophan operon and the Bacillus collagen-like protein A (bclA) in the KNP. The 

observed mutation in the trpA gene results into a pseudogene, inhibiting the termination 

step of the tryptophan biosynthesis pathway. Additionally, we were able to identify genes 

that contribute to the phylogenomic clustering of A and B KNP B. anthracis strains. Further 

studies on cell wall structure (genes and associated pathways) will provide insight on the 

persistence of A-clade B. anthracis genotypes over B-clade strains. This will inform 

adaptability and survival in the endemic regions. This study has revealed that WGS is a 

powerful tool that can be used to understand the evolution of B. anthracis for 

epidemiological surveillance and to trace anthrax outbreaks. 
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Chapter 1: Introduction and rationale 

 

1.1 Introduction 

 

Bacillus anthracis is an endospore–forming and soil-born pathogen that causes anthrax 

in mammals (Turnbull, 1998; WHO, 2008). The B. anthracis spores are highly resistant 

to desiccation in harsh environmental conditions and remain dormant for extended period 

(WHO, 2008).  The spores are found in specific soil types and conditions, thriving in 

alkaline soils (Hugh-Jones and de Vos, 2002; WHO, 2008). When environmental 

conditions are favourable, the endospores can germinate into vegetative bacterial cell, 

causing disease (Hugh-Jones and de Vos, 2002; WHO, 2008) .  

 

B. anthracis is enzootic to the Pafuri region of Kruger National Park  (KNP) (de Vos, 1990) 

and the Ghaap region in the Northern Cape province (NCP) (Hugh-Jones and de Vos, 

2002).  KNP has a history of episodic outbreaks of anthrax recorded since the 1950s and 

certain geographical localities within it have been described as anthrax endemic areas 

(Smith, 1999). In the KNP, the endemic anthrax outbreaks are attributed to dry seasons 

after heavy rainfalls (de Vos, 1990; Steenkamp et al., 2018) with the main host being 

kudu (Tragelaphus strepsiceros) (Hugh-Jones and de Vos, 2002). However, Basson et 

al. (2018) indicated that outbreaks since the 2000s occurred in the wet season infecting 

predominantly impala (Aepyceros melampus). Huang et al. (2022), showed that the 

dominant host turnover occurred in the 1990s, possibly attributed to the reduced 

population density of kudu after large outbreaks and drought or floods (Parsons et al., 

2005). 

 

Based on the genetic structure,  B. anthracis, three major clades A, B and C have been 

described (Keim et al., 1999; Smith et al., 2000; Van Ert et al., 2007). These clades are 

well defined using canonical single nucleotide polymorphism (canSNP), MLVA (multi-loci 

variable number tandem repeat (VNTR) assay) and  whole genome SNP (wgSNP) 

analysis (Smith et al., 2000; Le Flèche et al., 2001; Beyer et al., 2012; Gachohi et al., 

2019; Lekota et al., 2020). The B. anthracis genotypes were initially characterized using 
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eight VNTR markers for the assay (MLVA-8) (Keim et al., 2000; Smith et al., 2000) 

identifying both the A and B (KrugerB) clades in the KNP. In KNP, the rare B-clade 

(B.Br.001) isolates were dominant in the northern region of Pafuri while the A-clade 

isolates were dominant in the central region of the park (Smith et al., 2000). However, 

since the 1990s, the A-clade isolates were the only clade present in the northern Pafuri 

region of the KNP (Smith et al., 2000). There is a high genetic diversity of B. anthracis 

strains in the KNP consisting of the extinct B-clade (B.Br.001), various A-subclades such 

as A.Br.005/006 (Ancient A), and A.Br.002 (Sterne) compared to the diversity in Etosha 

National Park (ENP) in Namibia. The ENP consists mainly of the A.Br.Aust94 and 

A.Br.008/9 clades genotyped using MLVA-31 analysis over 50 years (Figure 1.1). The 

genotypes in ENP are mainly comprised of the A.Br.Aust94 subclade and are stable over 

time (Beyer et al., 2012), while in the KNP the dominant genotypes changed over time 

from B to A (Figure 1.1).   

 

Figure 1.1: Bacillus anthracis strains diversity in Etosha National Park (ENP) (N=24) 

genotypes (Beyer et al., 2012), and KNP (N=45 genotypes) (Hassim, 2016); Lekota et al., 

2018) (B clade)) over 50 years, based on 31-marker multi-locus-VNTR-analysis (MLVA). 

The histograms show the relative frequency among strains detected by decade. The 

dominant strains in ENP are relatively stable over time, while in the KNP show significant 

change over time. 
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This diversity is also evident when comparing the enzootic regions in South Africa.  The 

B. anthracis strains from the NCP and the KNP groups occur in heterogenous genetic 

lineages that include A.Br.005/006 (Ancient A), A.Br.001/002 (Ames/Sterne), A.Br.0057 

(V770), and B.Br.010 (B-branch) clades with a considerable geographic and genetic 

diversity of the A.Br.005/006 clade observed in the KNP (Lekota et al., 2018) (Figure 1.2).  

 

 
Figure 1.2: Whole genome phylogeny of Bacillus anthracis strains in Kruger National 

Park (KNP) showing the genetic diversity (Lekota et al., 2018). The phylogenetic structure 

indicates the clustering of the strains into different sub-clades The South African strains 

grouped in the A.Br.005/006 (Ancient A) indicated in dark green, A.Br.001/2 (Sterne) in 

purple, and B.Br.10 (B-clade) in red.  Image from Lekota et al., (2018). 
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1.2. Rationale 

 

Kruger National Park consists of heterologous strains that are mostly genotyped based 

on MLVA. The genetic diversity of B. anthracis is not fully exploited as MLVA results in 

homoplasticity (Achtman, 2008 ; Le Flèche et al., 2001). This presents a challenge when 

assessing the evolution and population dynamics of monomorphic bacteria such as B. 

anthracis; therefore, understanding the anthrax outbreaks and tracing the dissemination 

of B. anthracis in the KNP is imperative. Whole genome sequencing exploits the complete 

genomic region and is a powerful tool to genotype monomorphic pathogenic bacteria such 

as B. anthracis. The population genetic structure of B. anthracis in the KNP shows a 

prominent A.Br.005/006 SNP branch that is heterogeneous and present in the enzootic 

and non-enzootic phylogeographies (Lekota et al., 2016, 2018). This SNP branch is 

circulating in both the northern and central part of the KNP and is the most probable 

source of future outbreaks in the KNP; thus, understanding the genetic diversity will 

enable curbing of the disease in the park. Comparative genomics of A- and B-clade 

strains will also contribute towards understanding the ecology of B. anthracis in the 

endemic regions of the KNP.  
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1.3. Aims and objectives 

The aim of the study was to determine and further delineate the genetic diversity of B. 

anthracis strains in the Kruger National Park (KNP) and to evaluate genetic variations 

among B. anthracis A- and B-clade strains.   

Objectives 

• To conduct whole genome sequencing of the B. anthracis strains in the KNP.  

• To determine the genetic diversity of B. anthracis strains in the KNP using whole 

genome single nucleotide polymorphism (wgSNP) approach.  

• To conduct comparative genomics on B. anthracis A- and B- clades, targeting the 

Bacillus collagen-like protein of anthracis (bclA gene), the tryptophan operon 

genes and antimicrobial resistance (AMR) genes. 

• To identify unique genes by employing pan-genome analysis of A- and B-clade 

strains. 
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Chapter 2: Literature review 

 

2.1 Anthrax and its history 

 

Anthrax is an infectious zoonotic disease that primarily affects both wild herbivores 

and domestic animals (WHO, 2008). Infections have also been reported in carnivores 

and humans however, these hosts are resistant, and anthrax occurs less often in these 

hosts. This infectious zoonotic disease was coined from the Latin word (anthrax) 

meaning coal, which is characterized by the black lesions presented on humans 

infected with cutaneous anthrax (WHO, 2008). Anthrax is caused by a Gram-positive, 

endospore forming bacterium called B. anthracis (Sterne, 1937; Leppla, 1982). The 

causative agent was first identified in 1863 then isolated by Robert Koch in 1876. 

Bacillus anthracis is a member in the family Bacillaceae consisting of saprophytic, 

sporulating, non-motile rods (Turnbull and WHO, 1998). ). The bacteria can exist in 

two forms in its life cycle namely as vegetative cells in hosts or as endospores. In the 

environment, the spores remain viable in soil for extended periods and are not prone 

to decay (Dragon and Rennie, 1995; Carlson et al., 2019). The dormant endospores 

are tolerant to extreme conditions such as ultraviolet radiation (Nicholson and 

Galeano, 2003),, high temperatures and pH (WHO, 2008), humidity (Minett, 1950) and 

nutrient starved habitats (Dragon and Rennie, 1995). Upon entry of spores into 

susceptible host cells, the nutrient rich internal environment triggers germination and 

propagation of the spores into vegetative cells (WHO, 2008). The event results in the 

death of the infected animal and the release of vegetative cells into the surrounding 

environment. Sporulation occurs upon exposure to oxygen and the released spores 

remain in the environment until they are taken up by another host (Sterne, 1937; WHO, 

2008). 
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Anthrax records date as far back as the first millennium BC with numerous scholars 

believing it may have caused the fifth and six plaques in Egypt in cattle and humans 

(approximately 1250 BC). It has additionally been described in the Siege of Troy 

(approximately 1200 BC), the writings of Homer (approximately 1000 BC), Hippocrates 

(approximately 400 BC), Varro (116-27 BC), Virgil (70–19 BC) and Galen 

(approximately 200 AD) (Turnbull and Shadomy, 2010).  

Major outbreaks have been recorded from the 17-19th century in Europe and resulted 

in severe domestic livestock losses. The disease in animals was first described in 1780 

by Chabert (Wistreich and Lechtman, 1973, Turnbull, 1996) and Barthelemy further 

demonstrated disease transmission via inoculation of blood from diseased animals to 

healthy animals (Wilson and Miles, 1975). In 1850, small filiform bodies were identified 

in a sheep with anthrax by Pierre Rayer and Casimir Joseph Davaine (Klemm and 

Klemm, 1959; Dirckx, 1981; Rouli et al., 2014 ). Later Davaine described the presence 

of bacilli in the blood of a diseased animal and suggested that these microorganisms 

were causing the disease (Dirckx, 1981). In the 1870’s, the disease was extensively 

investigated by Robert Koch and Louis Pasteur (Carter, 1988).  

 

Koch described the life cycle of the Bacillus and identified spores that could survive 

for extended periods of time in the environment. Louis Pasteur developed the first 

animal anthrax vaccine in 1881 using attenuated live organisms (Encyclopaedia 

Britannica, 2018). Later, in the late 1930’s the Sterne’s livestock vaccine was used in 

South Africa and then in the rest of the world (Sterne, 1967). The vaccine in 

combination with other control programs resulted in a dramatic reduction in the 

disease in enzootic areas from 1940-1960, leading to the disease been reported as 

being of minor concern to both veterinary and public health (Riedel, 2005).  
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2.2 Bacillus anthracis pathogenesis 

 

The B. anthracis genome comprises of an approximately 5.2 Mb single chromosome 

and two double stranded circular plasmids (Figure 2.1), pXO1 and pXO2, which carry 

the major virulence factors required for pathogenesis (Read et al., 2003; Ravel et al., 

2009). The chromosome encodes over 5000 predicted proteins (Read et al., 2003). 

The pXO1 (182 kb) encodes a tripartite protein exotoxin complex, while pXO2 (95 kb) 

encodes the capBCAD operon responsible to produce a polyglutamate (PGA) capsule. 

The capsule protects the pathogen from phagocytosis, allowing invasion and evasion  

of the host immune response (Mock and Fouet, 2001).  

 

 

 

Figure 2.1: The genome structure of Bacillus anthracis indicating the double-stranded 

circular chromosome and the two plasmids (pXO1 and pXO2) which encode the main 

virulence genes and capsule genes, respectively (Lekota, 2018).  
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The two major virulence factors are formed by three components of the exotoxin, the 

protective antigen (PA), the lethal factor (LF) and the edema factor (EF). The lethal 

toxin (LT) comprises of the PA and the LF, whereas the edema toxin (ET) is composed 

of the PA and the EF (Pezard et al., 1991; Mock and Fouet, 2001).  The PA (molecular 

weight of 83 kDa) (PA83) attaches to the cellular receptors on target host cells and is 

proteolytically digested into PA63 (63 kDa) and PA20 (20 kDa) by furin or furin-like 

proteases (Petosa et al., 2013; Hammamieh et al., 2008; Froude et al., 2011). The 

PA63 binds to the anthrax toxin receptor (ATRs) after PA20 dissociates and diffuses 

into the surrounding medium (anthrax toxin receptors) (Figure 2.2). The PA 

heptamerization causes ATR clustering, exposing the edema factor (EF) and the lethal 

factor (LF) binding domains to the receptor-bound PA63 that is carried into cells via 

membrane lipid rafts (Abrami et al., 2003). The LF is a zinc-dependent 

metalloprotease with four domains, while the EF is a calmodulin-dependent adenylyl 

cyclase (Leppla, 1982; Abrami et al., 2003; Han et al., 2006; Pilo and Frey, 2018). The 

LF cleaves the N-terminal region of mitogen-activated protein kinase kinases 

(MAPKK). 

 

This cleavage halts each of the MAPKKs from activating, and it has the potential to 

impair downstream signaling, required for a range of basic cell functions, such as 

immunological and stress response activation (Sherer et al., 2007). The process 

results in cell lysis, inducing pro-inflammatory cytokines, leading to vascular collapse, 

shock and death (Figure 2.2). The LF causes cytolysis and increases macrophage 

death by altering membrane permeability, dissipating mitochondrial membrane, and 

fragmenting DNA (Leppla, 1982). In the host cells, the catalysis by the EF converts 

adenosine triphosphate to cyclic adenosine monophosphate (CAMP) (Han et al., 

2006), which de-regulates the cytokine response (Leppla, 1982; Chaudry et al., 2002; 

Tang and Guo, 2009). The action of EF on host cytosolic target induces edema, 

necrosis, and hypoxia (Prince, 2003; Sherer et al., 2007).  
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Figure 2.2: Schematic representation of uptake of Bacillus anthracis lethal and edema 

toxins by host cells. The toxin genes are encoded on the pXO1 plasmid. Abbreviations: 

ATR = anthrax toxin receptor (tumor endothelial marker-8); CMG2 = capillary 

morphogenesis gene 2; DNI = dominant-negative inhibitor; EF = edema factor; Hexa-

d-Arg = hexa-d-arginine; LF = lethal factor; MAPKK = mitogen-activated protein kinase 

kinase; PA = protective antigen; PVI = polyvalent inhibitor. Image adapted from Sherer 

et al. (2007). 
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2.3 Diagnosis of anthrax 

 

Microbiological and molecular techniques are used for the detection and diagnosis of 

B. anthracis from different samples. These samples can be isolated from biological 

fluids (e.g. blood), skin, tissue (e.g. carcass), soil and vegetation and examined using 

microscopy (Hammond and Diamond, 1984; Spencer, 2003; Riedel, 2005). The Gram- 

positive bacilli are present as short chains in infected blood or tissues, surrounded by 

the polypeptide capsule (Spencer, 2003). Blood smears are stained with Giemsa or 

MacFadyean stain, and visualized under a microscope (Hammond and Diamond, 

1984) for the confirmation of B. anthracis capsules. This procedure was established in 

1903 and is recommended as a highly reliable, rapid diagnostic test for anthrax 

identification. Anthrax colonies have to be grown on plate media containing 0.7% 

bicarbonate or 5% serum and incubated in a 5 to 10% carbon dioxide environment to 

induce the capsules (Riedel, 2005). 

 

Phage lysis and antibiotic (specifically penicillin) susceptibility tests are also 

recommended for the diagnosis of anthrax, mainly for the confirmation of clinical cases 

(OIE, 2018). Gamma phage, which is regarded as the standard phage for anthrax 

diagnosis was initially reported in 1951 (Brown and Cherry, 1951). Even though B. 

anthracis is known to be susceptible to penicillin, not all strains are lysed by the 

gamma-phage, therefore confirmation with polymerase chain reaction (PCR) is 

recommended to screen for virulent factors namely PA, LF and the capsule genes 

(OIE, 2018).  
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2.4 Global prevalence and epidemiology 

 

Anthrax occurs worldwide, however, reoccurring outbreaks occur in endemic regions 

where the soil type and environmental factors favour the B. anthracis endospore 

survival. Outbreaks in these endemic regions are associated with alkaline, nutrient 

(calcium and/or nitrogen) rich soils and changes in seasonal climatic factors such as 

rainfall and ambient temperatures (Turnbull, 2008; WHO, 2008). Anthrax remains 

prevalent in developing countries where control measures using vaccination of 

livestock is poorly implemented. These include central Asia, sub-Saharan Africa, south 

and central America, certain regions of China, and the Indian sub-continent, with 

sporadic cases in other areas/countries (WHO, 1996; Schmid and Kaufmann, 2002; 

Hugh-Jones and Blackburn, 2009). Despite control measures such as vaccination in 

Africa, occasional outbreaks occur in Botswana, Namibia, Zimbabwe, Uganda and 

Tanzania (WHO, 2008, Hampson et al., 2011) with sporadic cases reported in South 

Africa (Viljoen, 1920; Hassim, 2016). 

 

2.5 Anthrax epidemiology in South Africa 

 

The anthrax prevalence peaked in 1923 in South Africa as a result of commercial 

farming, resulting in 60,000 wildlife and livestock dying from the infection (de Vos, 

1990). As mentioned, the prevalence of anthrax was significantly reduced with the 

implementation of the Sterne vaccine for livestock in 1937 (Sterne, 1967). However, 

outbreaks and endemics still occur in natural environments such as Kruger National 

Park (KNP) and Northern Cape province (NCP) and affects wild ungulate herbivores 

(Hugh-Jones and De Vos, 2002).  

 

In KNP, the spore survival in the northern parts is supported by neutral-to-alkaline soils 

and the increased calcium levels (Dragon and Rennie, 1995; Smith et al., 2000). 

Anthrax outbreaks generally occur during dry seasons after extended average rainfall 

season with the main host being kudu (Tragelaphus strepsiceros) (Hugh-Jones and 

de Vos, 2002). However, recent outbreaks occurred in the wet seasons and 

predominantly impala (Aepyceros melampus) were infected (Basson et al., 2018; 

Huang et al., 2022). Various factors and vectors play a role in the transmission of B. 
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anthracis during anthrax outbreaks as B. anthracis is infectious but non-contagious 

and can thus not be spread from one animal to the other (WHO, 2008). 

 

In contrast, vaccination of livestock can be used to control anthrax transmission in 

NCP, as the disease occurs on livestock farms with free roaming wildlife. Thus, the 

susceptible wildlife can transmit the disease to animals that are not vaccinated. Kudu 

(Tragelaphus strepsiceros) and Zebra (Equus burchelli) are the most affected species 

in NCP (Hugh-Jones and de Vos, 2002). Anthrax is spread by blowflies and louse flies 

(Hippobosca rufipes) in this region (Hugh-Jones and de Vos, 2002). Outbreaks in the 

Ghaap region of NCP occurred during summer and affected livestock (goats, sheep, 

horses and cattle), springbok (Antidorcas marsupialis), roan antelope (Hippotragus 

equinus) and gemsbok (Oryx gazella) (Henton and Briers, 1998). Other reported cases 

include the 2001 outbreak which affected eland (Taurotragus oryx) and the 2007/8 

outbreak in antelope and equids which resulted in a great economic loss to game 

farmers (Hassim et al., 2017). 

 

2.6 Infection and transmission 

 

Three forms of anthrax (cutaneous, gastrointestinal and inhalation) occur with infection 

(WHO, 2008). In animals, gastrointestinal anthrax which occurs through the ingestion 

of contaminated vegetation and inhalation of spores while grazing or while drinking at 

contaminated watering holes are the main forms of the disease in animals (WHO, 

2008) (Figure 2.3).  

 

Transmission of infectious spores to susceptible hosts can be through infected B. 

anthracis vegetation or by scavenger vectors from infected carcasses such as flies, 

vultures, jackal, hyena, etc. (McBride and Turnbull, 1998; Beyer and Turnbull, 2009). 

Grazing at carcass sites pose risk to B. anthracis spore exposure to herbivores. Turner 

et al. (2014) observed that carcass sites alter the nutrient composition of the soil, 

promoting vegetation growth, thus appealing to some herbivores. These dynamics 

influence disease transmission and species-specific exposure risks during different 

outbreaks (Turner et al., 2014). Recent studies showed that transmission varies 

between carcass sites and water sources (Huang et al., 2022). A high exposure to B. 

anthracis spores while grazing as compared to while drinking was observed (Turner 
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et al., 2016). The transmission of anthrax through inhalation of B. anthracis spores is 

unlikely as observed by Barandongo et al. (2018). The study showed that dust bathing 

behaviors do not pose a significant risk for herbivores to inhale anthrax (Barandongo 

et al., 2018) and that it is unlikely that animals will engage in the behaviors at carcass 

sites. 

 

In KNP, transmission of B. anthracis by vectors is well documented. Fly vectors include 

necrophagic and haemophagic flies such as Tavanus and Stomoxya biting flies (WHO, 

2014) and non-biting flies such as Chrysomya (blow flies) (Braack and de Vos, 1990; 

Hugh-Jones and de Vos, 2002; WHO, 2008). Blowflies contaminate surrounding 

vegetation near carcass thus infecting animals. In KNP, Chrysomya albiceps and 

Chrysomya marginalis feed on infected carcasses and regurgitate B. anthracis spores 

on vegetation (Basson et al., 2018). Susceptible hosts ingest spores while browsing 

on woody vegetation and this plays an important role in anthrax transmission (de Vos, 

1990; Basson et al., 2018) (Figure 2.2). Additionally, vultures are suspected of 

spreading anthrax from infected carcasses to water sources (dams, ponds, water 

troughs, and water holes) (Pienaar, 1967; Hugh-Jones and Blackburn, 2009). 

 

 
 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

17 

  

 

Figure 2.3: Bacillus anthracis transmission pathways indicating the source of infection and multiple vectors. The spores are inhaled 

or ingested by herbivores (impala, kudu etc.) while grazing/browsing and drinking. The infected animal dies at carcass site, releasing 

infectious spores into the soil. The spores are transmitted when animals (carnivores/scavengers) consume the infected meat. 

Scavengers (e.g., vultures) carry spores to drinking waterholes where new hosts may be exposed. Blowflies feeding on diseased 

carcasses contaminate surrounding vegetation near carcass site thus infecting browsing animals (de Vos, 1990).
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 2.7 Bacillus anthracis endospore and germination 

 

The B. anthracis endospore is vital for infections in hosts. Endospores have a well-

maintained structure and are metabolically inactive (Liu et al., 2004). The structure 

ensures survival for extended periods in non-conducive environments. The endospore 

consists of 4 layers; the exosporium, the spore coat, the cortex and the spore core 

(Figure 2.4). The outermost layer of the spore is made up of lipids, polysaccharides 

and proteins encasing the spore coat. The exosporium is the primary contact surface 

between the spore and the environment (Beaman et al., 1972; Turnbull, 1996, Liu et 

al., 2008).  

 

 

 

 
 
Figure 2.4: Cross section illustration of a bacterial endospore. The core contains the 

constituents (genomic material) of the future vegetative cell and dipicolinic acid 

essential for heat resistance. The core is surrounded by a murein peptidoglycan layer 

(cortex) which is vital for protection against heat and radiation. The wall surrounding 

the core forms the new vegetative cell during germination and the coats protect the 

spore from enzymatic and chemical degradation (Adapted from 

http://creativecommons.org/licenses/by-sa/4.0 and Turnbull, 1996).  
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The second layer is the double layered spore coat which mainly contains cysteine and 

hydrophobic amino acids that protect the spore from the harsh environmental 

conditions. The cortex comprises a loosely arranged peptidoglycan layer, a tightly 

arranged inner layer and a loosely arranged outer layer made of alanine, tetra-peptide 

and muramic lactum. The outer layer can be easily hydrolysed during germination. 

The innermost structure of the spore harbours the genomic material bound to small 

acid-soluble proteins (Driks, 2009; Swick et al., 2016). The spore core contains 

excessive amounts of calcium and dipicolinic acid that ensures the spore is resistant 

to DNA damaging factors, maintaining the dormant phase. The surrounding 

membrane prevents water diffusion (Setlow, 2003; Knudsen et al., 2016). The local 

environment provides signals for germination when nutrients are available.  

 

Initiation of bacterial germination is dependent on proper germination or germination 

receptor interactions (Dixon et al., 1999). For B. anthracis, amino acids, which are 

important sources of soil organics, and purine nucleosides (guanine and adenosine 

and its primary metabolite inosine) are major nutrient germinants and interact with their 

specific receptors located in the inner membrane of the spore (Ireland and Hanna, 

2002; Weiner et al., 2003; Fisher and Hanna, 2005). Alanine or inosine are typically 

the primary germinants, with a separate amino acid functioning as a co-germinant. 

When highly concentrated, L-alanine can trigger germination of spores by itself 

(Ireland and Hanna, 2002). In contrast, inosine can stimulate a greater germination 

response as a primary germinant at a diminished concentration as compared to L-

alanine. Although inosine is a potent primary germinant, its independent action is not 

sufficient to germinate B. anthracis spores. However, it can be paired with a variety of 

L-amino acids, including L-histidine, L-serine, L-valine, L-tryptophan and L-

methionine, as well as with the primary germinant L-alanine (Weiner et al., 2003). 

 

Germination events are preceded by receptor recognition to their specific germinants. 

For spore rehydration, dipicolinic acid and its associated calcium ions (Ca-DPA) 

reserves are released from the spore core, allowing for water to flow back into the core 

(Moir, 2003). Lytic enzymes activation hydrolysis the peptidoglycan in the spore cortex 

resulting in further spore rehydration (Setlow et al., 2001). This is followed by the 

outgrowth phase when RNA, protein and DNA are synthesised, resulting in a 
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vegetative bacillus. The germination process is quick and occurs within a few minutes 

under favourable conditions. 

When environmental conditions are not optimal, vegetative cells are released from 

diseased animals in a process called sporulation (Sterne,1967; Turnbull, 2008). This 

process is influenced by changes in temperature, humidity, pH, availability of nutrients 

and water (WHO, 2008). Although not well studied, sporulation of the vegetative cells 

is a sensitive phenomenon that impacts survival in the environment. In their study, 

Minett (1950) observed that sporulation is inhibited at humidity lower than 60%, 

however, temperature is the main factor when humidity levels are higher. 

Temperatures between 8°C and 45°C favour multiplication of vegetative cells and 

persistence of spores (Davies, 1960). Bacillus spores have the ability to survive in 

various environments. These spores have been isolated in temperature-controlled, 

low humidity spacecrafts (Venkateswaran et al., 2001; La Duc et al., 2004) and in 

deserts (Benardini et al., 2003) where there is high ultraviolet radiation.  

 

2.8 Molecular characterization of B. anthracis  

 

Bacillus anthracis is a monomorphic organism that makes subtyping of the strains 

challenging (Achtman, 2008). Discriminatory molecular markers have long been used 

to characterize and differentiate the genetic lineages of B. anthracis  (Keim et al., 2000; 

Pearson et al., 2004; Van Ert et al., 2007a; Jung et al., 2012). The genetic structure 

consists mainly of three lineages, the ubiquitous A-clade, the rare B-clade and the C-

clade with their sub-clades (Figure 2.5). Majority of anthrax outbreaks (90%) are 

attributed to the A-clade, 10% to the B-clade and less than 1% cluster in the C-clade 

(Van Ert et al., 2007a).  

 

2.8.1 Multi-locus variable tandem repeats (VNTR) assay (MLVA) 

 

The MLVA is a popular technique used for bacterial DNA genotyping (Keim et al., 

2007; Keim et al., 2000; Van Ert et al., 2007a). The analysis enables differentiation of 

rapidly evolving bacterial species that would otherwise have similar fingerprinting 

profiles using other techniques. The method relies on PCR amplification of VNTRs 
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found on the chromosome and plasmids. Variable number of tandem repeats (VNTR) 

allelic differences resulting from DNA replication generate variation in the number of 

observed VNTRs in strains of the same species. Amplification of the repeat regions 

can be analysed by electrophoresis to determine the relationship between bacterial 

strains. The MLVA however, requires optimized protocols and only common 

pathogens can be subtyped. The technique has been used successfully to cluster the 

genetic lineages of B. anthracis (Keim et al., 2000; Van Ert et al., 2007a). This assay 

has a high resolution and could be used to define the global population structure of B. 

anthracis into three clades (A, B and C) in 42 different countries (Van Ert et al., 2007a). 

 

Initial characterization of B. anthracis strains employed MLAV8 consisting of VNTR 

markers targeting variable chromosomal regions vrrA, vrrB1, vrrB2, vrrC1, vrrC2 and 

CG3 as well as two VNTRs markers located on B. anthracis plasmids pXO1 and pXO2 

(Keim et al., 1997; Keim et al., 1999). These markers were used to reconstruct the 

evolutionary lineages, identifying various subpopulations among B. anthracis isolates. 

In their study, Keim et al. (2000) successfully used MLVA8 to characterize 426 

worldwide B. anthracis collections into 89 distinct MLVA genotypes (Figure 2.5), 

revealing clustering of these strains into 6 dominant genetic clusters (A1, A2, A3, A4, 

B1 and B2).  

 

The MLVA8 markers, however, could not distinguish strains from closely related 

geographic locations. Furthermore, 3 major clusters (A, B and C) were identified to 

resolve the evolutionary relationship of B. anthracis strains using MLVA15. Over 200 

MLVA genotypes were identified, as compared to the analysis using MLVA8 (Van Ert 

et al., 2007). MLVA15 provided a higher resolution when coupled with canonical single 

nucleotide polymorphisms (canSNPs) analysis. Classification of these genotypes 

using additional 7 VNTR markers revealed that the A lineage is predominant (89.6%) 

whereas the B and C are rare and are represented by fewer than 15% of the studied 

isolates  (Van Ert et al., 2007a).  
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Subsequent studies expanded on VNTR analysis to subtype B. anthracis isolates 

using MLVA25 analysis by capillary electrophoresis, leading to the identification of new 

genotypes (Lista et al., 2006). The genotyping of French and Italian isolates using the 

25 VNTR loci identified 69 genotypes. The method was reproducible, had an increased 

discriminatory power for characterization of B. anthracis strains and had the potential 

for epidemiological surveys (Lista et al., 2006). The combination of MLVA15 and 

MLVA25 markers by Beyer et al., (2012) to form MLVA31 has become the most 

powerful discriminatory method for differentiating B. anthracis genotypes. MLVA31 

was used to characterize 384 B. anthracis isolates in the Etosha National Park, 

Namibia (Beyer and Turnbull, 2009). The study identified over 37 genotypes that 

clustered into 4 major SNP clusters. 

 

The MVLA31 and SNP analysis provided a better understanding of the evolution of B. 

anthracis, revealing its history and present genotype circulating in the endemic area 

(Beyer et al., 2012). In addition, sub-typing of French strains also revealed that 

MLVA31 can provide high resolution for genotyping of B. anthracis strains and be used 

for epidemiological surveillance of B. anthracis in different regions (Thierry et al., 

2014). 

 

2.8.2 Canonical (can) SNPs 

 

The use of canSNPs using real time PCR or melt analysis of mismatch amplification 

mutation assay (melt-MAMA assay based on conventional PCR) (Birdsell et al., 2012) 

has been deployed as a high resolution genotyping method to discriminate whole 

genome phylogeny into major clonal lineages of B. anthracis clades (A, B and C) and 

sub-clades (Van Ert et al., 2007b; Birdsell et al., 2012). This method employed 12 

canSNPs differentiating Ames strains from non-Ames strains (Van Ert et al., 2007b). 

Although SNP analysis provides some resolution for genotyping, it doesn’t have 

enough discriminatory power compared to MLVA (Lista et al., 2006). 
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Figure 2.5: Genetic structure of Bacillus anthracis populations depicting clustering 

using multi-locus variable tandem repeats (VNTR) assay (MLVA) and canonical single 

nucleotide polymorphisms (canSNP) markers. The major subclusters (Aα1, Aα2, Aα3, 

Aα4, Aβ, B1, B2 and C) based on MLVA are denoted with triangles. The global 

population structure with collapsed major SNP lineages shown on the right, with the 

dominant A- clade shown with a dashed boarder. Adapted from (Pilo and Frey, 2011). 

 

2.8.3 Whole genome single nucleotide polymorphism (wgSNP) analysis  

 

Whole genome sequencing (WGS) has been deployed as a powerful tool for routine 

surveillance of pathogen transmission and for outbreaks tracing. The use of WGS as 

a genotyping technique has enabled discrimination of the phylogenomic structure of 

B. anthracis using SNP analysis (Pearson et al., 2004; Sahl et al., 2016). Whole 

genome sequencing is superior to conventional genotyping methods as it generates 

vast quantities of sequence data for comprehensive genome information (Rasko et al., 

2005). 
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The discovery and analysis of whole genome SNP (wgSNP) data has significantly 

improved the identification of novel genetic markers that enable studies on 

phylogenetic relationships among B. anthracis isolates. This is due to the availability 

and the increasing number of genomes deposited in GenBank (Keim et al., 2000; 

Pearson et al., 2004). The wgSNP analysis defines the global B. anthracis clades and 

sub-clades with higher resolution than canSNP and/or MLVA analysis (Van Ert et al., 

2007b; Derzelle et al., 2015; Sahl et al., 2016; Vergnaud et al., 2016; Bruce et al., 

2020). . 

 

 

2.9 South African genetic population structure of B. anthracis 

 

South Africa has a high diversity of B. anthracis due to the presence of isolates from 

both A and B clusters (Keim et al., 1999; Smith et al., 1999, 2000; Keim et al., 2000; 

Van Ert et al., 2007b). Smith et al. (2000) showed that both the A- and B-clade strains 

occurred in the KNP during the 1970-1981 outbreaks, with the high mortality rates 

attributed to the B-clade strains. Using MLVA31, South African isolates cluster in the 

A- clade and B- clade. Historical anthrax outbreaks in the enzootic Pafuri region were 

attributed to both A and B lineages (Figure 1.1), however after the 1990s, only the A-

clade strains could be isolated (Keim et al., 2000; Smith et al., 2000; Van Ert et al., 

2007b). 

 

Cluster analysis showed that the KNP strains dominated the B1 cluster and are 

restricted to the region (Keim et al., 2000). Keim et al. (2000) identified genotype 87 

from the B-clade to be a significant contributor to current anthrax outbreaks in the KNP 

(Keim et al., 2000). The study also showed that other KNP strains clustered within the 

A3 cluster which is widely distributed and represented by over 39 genotypes (Keim et 

al., 2000).  Recent studies have isolated the widely distributed A-clade in the KNP. 

Subtyping of 72 isolates from the 2012-2013 KNP outbreak using MLVA31 revealed 

clustering of the strains into 23 genotypes (Ledwaba, 2014). MLVA31 identified two 

dominant genotypes (A1, SNP subclade A.Br.005/009) as the dominant genotypes in 

the KNP isolated from 2014-2015 outbreaks (Venter, 2016).  
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Melt-MAMA SNP analysis using 19 markers on 99 smears from KNP isolates clustered 

the isolates into 2 clades, A.Br.005/006 and Aust94 (Hassim et al., 2017). Genotyping 

of B. anthracis strains isolated from the 1975,1990,2010 and 2012-2015 outbreaks 

depicts clustering into the A-cluster, placing the strains in genotype 67 using MLVA-8, 

these isolates could be further separated into 8 different genotypes using MLVA-31 

(Hassim et al., 2017; Lekota et al., 2018). The studies indicated diverse B. anthracis 

strains circulation in the KNP. 

 

Whole genome sequencing has been successfully used to characterize the genetic 

structure of B. anthracis isolates from KNP and NCP. Comparative analysis of South 

Africa isolates to global genomes, had identified SNP branches unique to the South 

African strains (Lekota, 2018, Lekota et al., 2020). Using isolates from 1990 anthrax 

outbreaks and previously isolated strains from the 1975 outbreak, phylogenetic 

analysis revealed clustering of the majority of the KNP isolates into the most prevalent 

genetic sub-group A.Br.005/006 (A-clade) and A.Br.002 (Sterne) subclades. The 

isolates from 1975 strains clustered within the B.Br.014 branch (B-clade). The 

A.Br.005/006 (A.Br.041) major SNP group could be resolved into minor subclades 

dispersed across the park, showing its wide distribution (Lekota, 2018). WGS-SNP 

analysis identified over 6000 informative SNPs that defined the phylogeny of South 

African B. anthracis A-clade strains. Novel SNPs that differentiate the B.Br.010 branch 

from other B-clade branches were also identified (Lekota, 2018).  

 

In NCP, MLVA analysis assigned and defined the population structure of B. anthracis 

isolates into the major A.Br.014 subclade (Hassim, 2016).  The phylogenetic structure 

defined by high throughput sequencing revealed clustering of the isolates into the 

A.Br.003/004 (A.Br.101) clade.  The NCP isolates from the 1998 and 2008/9 outbreaks 

were placed into the distinct A.Br.101 subclade and clustered with isolates from 

Mozambique and Zimbabwe (Lekota, 2018; Lekota et al., 2018). The branch is defined 

by two subbranches, A.Br.172 (1998 isolates) and A.Br.173 (2008/9 isolates) found at 

the top and bottom of the Ghaap plateau escarpment. The next generation sequencing 

(NGS) technology used in the study by Lekota et al. (2018) revealed higher resolution 

MLVA.  Over time sequencing costs has reduced and resulted in a spike in the 

sequencing of different organisms (Koboldt et al., 2013). 
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2.10 Next Generation Sequencing (NGS) and comparative genomics  

 

Since the birth of genomics in 1977 (Sanger et al., 1977) using Sanger sequencing, 

DNA sequencing approaches have drastically improved to parallel sequencing 

(Hutchison, 2007; Mardis, 2013) investigating the genome, transcriptome (Adams et 

al., 1991), and epigenome (Sarda and Hannenhalli, 2014). These methods include 

WGS, whole exome sequencing (WES) and targeted sequencing. Different 

sequencing technologies (Table 2.1) can be employed for WGS, and the chosen 

technology is subject to individual requirements and the biological questions to be 

addressed. NGS technologies are robust and are constantly being improved. Similar 

to capillary electrophoresis, the NGS process involves sequential sequencing of 

nucleotide bases of a small, fragmented DNA/RNA, identifying signals emitted as each 

fragment is re-synthesised from the provided template strand (Shendure and Ji, 2008).  

 

The basic principle behind NGS involves DNA or RNA fragmentation, adapter ligation, 

library sequencing and the assembling of genomic sequence data (Head et al., 2014). 

The process is rapid, employs parallel sequencing, producing enormous high-

throughput data (Koboldt et al., 2013; Mardis, 2013). Sequencing using next 

generation technologies has not only revolutionized biological research but has also 

become more affordable and accessible (Buermans and den Dunnen, 2014; Head et 

al., 2014). The produced data is stored in a particular format and analysed using 

bioinformatics software and optimized programs or workflows.   
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Table 2.1:Frequently used Next Generation Sequencing technologies

Sequencer 454-GS FLX  Illumina MiSeq/ NextSeq Ion Torrent PacBio Oxford Nanopore 

Sequencing 

mechanism  

Pyrosequencing Sequencing by synthesis Semiconductor 

sequencing 

Single-molecule real-time 

(SMRT) sequencing 

Sequencing by 

synthesis 

Read length 700 bp 150-300bp Paired-end 200 bp 2 900 bp 500-2.3 mb 

Output  0.7 Gb 15-600 Gb 25 Gb  100-150 Gb 50 Gb 

Advantage Read length, 

fast 

High throughput High throughput and 

accuracy 

Long read length Ultra-long reads 

Disadvantage Costly, low 

throughput 

High substitution error rate Short read length Low throughput, low 

accuracy 

High error rate 

References   (Segerman, 

2020) 

(Su et al., 2011; Lahens et 

al., 2017) 

(Lahens et al., 2017) (Rhoads and Au, 2015; Allali 

et al., 2017) 

(Segerman, 2020) 
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2.11 Genomic analysis of NGS data using bioinformatics tools 

 

The analysis of NGS data can be intensive. With the advancement of sequencing 

technologies, analysis programs and workflows have been developed to handle the 

enormous data. For all NGS data analysis workflows, quality control is a pivotal starting 

point to ensure that the data is of good standard for downstream analysis. Various 

computer software are available for analysis of large NGS data. These include genome 

assembly and mapping software and programs desired for annotation of draft assembled 

genomes.  

  

2.11.1 Genome mapping/assembly and annotation 

 

Mapping refers to the alignment of sequence reads to a known or closely related genome. 

During mapping, short paired-end reads are assembled in comparison to a reference 

genome. The comparison can only be made between genomes that have a 90% similarity 

(Hardison, 2003; Li and Durbin, 2009). Reference mapping approaches are limited by 

sequence divergence between the genome being assembled and the reference (Li and 

Durbin, 2009). In contrast, de novo assembly is used when there is no reference genome 

available for comparison (Miller et al., 2010). This type of assembly builds up genomes 

from short DNA fragments into contigs (Flicek and Birney, 2009; Miller et al., 2010). The 

over-lapping contigs are then joined to generate scaffolds. These scaffolds are then 

combined to form a draft genome that can be annotated based on reference genomes 

(Abril and Castellano, 2019; Salzberg, 2019). Genome annotation employs gene 

prediction programs to identify related gene sequences. Automated annotation pipelines 

are available to perform the gene searches to predict arrangement and functional coding 

sequences (Overbeek et al., 2005; Aziz et al., 2008; Salzberg, 2019).  
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2.12 The Pan-genome analysis 

 

An organism’s pan-genome refers to all genes that make up a species (Rouli et al., 2014). 

The pan-genome defines the structure of prokaryotic systems and includes the core 

genes and accessory genes that are variable among strains (Medini et al., 2005; Tettelin 

et al., 2005, Rouli et al., 2014). The core genome is comprised of all genes responsible 

for the fundamental biology of a species and its major phenotypic characteristics. In 

contrast, the accessory genome represents all genes acquired through horizontal gene 

transfer that contribute to species diversity and the adaptation of some strains to occupy 

and thrive in specific niches (Medini et al., 2005).   

 

The ability of some species to acquire and exchange genetic material or inhabit variable 

niches means they have an open pan-genome whereas species that only colonize 

specific niches have closed pan-genomes (Medini et al., 2005; Inglin et al., 2018). Next 

generation sequencing has shed light on strain-to-strain variability, providing more 

information on the organism’s evolutionary history. Instead of a single gene approach, 

pan-genomic analysis focuses on various regions of the genome, moreover on the 

evolutionary history of organisms’ genomes.  

 

The pan-genome of various bacterial species has been studied, defining their 

phylogenomic structure, virulence profiles and the presence or absence of orthologous 

gene groups (Zou et al., 2014; Laing et al., 2017; Luo et al., 2018; Wu et al., 2018; 

Blaustein et al., 2019; Sinha et al., 2021). Comparative analysis has shown that the pan-

genome can identify strain specific genes and separate closely related bacterial lineages. 

The specific genes in Streptococcus agalactiae (Tettelin et al., 2005), Salmonella spp. 

(Zou et al., 2014; Laing et al., 2017), Escherichia coli (Rasko et al., 2008) provided insight 

into the evolution of the lineage and their functionality in pathogenesis.   
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2.13 Characterization of genetic differences in Bacillus anthracis 

 

2.13.1 The tryptophan operon 

 

Bacterial communities typically inhabit an ever-changing environment in which nutrient 

availability may increase or decrease dramatically. To respond to the fluctuations, 

bacteria modify their gene expression pattern, expressing different enzymes as required. 

The regulation of biosynthetic pathways is vital for the survival or propagation of bacteria; 

thus, control mechanisms are tightly controlled (Yanofsky, 2013). Variability in the 

organization of pathway genes within operons has been observed for groups of 

organisms, suggesting exposure to varying environmental demands. The ability to 

synthesize L-tryptophan is one of the requirements for survival and replication of most 

bacteria, however this process is energy taxing. A tryptophan biosynthesis pathway 

consists of five chemical reactions that are mostly conserved across microbial genomes, 

however, the genes of the pathway enzymes differ greatly in their arrangement, operon 

structure (gene fusion and splits, for example) and regulation (Merino et al., 2008; Priya 

et al., 2014; Eremenko et al., 2020). Differences in gene and operon organization reflect 

evolutionary divergence and as well as adaptability in various environments (Eremenko 

al., 2020). The alignment and phylogenetic analysis of different B. anthracis strains shows 

variability of single nucleotide polymorphism and InDels in tryptophan operon genes also 

demonstrated grouping to different clades. Phylogenetic reconstruction of tryptophan 

operon genes amongst B. anthracis strains showed that there were differences between 

A and B lineages.  

 

The tryptophan synthase subunit alpha (trpA) gene codes for the a-subunit of tryptophan 

synthase, which converts indole-3-glycerol phosphate to tryptophan. The distinctions in 

trpA gene sequences in B. anthracis have been noted and distinguish the B-clade strains 

from lineages A and C (Eremenko et al., 2020). Strains from lineage A have 19 additional 

amino acids VSLFFLFCVINVKIYRKYI at C-end of the polypeptide and a G258A 

substitution. In contrast, there is a mutation in the trpA gene in B lineage strains. The 

mutation results into a non-coding pseudogene which could account for the lineage B 
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strains' apparent tryptophan dependency (Eremenko et al., 2020). The inability of the B. 

anthracis B-lineage strains to synthesize tryptophan, will have detrimental effects on their 

survival in the environment (Merino et al., 2008). Studies on tryptophan dependence can 

provide information on intraspecific evolution of B. anthracis.  

  

2.13.2 The Bacillus collagen-like protein A (BclA) 

 

The Bacillus collagen-like protein A (BclA) is a dominant surface protein on the 

exosporium, the outermost layer on the surface of B. anthracis spores (Sylvestre et al., 

2003). The BclA glycoprotein plays a vital structural role in the spore coat, and aids entry 

to host cells. The protein serves as the site of host recognition by the phagocytosis 

complement system and initiates carriage of spores across the epithelium (Le Flèche et 

al., 2001; Sylvestre et al., 2003). The structure and function of the BclA gene influences 

spore survival and persistence in the environment (Liu et al., 2004).  

 

The exosporium is the outermost surrounding of the B. anthracis endospore (Sylvestre et 

al., 2002, 2003).  The Bacillus collagen-like protein of anthracis (BclA) glycoprotein is the 

major component of the exosporium hair-like filaments. The BclA glycoprotein encode for 

internal collagen-like region (CLR) with a number of continuous GXX collagen-like 

repeats, including a large proportion of GTP triplets. The GXX repeats varies considerably 

between the stains and this variation is responsible for the length variation of the filament 

nap covering the outer layer of the exosporium (Sylvestre et al., 2003).  The Bams13 

marker is located within the open reading frame that encodes BclA glycoprotein. The 

Bams13 marker in combination with other VNTR markers Bams15, Bams30 and Bams31 

(Lista et al., 2006) can be used for subtyping of B. anthracis strains. 

 

 

Profiling of bacteria including B. anthracis using variable number tandem repeat (VNTR) 

has revealed the presence of the number of repeats and variability between species. 

Repeat motif vary in sizes and range between single to 100 repeats (Le Flèche et al., 

2001). When the VNTR spans across a coding region, it can influence the species’ ability 
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to respond to environmental perturbations and evolution. The VNTR repeat size, 

however, has no effect on the translation open reading frame (ORF) but changes the 

amino acid sequence. In particular, Bams13 used for genotyping B. anthracis strains 

exhibits the greatest variability in fragment size among VNTRs and influence phenotypic 

presentation on the endospore surface (Sylvestre et al., 2003). The Bams13 VNTR locus 

contained a region of the bclA gene, and repeat length is directly linked to length of 

filaments on the exosporium surface (Thompson et al., 2007). Therefore, Bams13 is a 

highly polymorphic marker and contains the DNA encoding collage like region (CLR) of 

BclA (Lista et al., 2006). Differences in the GXX amino acid repeats of the CLR region 

attribute to the variability in the bclA gene sizes between lineages. Assessment of VNTR 

variations carried on the bclA gene can shed light on the pathogen fitness and 

transmission (Sylvestre et al., 2003). 

  

 

Despite bclA’s crucial role in uptake and spore structure, this gene shows very high 

sequence diversity, even at local/regional scales (Sylvestre et al., 2003). These 

phenotypic differences may alter rates of survival or virulence among genetic variants, 

thus affecting disease transmission rates and pathogen fitness. Variable Number Tandem 

Repeat (VNTR) analysis can be successfully used as a genotyping method to 

discriminate B. anthracis strains and may provide an understanding of spore survival in 

response to environmental changes (Sylvestre et al., 2003).   
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Chapter 3: Materials and methods 

 

3.1. B. anthracis culture collection 

 

Bacillus anthracis isolates (n=83) collected during the 2012-2015 Kruger National Park 

(KNP) anthrax outbreak and sequences of strains (n=19) from the 1975-2011 outbreaks 

were used in this study (Table 3.1). The B. anthracis strains were isolated from soil 

(n=9),impala (Aepyceros melampus, n=42), African elephant (Loxodonta africana, n=5), 

hippopotamus (Hippopotamus amphibious, n=4), Burchell’s zebra (Equus quagga 

burchellii, n=5), greater kudu (Tragelaphus strepsiceros, n=9), nyala (Tragelaphus 

angasii, n=4), roan antelope (Hippotragus equinus, n=11), buffalo (Syncerus caffer, n=3) 

vulture faeces (n=2), white rhinoceros (Ceratotherium simum, n=4), blue wildebeest 

(Connochaetes taurinus, n=1) carcasses as well as environmental samples (n=2) (Table 

3.1).  

 

DNA extraction and PCR confirmation of B. anthracis 

 

B. anthracis strains were inoculated in 2 ml nutrient broth, incubated at 37 oC overnight 

and cells harvested by centrifugation. Genomic DNA of B. anthracis strains (n=80) were 

extracted from the harvested cells using DNA Blood Mini Kit (Qiagen) following 

manufacturer’s protocol for Gram-positive bacteria with 20 mg/mL lysozyme (Sigma 

Aldrich). The DNA was quantified on the qubit fluorometric quantization systemusing the 

Broad Range assay kit (Invitrogen™). The quality of the DNA was analysed by 

electrophoresis on 0.8% agarose gel using ethidium bromide and visualized under UV-

light.  

 

All isolates were confirmed to contain B. anthracis virulence factors using fluorescence 

resonance energy transfer quantitative PCRs (FRET qPCRs) targeting the virulence 

genes on plasmids, namely bapa (Bacillus anthracis protective antigen) and capC 

(capsule), along with chromosomal sasp (small acid soluble proteins) genes, as described 

by Ellerbrok et al., (2002). 
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Table 3.1: Metadata of Bacillus anthracis strains from Kruger National Park used in this 
study 

Strain Location in the 

KNP 

      Source Year  

1A3 # Pafuri Soil 1975 
1A5 # Pafuri Soil 1975 
1A8 # Pafuri Soil 1975 
1A11# Pafuri Soil 1975 
1A16 # Pafuri Soil 1975 
1A19 # Pafuri Soil 1975 
1C13 # Pafuri Soil 1975 
1HP8  # Pafuri Soil 1975 
1HP12 # Pafuri Soil 1975 
1Z21 # Pafuri Kudu 1975 

B42 Pafuri Buffalo 1990 
1419 # Pafuri Buffalo 1990 
1AH26  # Punda Maria, Dzundzwini Nyala 2010 

AH97 # Pafuri, Masengane Pan Zebra 2010 
1AH77 # Punda Maria, Xitshova Kudu 2010 

JO309 (AH14) Shingwedzi Buffalo 2010 
1AD201016B (KNP1) * # Pafuri Impala (Bone) 2010 
1AD201016b (KNP3) * # Pafuri Impala (Blood) 2010 
1KC2011 # Hoedspruit Cheetah 2011 
1AX2012435 # Pafuri Elephant 2012 
1AX2012291 # Pafuri, Woodlands White Rhinoceros 2012 
1AX2012283 # Houtboschrand White Rhinoceros 2012 
1AX2012275 # Houtboschrand White Rhinoceros 2012 

AX2012309 Satara White Rhinoceros 2012 

AX2012285 Houtboschrand Elephant 2012 

OR121027H2 Sabie sands Hippopotumus 2012 

LVS2012028 # Shingwedzi Kudu 2012 

LS030v (KNP2) * Mooiplaas Environmental (Blowfly at carcass) 2012 

LVS2012007Ns (KNP25) * Mooiplaas Kudu 2012 

10201209 (KNP26) * Mooiplaas Roan 2012 

LVS201209 (KNP27) * Mooiplaas Nyala 2012 

OR121026K2 (KNP29) * Letaba Kudu 2012 

OR121923H2* Sabie sands Hippopotumus 2012 

32201209 (KNP30) * Mooiplaas Roan 2012 

3201209 (KNP32) * Mooiplaas Roan 2012 

18201209 (KNP33) * Mooiplaas Roan 2012 

4201209 (KNP35) * Mooiplaas Roan 2012 

23201209(KNP38) * Mooiplaas Roan 2012 

13201209 (KNP40) * Mooiplaas Roan 2012 

22201209 (KNP41) * Mooiplaas Roan 2012 

LVS2012015 (KNP42) * Mooiplaas Vulture faeces 2012 

LVS2012017 (KNP43) * Phalaborwa Kudu 2012 

20201209BTA (KNP46) * Mooiplaas Roan 2012 

14201209 (KNP48) * Mooiplaas Roan 2012 

LVS201229 (KNP49) * Mooiplaas Environmental (Grass at carcass site) 2012 

LVS2012001 (KNP50) * Mooiplaas Kudu 2012 

342012001 (KNP51) * Mooiplaas Roan 2012 

LVS2012022 (KNP52) * Mooiplaas Kudu 2012 

OH121029K (KNP53) * Letaba Kudu 2012 

BF2013 Letaba Hippopotumus 2013 

ET2013 Olifants Elephant tusk 2013 
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Strain Location in the KNP Source Year 

 
1HT2013 # Letaba Hippopotumus tusk 2013 

DS201334 (KNP28) Pafuri Burchell's zebra 2013 

DS201333 (KNP31) * Pafuri Impala 2013 

DS201326 (KNP34) * Pafuri Impala 2013 

DS201328 (KNP36) * Pafuri Impala 2013 

DS201317 (KNP37) * Pafuri Nyala 2013 

DS201316 (KNP39) * Pafuri Impala 2013 

DS201325 (KNP44) * Pafuri Impala 2013 

DS201332 (KNP45) * Pafuri Impala 2013 

DS201318 (KNP47) * Pafuri Nyala 2013 

SVD201453* Pafuri Impala milk 2014 

RL2014115RbM (KNP13) * # Pafuri Impala 2014 

KM2015130315P (KNP9) * Punda Maria Elephant  2015 
1KM20150330 * Pafuri Elephant tusk 2015 
1DS201579 *  # Pafuri Blue Wildebeest 2015 

RL201521 * Pafuri, Vulture feaces 2015 

RL201528 (KNP4) * Pafuri Impala 2015 
1DS201577 (KNP5) *  # Pafuri Impala 2015 
11257032015UP (KNP6) *  # Pafuri Impala 2015 

DS201513 (KNP7) * Pafuri Impala 2015 

Rbk32 (KNP8) * Pafuri Impala 2015 
11298*  # Pafuri, Bobomeni Impala 2015 

DS20150962 (KNP10) * Pafuri Impala 2015 

DS20150457 (KNP11) * Pafuri Impala 2015 
113680315 (KNP12) * # Pafuri Impala 2015 
113030315 (KNP14) * # Pafuri Impala 2015 

13610315 (KNP15) * Pafuri Impala 2015 
1DS20150761 (KNP16) *  # Pafuri Impala 2015 

13670315 (KNP17) * Pafuri  Impala 2015 

13020315 (KNP18) * Pafuri  Impala 2015 
1DS20150663 (KNP20) *  # Pafuri Impala 2015 
1DS20152454 (KNP21) *  # Pafuri  Impala 2015 

1367PETA (KNP24) * # Pafuri Impala 2015 

1249* Pafuri Impala 2015 
11365*  # Pafuri Impala 2015 
11370*  # Pafuri Impala 2015 
1DS201505*  # Pafuri Impala 2015 
1DS201510*  # Pafuri Impala 2015 

DS201513 Pafuri Impala 2015 

DS201515* Pafuri Impala 2015 
1DS201523*  # Pafuri Impala 2015 

DS201525* # Pafuri Impala 2015 
1DS201578*  # Pafuri Impala 2015 

DS201584*  # Pafuri Impala 2015 
1DS201588*  # Pafuri Impala 2015 

RL201528* Pafuri Impala 2015 

RL201530* Pafuri Impala 2015 

RL201531*  # Pafuri Impala 2015 

12950315 (KNP22) * Pafuri Burchell's zebra 2015 
112460315 (KNP23) *  # Pafuri  Burchell's zebra 2015 
112610315 (KNP19) *  # Pafuri  Burchell's zebra 2015 

 
*Samples sequenced in this study, samples in italics were not B. anthracis and were removed after mapping. #Samples used for pan-
genome analysis; 1Samples used for tryptophan (trp) genes analysis. 
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3.2 High-throughput sequencing and quality assessment  

 
DNA extracts of the B. anthracis strains (n=80) were processed and libraries were 

prepared using the Nextera XT DNA Sample Prep kit (Illumina). Sequencing of paired 

end library was performed on the Illumina MiSeq and HiSeq 2500 sequencer using the 

200-cycle SBS (sequencing by synthesis) sequencing v4 kit (Illumina). Genome quality 

was assessed using the FastQC software 0:10.1 (Andrews, 2010) and the sequence 

adapters and ambiguous nucleotides were removed using Trimommatic (v0.32).  

 

3.3 Read mapping and single nucleotide polymorphism (SNP) variant detection 

 

The trimmed reads of the B. anthracis strains (n=83) were aligned to the B. anthracis 

Ames ancestor reference genome (GenBank: AE017334.2) using the Burrows-Wheeler 

Aligner (BWA) (Li and Durbin, 2009). Sequence reads of B. anthracis global genomes 

were downloaded and retrieved using the SRA-tool kit 

(https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software). These included B. 

anthracis complete and draft genomes (n= 109, Table 3.2) from different canonical clades 

available from NCBI Genbank (http://www.ncbi.nom.nih.gov). SAMtools v1.10 (Li et al., 

2009) was deployed to convert the aligned mapped reads to bam files and to sort and 

index the aligned sequenced reads. Picard-tools (http://picard.sourceforge.net/) was used 

to generate a sequence dictionary of the B. anthracis Ames ancestor, to mark duplicate 

reads and to build bam index of the mapped reads. SNPs were called using the 

UnifiedGenotyper method in GATK v4.0.12.0 (McKenna et al., 2010; Depristo et al., 2011; 

Van der Auwera et al., 2013) and ambiguous variants were filtered prior to selecting 

variants.. SNPs positioning sets were deducted from the aligned genomes of B. anthracis 

Ames ancestor using MEGAX (molecular evolutionary genetics analysis software 

(Kumar, Stecher and Tamura, 2016). SNPs with informative sites (core SNPs) in all 

genome sequences were used for the phylogenetic tree construction using MEGAX 

(Kumar, Stecher and Tamura, 2016) and/or Bayesian Evolutionary Analysis by Sampling 

Trees (BEAST) v2 (Suchard et al., 2018). 
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Table 3.2: Bacillus anthracis whole genomes from NCBI Genbank used in this study.  
 

Strain Country   Major 

canSNP 

Bruce et al. 2020 

cluster 

 Accession  

Number 

Year 

Ames ancestor United States of America A.Br.001 (Ames) 5.2  NC_007530.2 Unknown 
1Shikan-NIID Japan, Tokyo A.Br.001 (Ames)   DRR150094 1928 
1Sterne # Unknown A.Br.002 (Sterne) 5.2  AE017225.1 Unknown 

Tokushima1 # Japan A.Br.002 (Sterne)   PRJDB3126; 

SAMD00115654 

1984 

3080_1B # South Africa, NCPa A.Br.002 (Sterne)   SRP227303;  

SAMN13151848;  

SRR10357977 

2009 

ANSES_08-8_20# France A.Br.002 (Sterne) 6.1  JHCB02000000.1 2008 

2000032979 United States of America A.Br.002 (Sterne)   JTAE01000000.1 Unknown 

2000032879 United States of America A.Br.002 (Sterne)   JSZY01000000.1 1962 
1BFV # Jamaica A.Br.002 (Sterne)   CP007704.1 Unknown 

A0252 Zimbabwe A.Br.002 (Sterne)   PRJNA302749; 

SAMN04283840; 
SRS1185179 

Unknown 

1Delta sterne Unknown A.Br.002 (Sterne)   CP008752.1;  

PRJNA243519; 
SAMN02736981 

1930 

FT2012 # South Africa, Letaba A.Br.002 (Sterne)    2012 
12000031075 # South Africa    PRJNA264742; 

SAMN03165118 
Unknown 

52-G # Country of Georgia A.Br.003/004 

(Aust94) 

  AZUF00000000.1  1998 

8903_G # Country of Georgia A.Br.003/004 

(Aust94) 

  AZUD00000000.1  1997 

9080_G # Country of Georgia A.Br.003/004 
(Aust94) 

  AZUE00000000.1  1998 

1A.Br.003 # Scotland A.Br.003/004 

(Aust94) 

  JMPV00000000.1 Unknown 

Aust94 # Australia A.Br.003/004 

(Aust94) 

5.3  GCA_000167335.1 1994 

1K1 Namibia A.Br.003/004 
(Aust94) 

  PRJNA281298; 
SAMN03486970 

2014 

1K2 Namibia A.Br.003/004 
(Aust94) 

  SAMN03486971 2014 

2110 # South Africa, NCP A.Br.003/004 

(Aust94) 

5.1  PRJNA510736; 

SAMN10614342 

1998 

1V770 –NP-1R # United States of America A.Br.003/004 

(V770) 

5.1  AZQO00000000  1951 

2000031039 United States of America A.Br.003/004 
(V770) 

  JSZR01000000.1 1957 

1K8215 # Argentina A.Br.003/004 

(V770) 

  LGIG01000000.1 1996 

1A1039 Bolivia A.Br.003/004 

(V770) 

  LAKZ01000000.1 1999 

ATCC14185 Israel A.Br.003/004 
(V770) 

  AZQO00000000.1  

A0094 South Africa, NCP A.Br.003/004 

(V770) 

5.1  SRR2968135;  

PRJNA302749;  
SAMN04283813 

1949 

A0096 South Africa, NCP A.Br.003/004 

(V770) 

5.1  SRR2968191;  

PRJNA302749; 
SAMN04283814 

1939 

A0097 South Africa, NCP A.Br.003/004 

(V770) 

5.1  SRR2968192;  

PRJNA302749; 
SAMN04283815 

1938 
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Strain Country   Major 

canSNP 

Bruce et al. 2020 

cluster 

 Accession  

Number 

Year 

20SD # South Africa, 
Mpumalanga 

A.Br.003/004 
(V770) 

  LGCD00000000 2011 

SA047 South Africa A.Br.003/004 

(V770) 

  PRJNA309927; 

SAMN08812797 

1999 

2000031023 Unknown A.Br.003/004 

(V770) 

  PRJNA264742; 

SRR5811189  

1957 

BA1015 USA, Maryland A.Br.003/004 
(V770) 

5.1  SRR2175366 1939 

12002734065 United Kingdom A.Br.003/004 

(V770) 

  PRJNA264742; 

SRR5811123  

1975 

1K1285 Namibia A.Br.100 

(Aust94) 

5.4  SRR2071843 1996 

A3716 Namibia A.Br.014 
(Aust94) 

  SRS1185190 2006 

3631_1C # South Africa, NCP A.Br.101 

(A.Br.014) 

  LGCC00000000  2009 

12991_1B # South Africa, NCP A.Br.101 

(A.Br.014) 

  RXZV00000000 2009 

13008_1B # South Africa, NCP A.Br.101 
(A.Br.014) 

  RXZU00000000 2009 

13122_2B # South Africa, NCP A.Br.101 

(A.Br.014) 

  RXZT00000000 2009 

13517_2C # South Africa, NCP A.Br.101 

(A.Br.014) 

  RXZP00000000 2009 

3618_2D South Africa, NCP A.Br.014 

(Aust94)) 

  SAMN10614346 2009 

13275_2D # South Africa, NCP A.Br.101 
(A.Br.014) 

  RXZR00000000 2009 

13132_1B South Africa, NCP A.Br.101 

(A.Br.014) 

  RXZS00000000 2009 

3631_8D # South Africa, NCP A.Br.003/004 

(Aust94) 

5.1  PRJNA510736; 

SAMN10614341 

2009 

13631_3D South Africa, NCP A.Br.101 
(A.Br.014) 

  PRJNA510736; 
SAMN10614340 

2009 

13631_4C # South Africa, NCP A.Br.101 

(A.Br.014) 

  RXZO00000000 2009 

13631_8D # South Africa, NCP A.Br.101 

(A.Br.014) 

  RXZM00000000 2009 

JB10 South Africa, NCP A.Br.101 
(A.Br.014) 

  RXZK00000000 2009 

JB25 South Africa, NCP A.Br.101 

(A.Br.014) 

  SDEF00000000 2009 

3631_7C South Africa, NCP A.Br.101 

(A.Br.014) 

  SRP227303; 

SAMN13151842; 

SRR10357981 

2009 

5838 South Africa, NCP A.Br.101 

(A.Br.014) 

  SRP227303;  

SAMN13151843;  

SRR10357980 

2009 

12991_2B South Africa, NCP A.Br.101 

(A.Br.014) 

  SRP227303;  

SAMN13151844;  

SRR10357985 

2009 

 

3080_3B South Africa, NCP A.Br.101 

(A.Br.014) 

  SRP227303; 

SAMN13151845;  

SRR10357983 

2009 

3079_1C South Africa, NCP A.Br.101 
(A.Br.014) 

  SRP227303; 
SAMN13151846; 

SRR10357984 

2009 

3090_1B South Africa, NCP A.Br.101 
(A.Br.014) 

  SRP228283; 
SAMN10614343; 

SRR10390628 

2009 

5838 South Africa, NCP A.Br.104 
(Aust94) 

  PRJNA580142; 
SAMN13151843 

1998 

BA_3154 Bulgaria A.Br.009/011 

(WNA/TEA) 

  ANFF00000000.1  1960 

       

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

39 

  

Strain Country   Major 

canSNP 

Bruce et al. 2020 

cluster 

 Accession  

Number 

      Year 

Sen2Col2 Senegal A.Br.0011/009   CAVC000000000.1         2010 
1H9401 South Korea A.Br.H9401   NC_017729.1  1994 

A0455 Mozambique    SRS1185174 Unknown 

6461_SP2 South Africa, NCP A.Br.005/006 
 (Ancient A) 

  SRP227303;  
SAMN13151840; 

SRR10357978 

 

6102_6B Botswana A.Br.005/006 
 (Ancient A) 

  SRP227303; 
SAMN13151841; 

SRR10357979 

 

A2075 Tanzania A.Br.005/006  
(Ancient A) 

3.2  SRR2968187; 
PRJNA3-2749;  

SAMN04283799 

1999 

A2079 Tanzania A.Br.005/006 
 (Ancient A) 

3.1  SRR2968188; 
PRJNA302749, 

SAMN04283798 

1999 

A0530 Botswana A.Br.005/006 

 (Ancient A) 

3.3  SRR2968170; 

PRJNA302749; 

SAMN04283802 

Unknown 

A0135 Albania A.Br.005/006  
(Ancient A) 

6.1  SRR2968140; 
PRJNA302749; 

SAMN04283796 

Unknown 

A0026 England A.Br.005/006  
(Ancient A) 

3.1  SRR2968152; 
PRJNA302749; 

SAMN04283797 

1992 

A0017 Zambia A.Br.005/006  

(Ancient A) 

3.2  SRR2968151; 

PRJNA302749; 

SAMN04283800 

Unknown 

A0533 (6461)  South Africa, NCP A.Br.005/006  

(Ancient A) 

  SRR2968171; 

PRJNA302749; 

SAMN04283801 

Unknown 

A0128 South Africa, NCP A.Br.005/006 

(Ancient A) 

  SRR2968156, 

PRJNA302749, 
SAMN04283804 

Unknown 

1CZC5 Zambia A.Br.005/006 

 (Ancient A) 

3.2  DRR014735,  

DRX013255, 
DRP002748 

2011 

1A0021 Zambia A.Br.005/006 

(Ancient A) 

  PRJNA257008; 

SAMN03862113 

1997 

Zambia_36 Zambia A.Br.005/006 

(Ancient A) 

3.2  DRR125654 2012 

Zambia_37 Zambia A.Br.005/006 
(Ancient A) 

3.3  DRR125656 2013 

Zambia_38 Zambia A.Br.005/006 

(Ancient A) 

  PRJDB1571;  

DRR014741 

2013 

Zambia_39 Zambia A.Br.005/006 

(Ancient A) 

3.3  PRJDB1571; 

 DRR014742 

2013 

Zambia_40 Zambia A.Br.005/006 
(Ancient A) 

3.3  PRJDB1571;  
DRR125653 

2012 

Zambia_41 Zambia A.Br.005/006 

(Ancient A) 

3.3  PRJDB1571; 

 DRR125655 

2013 

1Vollum  United Kingdom A.Br.007 

(Vollum) 

4  AAEP00000000.1  Unknown 

CDC684 Unknown A.Br.007 

(Vollum) 

  NC_012581.1  1964 

1Vollum  United Kingdom A.Br.007 
(Vollum) 

4  AAEP00000000.1  Unknown 

1BA0008 Italy, Sicily A.Br.007 

(Vollum) 

  PRJNA656733; 

SRR12435811 

1997 

1COVASU India, Maharashtra A.Br.007(Vollum

) 

4.2  SRR6037789 2017 

A0442 South Africa, KNP B.Br.001/002  
(B-branch) 

  ABKG00000000.1  Unknown 

1A0091 South Africa B.Br.001/002 2.2  SRR2968134; 

PRJNA302749; 
SAMN04283795 

1939 
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aNCP: North Cape province  

b KNP: Kruger National Park 
1Samples used for tryptophan (trp) genes analysis 
#Samples used for pan-genome analysis 
 
 
 

Strain Country   Major 

canSNP 

Bruce et al. 2020 

cluster 

 Accession  

Number 

Year 

SVA11 Sweden B.Br.001/002   CP006742.1 2011 
BA1035 South Africa B.Br.001/002   CP009698.1; 

CP009699.1 

Unknown 

Zim89 Zimbabwe B.Br.001/002   JMPU01000000.1 Unknown 
1KC2011 South Africa, Limpopo B.Br.001/002   NJGK00000000 2011 

ANSES_99-100 France A.Br.009/011 

(WNA/TEA) 

  PRJNA242332; 

SAMN02699415 

1999 

1Sen2Col2 Senegal A.Br.0011/009   PRJEB1516; 

SAMEA2272511; 

ERS379929 

2010 

BA0004 Italy, Apulia A.Br.009/011 

(WNA/TEA) 

  PRJNA656733; 

SAMN15801198  

1993 

1BA0042 Italy, Apulia A.Br.009/011 
(WNA/TEA) 

  PRJNA656733; 
SRR12435845  

1984 

1Smith_1013 Unknown A.Br.009/011 

(WNA/TEA) 

  PRJNA243516; 

SAMN02732407 

Unknown 

2000031052 USA, Wyoming A.Br.009/011 

(WNA/TEA) 

1.1  PRJNA264742; 

SRR1739967 

1956 

2000032823 Unknown A.Br.009/011 
(WNA/TEA) 

  PRJNA264742; 
SAMN07332931 

Unknown 

1BA0002 Italy, Apulia A.Br.009/011 

(WNA/TEA) 

  PRJNA656733; 

SAMN15801197 

1993 

ATCC 937 # United States of America A.Br.009/011 

(WNA/TEA) 

  PRJNA561583 ATCC 937 

# 
       

ANSES_00-82 France B. Br.006   PRJNA242332; 

SAMN02699416 

2000 

CNEVA-9066 France B.Br.CNEVA   NZ_AAEN00000000.1  Unknown 

KrugerB South Africa, KNP B.Br.010   AAEQ00000000.1  Unknown 

HYU01 South Korea B.Br.001/002   CP008846 2009 
2002013094 United States of America C.Br.002 1.2  SRR2164197 1956 
1BA500 # Unknown    PRJNA399155; 

SAMN07523108 

Unknown 

12002013094 # North America C.Br.001   SRR2164197 1956 

2000031052 # Wyoming C.Br.001   SRR1739967 1956 
12002013011 # Unknown    SAMN04033054 

SRS1063471 
Unknown 

12002013007 #  Unknown    SAMN04033052 

SRS1063449 

Unknown 
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3.4 Genome assembly and annotation 

 

The paired end trimmed reads of B. anthracis strains were de novo assembled using 

Shovill Faster SPAdes v1.1.0 pipeline (Seemann, 2017). The minimum contig length was 

set to 500 bp and kmer sizes 21, 33, 55, 77, 99, 127 were used for the assembly. CheckM 

(Parks et al., 2015) was additionally used to assess the potential contaminants in 

individual assembled B. anthracis genomes. Genomes that did not meet the criteria of 

98% completeness for B. anthracis were excluded for downstream analysis. Quast v 2.3 

(Gurevich et al., 2013) was used to evaluate the draft genome assemblies (n=121). The 

generated contigs were ordered using the moving contigs function in Mauve version 2.3.1. 

The assemblies were aligned to the reference B. anthracis Ames ancestor using the 

progressive Mauve alignment function (Darling et al., 2004). Contigs not aligned to the 

reference genome were checked for sequence similarity using the nucleotide Basic Local 

Alignment Tool (BLASTn) (Altschul et al., 1990) to confirm if they were B. anthracis. Draft 

assemblies were annotated using Rapid Annotation Using Subsystem Technology 

(RAST) annotation server (Overbeek et al., 2005; Aziz et al., 2008).  

 

3.5 Pan-genome analysis 

 

The B. anthracis draft genomes (n=111) that included KNP 2012-2015 strains (n=44, 

Table 3.1) and reference strains (n=67, Table 3.2) were used to determine pan-genome 

of B. anthracis A- and B-clade strains using Roary (Page et al., 2015; Sitto and Battistuzzi, 

2020). The B. anthracis genomes were annotated using Prokka v.1.14.0 (Seemann, 

2014). Similarity searches between the coding domain sequences (CDS) of assembled 

genomes were conducted using pair-wise BLASTp (Altschul et al., 1990) and Markov 

Cluster Algorithm (MCL).  

 

Clusters were created, paralogs identified and the isolates were ordered by 

presence/absence of orthologs (Page et al., 2015). Pan-genome clusters were defined 

as follows: Core-genes present in all isolates; soft core-genes present in at least 95% of 

isolates; shell-genes present between 15-95% of isolates; cloud-genes in less than 15% 
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of isolates (Tettelin et al., 2005; Fischer et al., 2011). BEAST2 (Suchard et al., 2018b) 

was used to construct the phylogenetic tree of the aligned accessory-genes using default 

parameters. The phylogenetic tree was visualized using Figtree v1.16.6 (Rambaut, 2009) 

and ITOL (Letunic and Bork, 2019). 

 

3.5.1 Sequence analysis of unique genes on B. anthracis clades 

 

Binary-accessory genes that indicated the presence-absence of unique genes were 

extracted from A- and B-clade B. anthracis genomes using Roary (Page et al., 2015). The 

unique genes were compared with annotated sequence data from Prokka (Seemann, 

2014) and further compared and validated with output files annotated by RAST server 

(Aziz et al., 2008). Multiple nucleotide sequence alignment for the unique accessory-

binary genes were performed using Multiple Alignment using Fast Fourier Transform 

(MAFFT) (Katoh and Standley, 2013) and phylogenetic trees constructed using BEAST 

(Suchard et al., 2018). 

 

3.6 Genetic characterization of B. anthracis A- and B-clade strains 

 

3.6.1 Tryptophan (trp) operon genes 

 

Coding sequences linked to the tryptophan operon genes (trpEDCBA) were identified and 

extracted from annotated B. anthracis genomes (n=108, Table 3.1 and 3.2, indicated by 

the # sign) to determine variability in the clustering between A- and B- clade strains. 

Multiple sequence alignment for each trp gene was performed using MAFFT (Katoh and 

Standley, 2013) and phylogeny was inferred using the Maximum Parsimony method of 

evolution in MEGAX (Kumar et al., 2018). Phylogenetic trees were visualized on FigTree 

v1.16.6 (Rambaut, 2009) and ITOL (Letunic and Bork, 2007). 
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3.6.2.1 Bacillus collagen-like protein of anthracis (bclA gene) 

 

B. anthracis bclA gene coding sequences (n=109) were extracted from the A and B-clade 

annotated genomes and submitted to tandem repeat finder (TRF v 4.09) (Benson, 1999) 

to determine the copy number of repeats. The bclA sequences were translated into amino 

acid sequences using Molecular Evolutionary Genetics Analysis (MEGAX) (Kumar et al., 

2018), aligned using MAFFT (Katoh and Standley, 2013) and the phylogeny was inferred 

using the maximum parsimony method.   

 

3.6.2.2 PCR amplification of B. anthracis VNTR regions 

 

Bacillus anthracis isolates from KNP representing the A-clade (AX2012309, DS201330, 

DS201578, DS201588, 6461_SP1 and V54) and B- clade (A3, A5, C13 and Z21) were 

used to determine the VNTR copy numbers using MLVA markers Bams13, Bams15, 

Bams30 and Bams31. The 50 µl multiplex PCR reactions were prepared as described by 

Lista et al.., (2006) and consisted of 5 ng genomic DNA template, 0.2 µM forward primer, 

0.2 µM reverse primer and 1X Ampliqon Red mastermix (Ampliqon). The PCR conditions 

included an initial enzyme activation and DNA denaturation at 98°C for 5 min followed by 

36 cycles of 98°C for 20 sec, annealing at 60°C for 30 sec and extension at 65°C for 2 

min. A final extension was done at 65°C for 5 min (Lista et al., 2006). The PCR products 

were electrophoresed on a 1 % agarose gel and visualized with ethidium bromide. The 

amplicons were subjected to an enzymatic clean-up using Exonuclease I and Alkaline 

Phosphatephosphatase (Applied Biosystems), cycle sequencing and clean-up using the 

BigDye Terminator Kit v3.1 and the BigDye Xterminator kit (Applied Biosystems) 

respectively. The products were sequenced by capillary electrophoresis on the genetic 

analyzer 3500 (Applied Biosystems). The generated sequences were submitted to 

tandem repeat finder (TRF v 4.09) (Benson, 1999) to determine the copy number of 

repeats. 
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3.6.3 Antimicrobial resistance (AMR) profiles of B. anthracis genomes 

 

Antimicrobial resistance (AMR) profiles were determined for the sequenced B. anthracis 

genomes (Table 3.1) and reference genomes (Table 3.2). The ABRicate pipeline 

(Seemann, 2014) was deployed to identify antimicrobial resistant (AMR)  determinants in 

each assembled genome using the ResFinder database (–db ResFinder; accessed 23 

January 2022) (Feldgarden et al., 2019) with minimum identity and coverage thresholds 

of 75 (– minid 75) and 50% (–mincov 50), respectively  (Zankari et al., 2012; Bortolaia et 

al., 2020). 
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Chapter 4: Results 

 

4.1. Genomic features of the assemblies in B. anthracis  

 

Sequence reads of B. anthracis strains were de novo assembled and resulted in draft 

genomes (n=120) of different sizes. The size of the draft genomes was approximately 

5.5 Mb with contigs greater than 1000 bp (Table 4.1). The generated contigs for the 

2012-2015 KNP isolates varied from 28 to 99. The minimum length of contigs in which 

half of the bases of the assembly are covered (N50) ranged from 9767 to 5227966. 

Assessment of potential contaminants in individual assemblies revealed that three 

isolates 1249, DS201313 and RL201530 were not classified as B. anthracis genomes 

and were excluded from downstream processing. Genome assembly statistics 

showed that the draft genome sizes of the sequenced B. anthracis genomes in this 

study were approximately 5.5 Mb and were comparable to the reference Ames 

ancestor (Table 4.1). The GC content of the draft genomes was 35%, similar to the 

GC content in other species in the B. cereus group. Alignment of the KNP 2012-2015 

draft genomes revealed an exceptionally high level of homogeneity among the studied 

genomes, with over 90% of the reads aligning to the reference Ames ancestor 

chromosome and its plasmids.  

 

The RAST annotation server annotated the genes in the draft assemblies and 

calculated over 5000 coding sequences and 300 subsystems for the Kruger A- and B- 

clades draft genomes. Approximately 27% of the genes were found in known 

subsystems, whereas 70% could not be assigned to known subsystems. The 

annotated B. anthracis strains revealed that the majority of the subsystem genes 

identified were responsible for basic cellular (e.g., cell wall synthesis) and metabolic 

functions (carbohydrates and amino acids metabolism). RAST also identified genes 

responsible for virulence, defense, dormancy and sporulation (Figure S1). 
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Table 4.1:  Summary statistics of the de novo assembled Bacillus anthracis A- and B-

clade Kruger National Park genomes and reference draft genomes from NCBI (n=120 

used in this study.  
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4.2. Phylogenetic diversity of B. anthracis strains using wgSNP 

 

To infer phylogeny of the 2012-2015 KNP isolates (n=83), paired end sequencing was 

performed, producing over 1 million reads per isolate. Filter passed, trimmed (high 

quality) reads were mapped to the B. anthracis Ames ancestor as a reference genome.  

Whole genome single nucleotide polymorphisms (wgSNPs) were determined using B. 

anthracis strains (n=165) (Table 3.1 and Table 3.2) consisting of the sequenced 2012-

2015 KNP genomes from this study, the 1975-2011 available sequenced genomes 

from KNP, and global genomes obtained from NCBI (Table 3.2). The wgSNP 

phylogeny was defined by 7713 parsimony informative SNPs that clustered the KNP 

and canonical global B. anthracis genomes (Figure 4.1A). All KNP isolates of the 2012-

2015 anthrax outbreaks clustered in A.Br.005/006 (Ancient A) clade. Other major SNP 

clusters were not well represented during the KNP 2012-2015 outbreaks. None of the 

isolates clustered in the B.Br.001/002 clade (B-clade) (Figure4.1A), however seven 

isolates (12950315, DS201515, LS030V, LVS2012028, RL201521 RL201528 and 

OR121027H2) from Pafuri clustered in the A.Br.001/002 (Ames/Sterne) group (blue) 

with the previously sequenced (2013) genomes from Letaba (HT2013) and Olifants 

(ET2013). This clade was defined by 1125 parsimony informative sites. 

 

 

The dominant A.Br.005/006 clade (2012-2015 isolates), could further be resolved into 

different sub-clades based on the year of outbreak, locality and the source of isolates 

(Figure 4.1A). The 2012-2015 isolates within A.Br.005/006 clade were divided into the 

4 minor sub-clades (2012, 2012/13/15, 2013/14/15 and 2015). The 2012 anthrax 

outbreak is presented by LVS2012 (LVS2012007Ns, LVS2012017, LVS2012022, 

LVS2012055 and LVS201209) and AX2012 (AX2012275, AX2012283, AX2012291, 

AX2012435) genomes (Figure 4.1A, depicted in green). These genomes clustered 

separately due to different localities. The LVS2012- genomes were from isolates 

collected in Mooiplaas and Phalaborwa while the AX2012- genomes were isolated 

from strains collected in the Pafuri/Houtboschrand and Satara regions. Mooiplaas 

(dark green) and Pafuri (light green) appear to have heterologous genotypes defined 

by unique non-informative SNPs (Figure 4.1A). The AX2012- genomes clustered with 

the 2010 (Figure 4.1A) sequences (AH26, AH77 and AH97) and the 2012/13/15 

genomes (AX2012309, KM20150330, DS20130315PWE, 13610315 and 13670315) 
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from Pafuri and Satara. The South African NCP (A0053, 6461), Tanzania (A2079) and 

Zambia (CZC5, A0017) strains grouped separately from the KNP genomes (Figure 

4.1A). 

 

Within the A.Br.005/006 major clade, the KNP isolates grouped in separate minor sub-

clades, defined by the different regions on the park (Figure 4.1A). Within the 

A.Br.005/0006 (Figure 4.1B), the phylogeny was resolved into two distinct sub-clades 

(A1 and A2) that separated the isolates from the different localities. The A1 minor sub-

clade consisted of isolates from Satara/Houtbouschrand and some 2015 impala 

genomes (1365,1370, DS201505/10/23/25/84 and RL201531) from Pafuri, which 

grouped with strains from Zambia (Zambia36/37/38/39/40/41/42), separate from other 

Pafuri 2015 isolates (Figure 4.1B).  The A2 minor sub-clade consisted of the roan 

isolates from Mooiplaas (20120914, 20120910, 201200134, 20120918BTA, 

20120923, 20120932BTA, 20120913PETA, RL2015) and other 2015 B. anthracis 

impala isolates (1257032015UP, Rbk32_1, DS201577, AD201016b, 1367PETA, 

DS20150761, DS20150963, RL201415, 13030315 and DS201316); nyala 

(DS201318, DS201317and LVS201209) and zebra (DS201334_34, 126103 and 

12460315) (Figure 4.1B).  
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Figure 4.1:  Phylogenetic relationship of Bacillus anthracis strains based on whole-genome SNP analysis 

of the chromosome indicating the clustering of 2012-2015 isolates from the Kruger National Park (KNP) in 

relation to global genomes. About 7713 parsimony informative SNPs were used for the phylogeny inference 

using Maximum likelihood method. A: Colour ranges indicate grouping of the isolates in different major and 

minor sub-clades (SNP clusters - inner ring), sources (second ring), outbreak year (third ring), and location 

and/or country (outermost ring). Strains sequenced in this study are indicated in a bold font. The majority 

of the 2012-2015 KNP isolates clustered in the A.Br.005/006 clade while a few grouped in the A.Br.001/002 

Ames/Sterne cluster. B: Clustering of the KNP A.Br.005/006 isolates into two minor sub-clades A1 and A2 

based on sources; roan (green) and impala (orange) and locality. The A1 clade is made up of samples 

from Mooiplaas (roan) and Pafuri (Impala) whereas sub-clade A2 consists of other Pafuri (impala samples) 

clustering with Zambia isolates and the Satara/Houtbouschrand (multiple species).  

aNCP: North Cape province; b KNP: Kruger national park; cSA: South Africa, dUK: United Kingdom.. 

 

B 
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4.3 Pan-genome analysis and gene classification 

Pan-genomic analysis was conducted on 121 genomes that included KNP strains from 

clades A (n=52) and B (n=9) and canonical global B. anthracis genomes strains 

(n=60). The pan-genome of B. anthracis was identified by 11 374 clusters of protein 

coding sequences (CDS) in this study. The core-genes in B. anthracis consisted of 

3532 CDS, while the soft-core and shell genes were identified to be 1404 and 1038 

respectively. About 5497 CDS were identified as cloud genes predicted amongst these 

genomes (Table 4.2). The cloud genes (binary accessory genes) and shell genes were 

used to investigate the placement of the South African sequenced genomes with 

global B. anthracis strains. Phylogenetic analysis revealed a clear distinction between 

A- and B-clade isolates, clustering the South African KNP genomes in their respective 

canSNPs (Figure 4.2). The 2012-2015 isolates clustered in the A.Br.005/006 primary 

clade (green). Within this clade, a monophyletic cluster of the South African genome 

was observed consisting of genomes of AX2012435, AX2012275, AX2012283, 

AX2012291, AH26, AH77, AH97, 1298, 13030315, the 2015 sub-clade presented by 

genomes 12460315, 12570315UP, 1365, 1367PETA, 1370, DS201505, DS201510, 

DS201523, DS201578, DS201579, DS20150761, DS20150663, DS201577, 

DS201584, DS201588, 13680315, DS20150654 and RL2014115RbM. Some of the 

South African genomes i.e., AH14, DS201525, DS20133434, HT2013 and RL201531 

were identified having a significant number of cloud genes presented by long branches 

(Figure 4.2). The pan-genome analysis fairly clusters the A.Br.001/002 (Ames/Sterne) 

clade consisting of South African KNP genomes such as LVS2012028 from 

Shingwedzi and FT2012 (Figure 4.2). 

 

 

Furthermore, pan-genome assigned the A.Br.104 (Aust94) that consisted of the South 

African NCP B. anthracis genomes (3517_2C, 3631_3B, 3631_8B e.tc.) into their own 

genetic sub-clade (Aust94, dark pink). This sub-clade also includes the Namibia (K1 

and K2), Georgia (52_G, 8903_G and 9080_G) and Scotland (A.Br.003). None of the 

2012-2015 KNP isolates clustered in the B-clade. However, pan-genome analysis 

revealed that the available sequenced South African B-clade (purple) genomes A3, 

A5, A8, A11, A16_KNP, A19, C13, HP8, KC2011 (Table 3.2) assigned as B.Br.010 by 

wgSNP analysis, grouped with the global B-clade genomes defined by B.Br.001/002 

canSNP using wgSNP analysis (Figure 4.2). 
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Table 4.2: Summary statistics analysis of the Bacillus anthracis pan-genome used in 

this study listed in Table 3.1 and 3.2. 

Core genes (99% <= strains <= 100%) 3532 

Soft core genes (95% <= strains < 99%) 1404 

Shell genes (15% <= strains < 95%) 1038 

Cloud genes (0% <= strains < 15%) 5497 

Total genes (0% <= strains <= 100%) 11471 
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Figure 4.2: Pan-genome phylogeny of Bacillus anthracis based on accessory genes, showing the clustering of the South African, 
Kruger National Park (KNP) genomes (bold) in relation to global genomes. The phylogeny was inferred using Maximum likelihood 
method in BEAST. Colour ranges indicate the clustering into major sub-clades. Pan-genome analysis generated 8 primary clusters 
and grouped the 2012/2015 KNP genomes (bold) in the A.Br.005/006 major clade (green), separate from the Northern Cape Province 
genomes (pink) and B.Br.001/002 (B-clade) genomes (purple). 
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4.3.1 Assessment of the shell and cloud genes in A.Br.005/006 and B.Br.001/002 

 

Pan-genome analysis of B. anthracis genomes allowed the identification of clade 

specific genes (Table 4.3). A total of 6535 shell and cloud genes were identified and 

assigned to A- and B-clade genomes. Ten genes were unique to the A.Br.005/006 

branch, and included proteins linked to YeeV-YeeU toxin-antitoxin system, membrane 

associated lysozymes and inner membrane protein (two copies of yohK_2), putative 

prophage proteins and phage DNA replication proteins (Table 4.3). Pan-genomics also 

identified multiple hypothetical proteins only found in A.Br.005/006 genomes.  

 

In contrast, B-clade genomes consisted of 15 genes that dissociates them from the A-

clade genomes (Table 4.3). These were identified as hypothetical proteins (n=10), a 

multidrug resistance protein (mdtG_2) and chromosome encoded cell wall 

biosynthesis genes; long-chain-fatty-acid--CoA ligase fadD13 (4-5 copies), two copies 

of the Heme-based aerotactic transducer (hemAT or hemZ) and two copies of the RNA 

processing ribosomal RNA small subunit methyltransferase-J (Figure 4.3). 

Furthermore, this study identified a murein endopeptidase (mepH) that encodes the 

lipoprotein (NLP/P60 family) murein endopeptidase (Figure 4.3) in the chromosome 

and pXO2 (Figure 4.4A and B). The gene arrangement of mepH located on pXO2 of 

B-clade genomes is distinct from the gene in the A-clade genomes. In the B-clade, the 

mepH gene is composed of two subunits of 209 and 148 aa residues length 

respectively as compared to a complete 381 aa residues protein in A-clade strains 

(Figure 4.4B). The sequence alignment of the mepH gene 5’ residue in B-clade is 

similar to the A-clade strains, however it has a stop codon at position 209 and results 

in the deletion of 127 amino acid residues (Figure 4.4B).  

 

 

 

 

 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

56 

  

Table 4.3: Cloud genes of Bacillus anthracis strains in B.Br.001/002 and 
A.Br.005/006 identified in this study. 

Gene 

name 

Gene product name in full Lineage/strain Copy 

number 

dprA DNA processing protein A B.Br.001/002 2 

fadD13 long-chain-fatty-acid--CoA ligase B.Br.001/002 4-5 

rsmJ Ribosomal RNA small subunit 

methyltransferase J 

B.Br.001/002 2 

mdtG  Multidrug resistance protein B.Br.001/002 3 

mepH Murein DD-endopeptidase B.Br.001/002 1 

    

hemAT Heme-based aerotactic 

transducer 

B.Br.001/002  2 

 antitoxin of the YeeV-YeeU toxin-

antitoxin system 

A.Br.005/006 1 

spxA Regulatory protein Spx A.Br.005/006 3 

yohK inner membrane protein yohk A.Br.005/006                 2 

 putative prophage protein A.Br.005/006 2 

 membrane-associated lysozyme; 

Qin prophage 

A.Br.005/006 1 

 Major tail protein V Phage A.Br.005/006 1 
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Figure 4.3: Schematic representation of Bacillus anthracis cell wall biosynthesis pathway gene cluster located on the chromosome. 

Cluster depicts organization and orientation of genes and the sizes of the coding regions for proteins responsible for cell wall 

anchoring (LPXTG), formation and recycling of peptides (mepH, sapA, csaAB), fatty acids metabolism (fad13) and oxidases 

(hemZ). The expression and interaction of genes result in the normal peptidoglycan synthesis or programmed cell death. 

 
 
Figure 4.4A: Structural organization of the murein DD-endopeptidase hydrolase (mepH) protein in the pXO2 of Bacillus anthracis 

strains. The organization of the mepH in B-clade strains (top) consist of two proteins; 209 aa and 148 aa (top) compared to a single 

381 aa protein in A- clade strains. Regions downstream and upstream the mepH coding region (indicated in grey) are similar in strains 

of both clades. 
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Figure 4.5B: Amino acid sequence alignment of mepH in Bacillus anthracis B-clade and A-clade genomes. The truncated protein at 

position 209 in B-clade compared to 308 amino acid residues in A-clade. 
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4.4 Genetic characterization of B. anthracis A and B strains in the KNP 

 

4.4.1 Antimicrobial resistance (AMR) profiles of B. anthracis strains 

 

The ResFinder database identified the AMR profiles of the assembled B. anthracis 

genomes. All B. anthracis genomes encode proteins related toto Fosfomycin 

resistance (Table 4.4). B. anthracis strain 1298 of the A-clade possesses a unique 

coding sequence for multidrug resistance towards amoxicillin, ampicillin, cephalothin, 

piperacillin and ticarcillin identified as blaTEM-116 present in contig 46 of the draft 

genome. All B. anthracis strains carry mdtG_1, a fosmoycin and deoxycholate 

resistant gene identified by pan-genome analysis. Pan-genome analysis revealed 

signatures of a second copy of the mdtG_2 gene, found only in B-clade strains (Table 

4.3).  
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Table 4.4: Antimicrobial resistance (AMR) profiles of the KNP Bacillus anthracis 

genomes used in this study. 
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4.4.2 Assessment of the tryptophan operon genes in B. anthracis genomes 

 

The tryptophan operon structural gene genes (trpE, trpD, trpC, trpB, and trpA) 

sequences from the B. anthracis genomes (n=109) were aligned. The multiple 

sequence alignment of the trpE, trpD, trpC, trpB genes showed no nucleotide variation 

between A and B clade strains. In contrast, the alignment of the trpA gene depicts 

variation in gene size amongst A and B strains. The size of the trpA gene in A-clade 

strains is 777 bp compared to the 655 bp in B-clade strains (Figure 4.5). The 122 bp 

deletion at the 3’ end on the B-clade strains results in a truncated gene. The presence 

of a G/T SNP at position 652 bp was observed on the aligned trpA gene and signals 

a stop codon during protein translation (Figure 4.5). There is a genetic distinction 

between A and B clade isolates as they cluster into two separate clades or branches 

(Figure 4.6). All isolates of the 2012-2015 anthrax outbreaks clustered in the A-clade 

with all available sequences of the KNP genomes. 
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Figure 4.6: Multiple sequence alignment of the trpA gene (region 643-777 bp) sequences of Bacillus anthracis showing the difference 

between the A and B strains. Blue box = A-clade strains, green box= B-clade strains. The trpA gene missing 122 bp in B-clade and 

G/T SNP at position 652 results in a stop codon, signalling termination of protein translation. 
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Figure 4.7: Phylogenetic relationship of Bacillus anthracis based on the tryptophan synthase alpha chain (trpA) gene of A and B 

clade B. anthracis isolates. The evolutionary history was inferred using the Maximum Parsimony method. The tree depicts two groups, 

a cluster for lineage B strains (purple) and another for lineage A strains (green). All isolates from the 2012-2015 (bold) Kruger National 

Park outbreaks clustered in the A-clade.
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4.4.3 The bclA gene and VNTR copy numbers in B. anthracis 

 

The multiple sequence alignment of the B. anthracis strains showed differences in the 

length of the bclA gene. The A and B clade strains consist of an 816 bp and 772 bp 

gene sequence encoding a protein of 270 and 257 amino acids respectively (Figure 

4.7). The B. anthracis strains were differentiated by the number of VNTRs based on 

the length of the collagen-like regions (CLRs). Multiple sequence alignment of the BclA 

protein showed that the CLRs are composed of GXY (glycine and two additional 

residues) repeats varying from 51 to 273 amino acids and had a large proportion of 

GPT triplet repeat units (Table S2).  

 

The copy number of the repeat units varied between lineages A and B and within 

strains in the same lineage. The 2012-2015 KNP A-clade (A.Br.005/006) strains had 

4 to 6 bclA repeat units as compared to 3 units located in the B-clade strains (Table 

S2, in green). Sequence comparison showed that the copy number of repeats within 

the 2012-2015 A-clade from KNP (A.Br.005/006) group is 4, with the exception of 

strain 1365 (3 repeats) and strain DS201578 (5 repeats). Furthermore, variation in the 

number of VNTR within the A-clade genomes was also observed in the Punda Maria 

strains (AH26, AH77 and AH97) isolated during the 2010 outbreak, and 2012-2015 

strains from the Pafuri region (Table S2 and Figure 4.7). Low VNTR copy numbers 

were observed in the B.Br.001/002 genomes (Table S2, light blue); the numbers varied 

between 2 and 3. The genomes in the A.Br.Sterne group had 3 to 5 repeats (Table 

S2, light purple), with the exception of the high copy number in strain Delta_sterne (6 

repeats). Phylogenetic analysis on the bclA gene sequences showed that strains from 

A and B lineages cluster in two clades or two separate branches (Figure 4.8, Figure 

S2. A clear distinction can be observed between the A.Br.005/006, A.Br.064, A.Br.104 

and B.Br.001/002 genomes. Some genomes in the B.Br.001/002 subclade (HYU01, 

CNEVA) consisted of 2 VNTR copies on the bclA gene, compared to the other studied 

genomes in the same subclade (Figure 4.8, Table S2). The KNP genomes in the 

B.Br.001/002; with the exception of the KrugerB genome (8 copies), all the other 

genomes have the same number of repeats (2) as the Zimbabwe89 genome. The 

nucleotide sequence alignment of the bclA gene and phylogenetic analysis fairly 

groups the strains into the major canonical SNPs of B. anthracis. 
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Confirmation of repeats units using MLVA (VNTR) PCR markers on the B. anthracis 

A-clade strains AX2012309, DS201330, DS201578, DS201588, 6461_SP1 and V54) 

and B- clade (A3, A5, C13 and Z21) strains showed that A-clade strains had longer 

fragments with high copy numbers of VNTR (Bams 15 and Bams 30) compared to B-

clade isolates (Figure S3 and S4). No differences in fragment length were observed 

between A- and B-clade strains using MLVA markers Bams13 and Bams31 

(Supplementary Figure S3 and S4). In addition, sanger sequencing of the PCR 

products and submission to the tandem repeat finder (TRF v 4.09) (Benson, 1999) to 

determined that the number of repeats were identical between whole genome 

sequence data and Sanger sequences of the same isolates.  
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Figure 4.8: Multiple sequence alignment of the BclA protein sequences showing differences in the GPT repeat sequences 

in Bacillus anthracis lineage A and B strains from Kruger National Park. The blue box contains sequences from A-clade 

strains, and B-clade strain sequences in the green box. The GPT repeats start at position 27 and vary in length between A 

and B-clade isolates. 
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Figure 4.9: Phylogenetic tree of Bacillus anthracis based on the Bacillus collagen-like protein of anthracis (bclA gene) of A 

and B clade strains from Kruger National Park and global strains. Phylogeny was constructed using Maximum Parsimony 

method. The tree depicts 8 clusters, the dominant A.Br.005/006 (green), B.Br.001/002 (purple), A.Br.001/002 (blue), 

A.Br.002 (light blue), A.Br.104 (NCP) for lineage B strains (purple) and another for lineage A strains (green). All KNP isolates 

of the 2012-2015 (bold) anthrax outbreaks clustered in the A-clade.
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Chapter 5: Discussion  

 

In this study we combined whole genome sequencing (WGS) and pan-genome analysis 

to characterize differences between B. anthracis A- and B-clade strains that occur in the 

Kruger National Park (KNP). Whole genome SNP analysis provided a better 

understanding of B. anthracis genetic diversity in a natural environment such as KNP. 

 

5.1 Genomic features of the assemblies in B. anthracis  

 

Comparative genomics of the 2012-2015 KNP draft genomes (n=83) and available global 

genomes (41) revealed that the chromosome structure was conserved in the studied B. 

anthracis genomes. The genome sizes (~5.5 Mb) of the KNP A- and B-clade strains were 

comparable to the genome of the B. anthracis Ames ancestor, i.e., have minor large 

rearrangements and high regions of similarity (Keim et al., 2009). The low GC content 

(35%) shows a true feature of the species as B. anthracis has a low genetic diversity with 

no evidence of gene transfer (Keim et al., 2009).  

 

5.2 Phylogenetic diversity of B. anthracis using wgSNP analysis 

 

Bacillus anthracis is a monomorphic organism with low genetic diversity (Harrell et al., 

1995; Van Ert et al., 2007) and traditional genotyping methods are limited in distinguishing 

B. anthracis isolates. The advent of new generation sequencing technologies has 

revolutionized microbial studies and have a high discriminatory power for characterization 

of complex micro-organisms. On a worldwide scale, B. anthracis genetic diversity has 

been well-described (Keim et al., 2000; Smith et al., 2000, Pearson et al., 2004; Van Ert 

et al., 2007; Sahl et al., 2016; Hassim et al., 2017; Lekota et al., 2018). 

 

The global structure classifies isolates into three primary clades (A, B, and C), with the A 

clade being the most common and globally prevalent (Van Ert et al., 2007). Isolates from 

the B. anthracis B lineage have been detected in more limited or specific geographical 

locations (Smith et al., 2000). Although lineages are endemic to particular regions such 
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as in the KNP, Zimbabwe and Mozambique and B “ CNEVA” isolated in France, there is 

evidence of multiple variants co-circulating (Keim et al., 2000; Smith et al., 2000; Van Ert 

et al., 2007). Anthrax is endemic in the northern part  (Pafuri) of the KNP, where both A-

clade and B-clade strains have been attributed to historical outbreaks before 1990 (Smith, 

1999). After the 1990’s, however, only the ubiquitous A-clade could be isolated from 

anthrax cases in the park (Smith et al., 2000). On-going surveillance of anthrax outbreaks 

is in place in South Africa and different methods such as canSNPs, MLVA and wgSNP 

analysis have been employed to characterize B. anthracis phylogeny and have resolved 

the relatedness of the dominant A-clade and its minor sub-clades (Smith et al., 2000; 

Keim et al., 2009; Ledwaba, 2014; Lekota et al., 2016, 2018, 2020; Hassim et al., 2017).   

 

The phylogenetic structure of B. anthracis strains in the KNP using wgSNP analysis 

showed that all the sequenced isolates from the 2012-2015 anthrax outbreaks grouped 

in the A-clade (A.Br.005/006 branch). This clade is well represented and prevalent among 

the 2012-2015 anthrax outbreak strains. The 2012-2015 KNP genomes clustered with 

other KNP strains from previous anthrax outbreaks and genomes from Southern Africa 

(Botswana and Zambia). The A.Br.005/006 SNP branch is characterized by diverse B. 

anthracis strains and presents an unstable genetic population supported by non-

informative SNPs that are dispersed among the minor sub-clades. The short distance 

phylogenetic branches showed that the genotypes within the prevalent A-clade are 

closely related but are heterologous. In this study, wgSNP analysis revealed unique 

genotypes for the different regions of the KNP. Within the A.Br.005/006 sub-clade, 

wgSNP analysis could distinguish B. anthracis strains isolated from different KNP 

localities, clustering Mooiplaas (2012) and Pafuri isolates (2013 to 2015), as well as 

various animal species (roan and impala) and outbreak years.  Although both Pafuri and 

Mooiplaas are in the northern part of the KNP, they present distinct dominant genotypes 

(Ledwaba, 2014). This shows that there may be other contributing factors to the 

diversification of B. anthracis in the KNP and requires further investigation. Additionally, 

isolates from KNP were clearly distinguished from the closest global strains from Zambia 

based on unique SNPs.  
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The dominance of A-clade genotypes indicates reproductive fitness as well as significant 

long-distance dispersal. KNP A-clade strains survive in diverse environmental conditions 

and over 90% of cases reported globally have been attributed to the A-clade (Van Ert et 

al., 2007). These genotypes are highly diverse as compared to the regionally restricted B 

genotypes. The absence of B-clade strains in the recent KNP outbreaks (2012-2015) is 

not peculiar as the lineage has declined over several decades (Smith et al., 2000). The 

lack of adaptability and diminished ability to survive has resulted in B-clade strains 

vanishing from the local enzootic environments. This can be associated to the 

propagation of B-clade strains only in areas with elevated soil pH and high calcium levels 

(Smith et al., 2000).   

 

Comparative analysis of A- and B-clade isolates from KNP based on wgSNPs revealed 

that A strains were more adaptable to a wider range of habitats than B strains, which were 

limited to a narrower range. This restricted or specific dispersal is characteristic of the B 

and C lineages (Dragon and Rennie, 1995; Smith et al., 2000; Blackburn et al., 2007, 

2015; Van Ert et al., 2007b; Keim et al., 2009; Lekota et al., 2016, 2018, 2020; Bruce et 

al., 2020). The A-lineage has played an important role in the evolution of anthrax as 

evidenced by the success of the A branch and its clonal offspring, the involvement of A 

genotypes in the majority of recent anthrax outbreaks worldwide, and the short 

phylogenetic branch lengths within this group. This study was able to define the 

phylogenetic structure of B. anthracis in the enzootic KNP. 

 

5.3 Pan-genome comparative analysis and gene classification 

 

Accessory genes contribute to an organism's lifestyle and adaptation qualities to its 

environment (Yichao et al., 2018). These genes are expressed to aid proliferation in 

different niches and are thus hypothesized to play a role in selection and contribute to the 

evolution of bacterial species (Whelan et al., 2021). Pan-genome comparative analyses 

of the KNP B. anthracis strains from the 2012-2015 outbreak identified that conserved 

gene clusters between the A- and B- clade strains. Over 40% of the gene clusters were 
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strain specific. Pan-genome analysis of B. anthracis identified hypothetical proteins and 

prophage proteins unique to A-clade strains). Further investigation on the sequence 

diversity of the phages found in A- and B- clade strains is required to understand their 

influence on B. anthracis evolution and persistence of A-clade strains worldwide. These 

prophages may contain several genes (acquired horizontally) that offer stress tolerance, 

antibiotic resistance, virulence, and metabolic functions linked to survival (Ramisetty and 

Sudhakari, 2019).  

 

Bacteriophages play a vital role in the ecology and evolution of bacteria by interacting 

with host and phage genomes in various ways (Roossinck, 2011; Nasir, Kim and 

Caetano-Anollés, 2017). The co-evolution of phages and their hosts affect their respective 

genomes' survival, persistence, and evolution (Buckling and Brockhurst, 2012; Koskella 

and Brockhurst, 2014; Nasir, Kim and Caetano-Anollés, 2017; Ramisetty and Sudhakari, 

2019). Bacillus anthracis strains contain unique phages that can assist in bacterial 

identification (Hassim et al. 2016; Lekota et al., 2018). Prophage signatures identified in 

isolates from A-clade genomes may offer an added survival advantage and persistence 

over B-clade strains in the environment.  

 

Additionally, coding sequences linked to antitoxin of the YeeV-YeeU toxin-antitoxin (TA) 

system were identified in genomes from the A. Br.005/006 clade (n=45). Toxin-antitoxins 

are not required for normal cell growth; however, their abundance is evident on bacterial 

plasmids and chromosomes (Fozo et al., 2010). It's been proposed that TAs are vital in 

cell survival in nature for transitioning to a latent, drug-resistant state to enable tolerance 

to excessive amounts of antibiotic stress (Page and Peti, 2016). The function of TAs is 

comparable to that of antibiotics, they inhibit cell growth by targeting different critical 

cellular processes including DNA replication, transcription, and cell wall construction 

(Davies, 1996; Yang and Walsh, 2017). Toxin-antitoxins influence virulence evolution 

(due to enhanced antibiotic resistance) and persistence of A lineage strains in the 

environment.  
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Sequence comparison of cell wall biosynthesis proteins identified multiple copies and 

variants of long-chain-fatty-acid--CoA ligases between strains from A and B lineages. The 

B-clade genomes consisted of 4-5 copies of this FadD13 compared to 2 copies in 

A.Br.005/006 genomes. These ligases are essential in metabolic and regulatory 

processes, such as lipid biosynthesis and fatty acid degradation, intermediary metabolism 

and gene expression (Færgeman et al., 1997; Black and DiRusso, 2003; Dong et al., 

2012). The result of this study suggests that the survival of A-clade strains in different 

niches is dependent on the cell wall structure. The protein composition and the interaction 

of the cell wall proteins aid in maintaining cell wall integrity and inhibits desiccation of 

spores (Færgeman et al., 1997; Black and DiRusso, 2003; Dong et al., 2012). Higher 

copy number of this gene might influence the ability of different lineages to survive in 

harsh or unsuitable environments. 

 

Variability in terms of the size and structure of the mepH gene was observed. The mepH 

gene on pXO2 encodes two lipoproteins in B-clade genomes as compared to only one in 

A-clade genomes. The lipoproteins (mepH) are generally found in the chromosome 

responsible for cell-wall biosynthesis (Vermassen et al., 2019). However, this gene was 

also found in the pXO2 plasmid of B. anthracis genomes. Amino acid sequence 

comparison of the mepH depicts a truncated protein in B-clade strains as compared to A-

clade strains. It is not clear if the truncated proteins (in the B-clade genomes) observed 

in this study have any functional significance and there is currently limited information on 

the interactions of chromosomal cell wall structure proteins linked with the mepH protein 

of pXO2. This study suggests that there is a cross-link between the mepH of pXO2 with 

chromosomal cell wall structure proteins. Further experimental investigation can establish 

any links between the presence of the truncated proteins and the stability of the cell wall 

on the survival of the strains. Although there were some similarities in the cell wall 

proteins, changes or mutation of proteins (e.g murein hydrolases) can affect cell wall 

structure, and thus influence the spore survival in various environments (Vermassen et 

al., 2019). Any differences may contribute to cell wall biosynthesis and degradation since 

murein hydrolases are involved in the recycling of peptidoglycan, maintaining cell wall 
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integrity, and programmed cell death (Vermassen et al., 2019). The structure of the cell 

wall, the protein composition and their functions/interactions require further investigation. 

We hypothesize that the difference in spore cell wall structure influences the dominance 

of A-clade strains over the B-clade strains dominated before the 1990s but since has 

become almost extinct. 

 

5.4 Genetic characterization of B. anthracis A- and B-clade strains in the KNP 

 

5.4.1 Antimicrobial resistance (AMR) genes  

 

Penicillins are effective against most naturally occurring B. anthracis strains (Odendaal 

et al., 1991; Mohammed et al., 2002; Athamna et al., 2004; Luna et al., 2007). Antibiotics 

such as penicillin and oxytetracycline can be used to treat natural anthrax in large animals 

(such as cattle, sheep, goats, swine, and horses) in the early stages of the disease 

(Jensen and Mackey, 1979; Odendaal et al., 1991; WHO, 2008). Since disease 

progression is quick , antibiotics must be administered as soon as possible. Ampicillin, 

penicillin and methicillin susceptibility has been observed in B. anthracis strains isolated 

from KNP (Odendaal et al., 1991). This study revealed that all isolates from lineage A and 

B likely have resistance to fosfomycin, with additional multidrug resistance (MDR) 

signatures identified in B-clade genomes. Fosfomycin is effective for most Gram-negative 

bacteria and inhibits cell wall synthesis (Falagas et al., 2019), however, there has been 

an increase in fosfomycin resistance in bacterial species such as Escherichia coli (Kim et 

al., 1996; Skarzynski et al., 1996). Both endogenous and phage-encoded genes are 

hypothesized to contribute to the increased resistance of B. anthracis to fosfomycin 

(Sambrook et al., 1989, Kedar et al., 2008). 

 

Studies have shown that the conferred fosfomycin resistance is linked to mutation in UDP-

N-Acetylglucosamine enolpyruvyl transferase (MurA) responsible for peptidoglycan (PG) 

biosynthesis of the bacterial cell wall (Falagas et al., 2019; Skarzynski et al., 1996). The 

mutated enzyme contributes to the integrity of the cell wall structure and prevents 

fosfomycin from entering bacterial cells (Falagas et al., 2019). Fosfomycin resistance and 
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the presence of additional MDR genes enable propagation of bacterial species in different 

environments (Schuch and Fischetti, 2006). Antimicrobial resistance (AMR) profiles 

showed presence of fosfomycin resistance in both A- and B-clade strains. However 

further studies are needed to understand whether the genes are expressed in both 

lineages and if the genes contribute to the persistence of A-clade isolates over B-clade 

strains. The presence of the blaTEM-116 gene in one of the A-clade strains, isolate 1298 

from Pafuri, is peculiar as it has never been reported in the KNP. However, it is not present 

in other 2015 isolates from the same area. This AMR gene has been previously isolated 

from strains from Zambia (Bruce et al., 2021), however it was not found in the strains 

used in this study. The blaTEM-116 gene confers resistance to penicillins and broad-

spectrum cephalosporins (Weldhagen et al., 2003). Additional studies on the blaTEM-116 

will provide insight on the relationship between this gene and the overall evolution of B. 

anthracis strains in the KNP. 

 

5.4.2 B. anthracis tryptophan operon variability 

 

The amino acid tryptophan requires a lot of energy to synthesise in the cell, thus its 

metabolic pathway is expected to be tightly controlled. The tryptophan biosynthetic 

pathway consists of highly conserved multiple enzymatic processes in various microbial 

genomes. The tryptophan pathway genes vary in arrangements, operon structure and are 

regulated differently (Priya et al., 2014). Five structural genes (trpE, trpD, trpC, trpB, and 

trpA) encode enzymes needed for tryptophan biosynthesis. These genes form a single 

transcriptional unit, namely, the trp operon which is tightly regulated (Yanofsky, 2013). 

Differences in gene and operon organization reflect evolutionary divergence,  adaptability 

in various environments (Eremenko et al., 2020). Multiple sequence alignment of the trpA 

gene on the KNP B. anthracis strains presented a SNP mutation on B-clade strains. The 

G/T SNP at position 652 bp signals termination of the tryptophan operon in the B-clade 

strains and thus results in no synthesis of tryptophan. Phylogenetic analysis of this gene 

clearly separate A and B lineages. This study is supported by previous observations by 

Emerenko et al. (2020), showing variability of SNPs and InDels in trp operon genes. 
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Studies on tryptophan dependence can provide information on intraspecies evolution of 

B. anthracis.  

5.4.3 Variation of the bclA gene and VNTR copy numbers in B. anthracis genomes 

 

The BclA glycoprotein is expressed on the outermost layer of B. anthracis spores 

(Thompson et al., 2007; Thompson and Stewart, 2008). It is a key structural component 

of the spore coat and aids in the recognition and binding of spores to hosts (Wang et al., 

2016). Spore binding triggers phagocytosis and the movement of spores across the 

epithelium (Thompson et al., 2007). Despite its critical function in absorption and spore 

shape, the bclA gene size varies in different strains. Sequence comparison of the BclA 

protein in this study depicts variability in the CLR of A- and B-clade strains. The length of 

the GPT repeat sequence in the polymorphic CLR region is responsible for the variation 

in the spore filament length (Sylvestre et al., 2003).   

 

The phylogenetic analysis based on the bclA gene does not easily distinguish B. anthracis 

strains into separate major SNP clades and thus cannot be used independently for the 

clustering of isolates in A- and B-clades. The number of tandem repeats using MLVA 

Bams markers, however, can be used to differentiate B. anthracis lineages. These 

markers can distinguish subpopulations with high discriminatory power (Pearson et al, 

2004; Lista et al., 2006). The results in the current study were supported by Sanger 

sequencing of VNTR markers related to the bclA gene (Bam13 and Bams30) which 

showed a distinction between different canonical SNP branches of A- and B- clades. 

Since the exosporium filaments form the spore's outermost structure, variations in BclA 

protein may influence the spore's characteristics in response to environmental 

perturbations (Sylvestre et al., 2003). Bacteria are known to use the genetic repertoire to 

invade and evade host immune response, The variation in the VNTR within a surface 

structural gene shows that B. anthracis, like other pathogens, may employ the variation 

to regulate its ability for disease transmission and pathogen fitness, thus altering rates of 

survival or virulence among genetic variants (Shields et al., 1995; van Belkum et al., 

1998). It is still unclear how the exosporium structure contribute to the survival of A-clade 

strains compared to the B-clade. Additionally, further investigation is required to 
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determine the germination dynamics of B. anthracis spores when conditions are 

favourable. 

5.5 Conclusion, recommendations and study limitations 

 

Whole genome sequencing has demonstrated high discriminatory power for B. anthracis 

surveillance in the KNP. Whole genome single nucleotide polymorphism and pan-

genomics were successfully employed to define the phylogenetic structure of B. anthracis 

strains from different outbreaks as well as determined their genomic differences. In this 

study, the ubiquity of the ancient A- clade strains present in both enzootic and non-

enzootic regions of the park was revealed. Comparative genomics provided more insight 

into the predominance of the A.Br.005/006 and the genetic diversity in the KNP. Pan-

genomics revealed genetic differences that contribute to the occurrence and persistence 

of some strains over others that are linked with cell wall biosynthetic genes. The presence 

of multiple hypothetical proteins and multiple gene copies (and gene variants) in the 

accessory genome between B. anthracis lineages A- and B-clade genomes require 

further investigation. Characterization of the core and accessory genes will shed light on 

environmental survival strategies of A- and B- clade lineages. Although the aims of the 

study were achieved, sequencing of additional B. anthracis strains and further analysis of 

the genome will provide more understanding on anthrax evolution in South Africa.  

 

The study “Comparative genomics of Bacillus anthracis strains from anthrax outbreaks in 

Kruger National Park, South Africa” is part of a bigger study on B. anthracis evolution. 

The work on bclA gene variations requires experimental evidence to determine the link to 

disease transmission and pathogen transmission. Additionally, functional analysis to 

evaluate the effect of the truncated trpA gene on tryptophan synthesis should be done. 

The use of third generation sequencing technologies for genome wide studies will 

compliment this study. Further investigation on B. anthracis pan-genome, specifically the 

difference in cell wall biosynthesis pathway will aid in resolving the evolutionary 

relationship and inform pathogen evolution and survival world-wide. 
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5.7 Supplementary data 

 

Table S1: Quality control for mapping of selected (n=9) Kruger National Park 2015 

Bacillus anthracis sequence reads to the B. anthracis Ames ancestor reference 

genome  

Sample Number of 

reads 

%mapped 

paired reads 

Mean 

Coverage 

Mean 

mapping 

quality 

DS201584 2047362 82.15 53.34 41.38 

DS201505 192276 84.62 48.08 40.8 

1370 2002196 81.32 51.65 42 

DS201523 2725806 83.67 67.79 41.08 

1365 2179530 78.89 56.01 41.77 

DS201588 1298748 82.49 39.43 46.42 

DS201525 2228848 74.76 43.55 44.64 

DS201578 2738308 89.5 60.33 38.33 

DS201510 2160756 74.85 41.93 41.54 
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Figure S1: RAST annotation server subsystem analysis of B. anthracis genomes. The genes represented in a known 

subsystem are indicated by green bar (23%). The blue bar (77%) represents the genes that are not part of any 

subsystem. The pie chart represents the subsystem distribution. Image from RAST webserver (www.rast.nmpdr.org) 
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Figure S2: The variable number of tandem repeat (VNTR) profiles of 

Bacillus anthracis based on the multiple sequence alignment of Bacillus 

collagen-like protein of anthracis. A maximum likelihood method was 

used to infer the phylogeny of B. anthracis strains from Kruger National 

Park. Copy numbers were determined in Tandem Repeat Finder. 

Number of asterisk (*) represent the number of repeats. 
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Figure S3: The variable number of tandem repeat (VNTR) profiles of Bacillus anthracis A-clade strains (AX2012309, 

DS201330, DS201578, DS201588, 6461_SP1 and V54) and B- clade strains (A3, A5, C13 and Z21) using Bams13 (Top) 

and Bams15 (Bottom) markers.  
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Figure S 4: The variable number of tandem repeat (VNTR) profiles of Bacillus anthracis A-clade strains (AX2012309, 

DS201330, DS201578, DS201588, 6461_SP1 and V54) and B- clade strains (A3, A5, C13 and Z21) using Bams30 (Top) 

and Bams31 (Bottom) markers. PCR amplicons depicts difference in length of VNTR for A- and B-clade strains. 
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Table S2: Analysis of variable number of tandem repeats (VNTR) copy numbers on the bclA gene for Bacillus anthracis 

strains from clades A and B lineages. Strains are defined by the primary SNP lineages.  
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