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Zusammenfassung 

Das Bakterium Bacillus anthracis ist ein Gram-positiver Endosporenbildner und der 

Erreger der Zoonose Milzbrand. Aufgrund der hohen Virulenz und weil die Sporen in der 

Umwelt sehr stabil sowie leicht zu kultivieren sind, gilt B. anthracis als der Erreger mit dem 

höchsten Potenzial, als biologischer Kampfstoff oder für bioterroristische Zwecke 

missbraucht zu werden. Dieses Potential wurde 2001 bei den Briefanschlägen in den USA 

auf tragische Weise demonstriert. Im Falle eines Milzbrandausbruchs bei Nutz- oder 

Wildtieren, vor allem aber beim Menschen, sind zwei Aspekte von besonderer Bedeutung 

und Dringlichkeit, um Gegenmaßnahmen wie Therapie oder Dekontamination betroffener 

Gebiete einzuleiten: Die eindeutige und schnelle Identifizierung von B. anthracis sowie die 

Aufklärung der Ursachen des Ausbruchs. Aufgrund des fulminanten Verlaufs von 

Milzbrandinfektionen sind schnelle und zuverlässige Nachweismethoden für B. anthracis 

zwingend erforderlich um ein Überleben der Infizierten zu gewährleisten. Jedoch kann es 

wegen der engen genetischen Verwandtschaft zwischen B. anthracis und anderen 

Mitgliedern der Bacillus cereus sensu lato-(s.l.)-Gruppe (wie Bacillus cereus oder Bacillus 

thuringiensis) zu einer falschen oder fragwürdigen Identifizierung kommen. So galten 

beispielsweise die 16S rRNA Gene, die üblicherweise zur Typisierung von Bakterien 

verwendet werden, bisher als ungeeignet für die Differenzierung von B. anthracis von 

anderen Mitgliedern der B. cereus s.l. Gruppe, da die Sequenzunterschiede B. anthracis 

nicht differenzieren. In dieser Arbeit wurde mit einer Kombination aus in-situ-, in-vitro- und 

in-silico Methoden ein bisher unbekanntes 16S rRNA Allel in B. anthracis beschrieben, in 

allen verfügbaren Genomsequenzen nachgewiesen und quantifiziert. Neben neuen 

Erkenntnissen über die Häufigkeit und die genomische Verteilung dieses 16S-BA-Allels 

sowie die Architektur ganzer rRNA-Operons, ermöglichte diese B. anthracis spezifische 

Variation zum ersten Mal die Entwicklung neuer 16S-basierter Diagnostika, wie etwa eines 
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FISH-Tests. Die neu entwickelte 16S rRNA SNP (RT)-PCR, mit der eine Detektion auf 

DNA- und Transkript-Ebene möglich ist, erwies sich im Vergleich zu den getesteten, 

etablierten PCR-Assays als überdurchschnittlich spezifisch und sensitiv. Da PCR, der 

Goldstandart für die Detektion von B. anthracis, allein für eine zweifelsfreie 

Erregeridentifizierung nicht ausreicht, sind alternative, Nukleinsäure-unabhängige 

Methoden zur Bestätigung der PCR-Ergebnisse erforderlich. Diese Methoden sollten 

vergleichbar empfindlich, spezifisch und schnell wie der PCR-Nachweis sein. Für andere 

Erreger haben sich Detektionsmethoden, die auf Rezeptorbindeproteine (RBPs) 

hochspezifischer Bakteriophagen (Phagen) basieren, als geeignet erwiesen, diese 

Kriterien zu erfüllen. Obwohl es mehrere hochspezifische Phagen gibt, wurde bisher aber 

kein solcher Ansatz für B. anthracis entwickelt. Daher wurden in dieser Arbeit drei RBPs 

von B. anthracis-spezifischen (Pro)phagen identifiziert und experimentell auf ihre 

Spezifität gegenüber B. anthracis sowie auf ihre Rezeptorverfügbarkeit in verschiedenen 

Wachstumsphasen von B. anthracis getestet. Auf dieser Basis wurden anschließend eine 

Reihe neuer Methoden zum schnellen Nachweis von B. anthracis entwickelt. Mittels 

Fusionen aus RBPs mit dem Fluoreszenzprotein mCherry wurden RBP-basierte, 

fluoreszierende Biosensoren produziert die, zusammen mit einem neuen 16S FISH Assay, 

die ersten zuverlässigen mikroskopischen Nachweisverfahren für B. anthracis darstellen. 

Zusammen mit ebenfalls selbst-konstruierten, enzymbasierten RBP-Biosensoren, die für 

die Entwicklung der neuen ELPRA-Tests verwendet wurden, können diese RBP-Assays 

zum Nachweis intakter B. anthracis-Zellen und als Nukleinsäure-unabhängige Ansätze zur 

Bestätigung von PCR-Ergebnissen eingesetzt werden. Ist der Erreger einmal identifiziert, 

muss für die Untersuchung der Ausbruchsursache, also ob es sich um einen natürlichen 

Ausbruch oder eine absichtliche Freisetzung des Erregers handelt, die genaue und 

flächendeckende natürliche Phylogeographie des Erregers vorliegen. Damit kann der 

Genotyp des Ausbruchstammes mit denen der im betroffenen Gebiet natürlich 

vorkommenden Stämme abgeglichen werden. Für Zentraleuropa konnte diese natürliche 
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Phylogeographie von B. anthracis bisher noch nicht bestätigt werden. Für diesen Zweck 

wurden in dieser Arbeit aus einer historische B. anthracis Probe aus dem Jahr 1878 

Nukleinsäuren extrahiert und damit das älteste historische B. anthracis Genom 

charakterisiert, welches der sogenannten B.Br.CNEVA Gruppe zugeordnet werden 

konnte. Diese Ergebnisse unterstützen die Annahme, dass die B.Br.CNEVA Gruppe einen 

Teil des autochthonen Genotyps des Erregers für Mitteleuropa darstellt. Aus 

bioforensischer Sicht kann daher bei einem künftigen Ausbruch, der durch einen B. 

anthracis Stamm aus der B.Br.CNEVA-Gruppe verursacht wird, davon ausgegangen 

werden, dass es sich wahrscheinlich um eine natürliche Infektion handelt. Sollte im 

Gegensatz dazu die Isolierung eines B. anthracis Stamms aus einer 

Verwandschaftsgruppe außereuropäischen Ursprungs sorgfältiger untersucht werden, da 

dies auf eine absichtliche Freisetzung des Erregers hindeuten könnte. So gab 

beispielsweise der jüngste Milzbrandausbruch in Südbayern keinen Anlass zur Sorge, da 

er ebenfalls durch einen B.Br.CNEVA-Stamm verursacht wurde, der eng mit dem 

historischen Stamm von 1878 verwandt ist. Bei diesem Ausbruch konnten außerdem die 

in dieser Arbeit entwickelten Nachweismethoden an echten klinischen Proben und 

Umweltproben erfolgreich getestet werden. Es ist wahrscheinlich, dass diese neuen, 

spezifischen Detektionsmethoden, zusammen mit neuen phylogeographischen 

Erkenntnissen aus historischen Proben, die moderne Milzbrand-Diagnostik und -

Ausbruchsuntersuchung auf ein neues, fortschrittlicheres Niveau heben werden.  
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Summary 

The bacterium Bacillus anthracis is a Gram-positive endospore former and the causative 

agent of the zoonotic disease anthrax. Due to its high virulence and because the spores 

are very stable in the environment and easy to culture, B. anthracis is considered to be the 

pathogen with one of the highest potentials to be misused as a biological warfare agent or 

for bioterroristic purposes. This potential was clearly demonstrated in the 2001 letter 

attacks in the United States. In the event of an anthrax outbreak in livestock or wildlife, but 

especially in humans, two things are of particular importance and urgency to initiate 

countermeasures such as therapy or decontamination of affected areas: The 

unambiguous and rapid identification of B. anthracis and the elucidation of the causes of 

the outbreak. Due to the fulminant course of anthrax infections, rapid and reliable detection 

methods for B. anthracis are crucial to ensure survival of infected individuals. However, 

because of the close genetic relationship between B. anthracis and other members of the 

Bacillus cereus sensu lato (s.l.) group (such as Bacillus cereus or Bacillus thuringiensis), 

mis- or questionable identification sometimes occurs. For example, due to presumed 

sequence identity, the 16S rRNA genes commonly used to type bacteria were previously 

considered unsuitable for differentiating B. anthracis from other members of the B. cereus 

s.l. group. In this work, a previously unknown 16S rRNA allele in B. anthracis was 

described using a combination of in situ, in vitro, and in silico methods. This 16S-BA-allele 

could be detected and quantified in all available genome sequences. In addition to new 

insights into the abundance and genomic arrangement of the 16S-BA-allele as well as total 

rRNA operons, this B. anthracis-specific variation enabled for the first time the 

development of new 16S-based diagnostics, such as FISH. The newly developed 16S 

rRNA SNP (RT)-PCR, which allows detection on DNA- and transcript-level, proved to have 

superior specificity and sensitivity compared to most established PCR assays. Since PCR, 

the gold standard for B. anthracis detection, alone is not sufficient for unequivocal 
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pathogen identification, alternative, nucleic acid-independent methods are needed to 

confirm PCR results. These methods should be comparably sensitive, specific, and rapid 

as PCR detection. For other pathogens, detection methods based on receptor binding 

proteins (RBPs) of highly specific phages have been shown to meet these criteria. 

However, although several highly specific phages exist, no such approach has yet been 

developed for B. anthracis. Therefore, in this work, three RBPs of B. anthracis-specific 

(pro)phages were identified and experimentally tested for their specificity towards B. 

anthracis as well as for their receptor availability in different growth phases of B. anthracis. 

On this basis, a set of new methods for the rapid detection of B. anthracis was developed. 

Using fusions of RBPs with the fluorescent protein mCherry, RBP-based biosensors were 

produced which, together with the new 16S FISH assay, represent the first reliable 

microscopic detection methods for B. anthracis. Together with the enzyme-based RBP 

biosensors used to develop the new ELPRA assays, these RBP assays can be used as 

nucleic acid-independent approaches to confirm PCR results and to detect intact B. 

anthracis cells. Once the pathogen is identified, in order to investigate the cause of the 

outbreak, i.e. whether it is a natural outbreak or a deliberate release of the pathogen, the 

exact and area-wide natural phylogeography of the pathogen must be available so that the 

genotype of the outbreak strain can be matched with the strains naturally occurring in the 

affected area. For Central Europe, this natural phylogeography of B. anthracis has not yet 

been confirmed. For this purpose, nucleic acids were extracted in this work from a historical 

anthrax sample from 1878, characterizing the oldest historical B. anthracis genome that 

could be assigned to the B.Br. CNEVA group. These results support the hypothesis that 

the B.Br.CNEVA group represents part of the autochthonous genotype of the pathogen for 

Central Europe. From a bioforensic point of view, therefore, a future outbreak caused by 

a B. anthracis strain from the B.Br.CNEVA group can be assumed to be a natural infection, 

whereas the isolation of a B. anthracis strain from a canSNP group of non-European origin 

should be investigated more carefully, as this could indicate a deliberate release of the 



16 
 

pathogen. For example, the recent anthrax outbreak in southern Bavaria was not a cause 

for concern as it was also caused by a B.Br.CNEVA strain closely related to the historical 

strain of 1878. In this outbreak, moreover, the detection methods developed in this work 

were successfully tested on authentic clinical and environmental samples. These new, 

specific detection methods, along with new phylogeographic insights from historical 

samples, will bring modern anthrax outbreak investigation to a new level. 

 

 

1. Introduction 

1.1. Bacillus anthracis ï a pathogen with history 

Bacillus anthracis, the causative agent of anthrax, is a large (1 by 5 - 8 µm), rod-shaped 

Gram-positive bacterium which is non-hemolytic, non-motile and forms endospores 

(Figure 1-1) under adverse environmental conditions (Turnbull 2008). The formation of 

spores from the vegetative stage of bacilli was first described by Ferdinand J. Cohn in 

1874. Just two years later, Robert Koch elucidated the life- and infection-cycle of B. 

anthracis in his seminal work "Die Ätiologie der Milzbrand-Krankheit". Herein, Koch 

delineated that the bacterium forms spores as a permanent form, from which vegetative 

cells develop and, if in a suitable host, the disease occurs. Koch thus refuted Casimir 

Davaine's thesis that anthrax is caused only by the rod-shaped vegetative form of the 

bacteria (Sternbach 2003). 
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Figure 1-1: Cells, endospores and colonies of B. anthracis. Electron micrograph of a.) 

B. anthracis cells growing in chains and of b.) purified B. anthracis spores. c.) Whitish, 

non-hemolytic colonies of B. anthracis derived from an environmental sample grown on a 

blood agar plate show the typical "medusa head" morphology (next to a flat-growing, 

hemolytic colony of the closely related Bacillus mycoides).  

 

Mankind has been plagued by anthrax since the dawn of history. Indications of this go 

back thousands of years and can already be found in records of ancient Greece, where 

the name ''anthrax'' was coined by Hippocrates (Schwartz 2009). Anthrax mainly affects 

grazing animals such as cattle, sheep and horses and was one of the leading causes of 
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death in livestock, especially from the seventeenth to the nineteenth century. Because of 

this, anthrax became the main research topic of Robert Koch and his colleagues and was 

therefore the primary focus of early modern microbiology (Schwartz 2009; Zasada 2020). 

While the primary hosts are herbivores, humans, like all mammals, are also susceptible 

but require higher doses of infection for the disease to manifest (Turnbull 2008). The most 

frequent form in humans is cutaneous anthrax, which accounts for more than 95% of all 

anthrax cases. Here, the inert spores are thought to enter human skin through micro-

lesions after exposure to, for example, infectious animal tissue (hides or meat), and to 

germinate in host macrophages after uptake leading ultimately to dissemination and 

infection. The term anthrax, Greek for charcoal, is derived from the black anthrax 

carbuncles of skin necrosis that, along with local edema, are the characteristic 

manifestations of cutaneous anthrax (Turnbull 2008). Historically, infections of this 

relatively mild form (< 20% mortality rate if untreated; <1 with antibiotic therapy) typically 

occurred in tanneries or wool-processing plants where workers were exposed to 

contaminated hides. Rarely, but with a higher mortality rate of more than 50% (even with 

treatment) due to the high likelihood of lymphatic or hematogenous spread, gastrointestinal 

anthrax occurs as a result of ingesting (undercooked) meat from infected animals 

(Missiakas and Schneewind 2005; Turnbull 2008). The gastrointestinal form is associated 

with enzootic regions in rural and less developed areas where people live in close proximity 

to livestock and where veterinary surveillance is inadequate (Turnbull 2008). It is estimated 

that in Africa, Central Asia, and South Asia, up to ten human cases of cutaneous and 

gastrointestinal anthrax occur after the slaughter of a single infected animal (Turnbull 

2008). In contrast, in most European countries and other industrialized regions, an average 

of only one human case of cutaneous and gastrointestinal anthrax can be observed per 

ten infected animal carcasses (Turnbull 2008). 



19 
 

In addition to natural enzootic and zoonotic manifestations, a new form, injectional anthrax, 

has manifested in Europe in the last 20 years, in which heroin users were infected by 

batches of heroin supposedly contaminated with B. anthracis endospores (Hanczaruk et 

al. 2014). The fourth and most severe form of anthrax is pulmonary anthrax, which, after 

inhalation of B. anthracis spores, leads to systemic infection and death with nearly 100% 

case-fatality rate if untreated. Even with early antibiotic therapy, the mortality rate is 

approximately 45% (Turnbull 2008). 

 

1.2. Biological warfare and bioterrorism 

Due to its virulence and because the endospores of B. anthracis are very stable in the 

environment and easy to culture, B. anthracis is considered the pathogen with the highest 

potential to be misused as a biological warfare agent or for bioterrorist purposes. The 

bacterium is therefore listed as a Category A pathogen by the Center for Disease Control 

and Prevention (CDC, United States of America). This potential was demonstrated in the 

anthrax  attacks in 2001 (Amerithrax), when letters filled with fine powder that consisted of 

B. anthracis endospores were sent to several addressees in the United States. The attacks 

led to 11 cases of cutaneous anthrax and 11 cases of pulmonary anthrax from which five 

individuals died as a result of the infection (Inglesby et al. 2002; Fowler and Shafazand 

2011). According to the FBI, the total financial burden caused by the Amerithrax events 

exceeded 1 billion US-Dollars mainly due to immense decontamination efforts (Lengel 

2005). In 1972, decades before the anthrax letter attacks, the "Convention on the 

Prohibition of the Development, Production and Stockpiling of Bacteriological (Biological) 

and Toxin Weapons and on their Destruction" was adopted by the United Nations. This 

was a political response to nefarious research, production and use of biological weapons 

during World War I and II as well as during early Cold War periods despite the Geneva 
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Protocol that prohibited the use of biological (and chemical) weapons (Barras and Greub 

2014). For example, the infamous "Baron von Rosen espionage incident" occurred in 

1917, in which sugar cubes allegedly laced with the anthrax agent were used to sabotage 

Allied horse-powered war support (Redmond et al. 1998; Antwerpen et al. 2017). At the 

height of the Cold War (1979), an incident occurred at a vaccine-production facility and 

suspected bioweapons factory in which large quantities of anthrax endospores escaped 

because of air-filter problems and spread by wind over urban areas of the city of 

Sverdlovsk (now Yekatarinburg). This officially resulted in 66 deaths in the city (Sahl and 

Keim 2016). Later conducted genomic analyses of tissue samples from infected individuals 

revealed that the outbreak strain was neither genetically modified nor were there any 

indications of an improved pathogenic potential but the genome represented a genotype 

that occurs naturally in Russia (Sahl and Keim 2016).   

 

1.3. Genetics and Pathophysiology 

B. anthracis possesses a single circular chromosome with 5.3 million base pairs and an 

AT content of approximately 65%, which classifies the Firmicute bacterium as a low GC 

organism (Ravel et al. 2008). Its pathogenic potential is associated with the presence of 

two virulence plasmids. Plasmid pXO2 (96 kb) harbors approximately 80 genes including 

the capBCADE operon that encodes enzymes enabling the synthesis of a poly-D-glutamic 

acid capsule (Figure 1-2) that allows B. anthracis to evade opsonization and phagocytosis 

by macrophages during host infection (Moayeri et al. 2015). The ñtoxinò plasmid pXO1 

(182 kb) encodes 140 genes including three genes for the exotoxin proteins lethal factor 

(lef, LF), edema factor (cya, EF), and protective antigen (pagA, PA). PA, LF, and EF alone 

do not have a toxic effect on the host, only the combination of the three leads to the 

formation of two different AB toxins. PA binds to host cell surface receptors and is 
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cleavage-activated by host-proteases that leads to the formation of an oligomer that is able 

to bind LF and EF. After endocytosis of this AB-toxin complex (PA-LF and PA-EF, 

respectively) and acidification of the endosome, the thus acid-activated PA-pore allows 

translocation of edema and lethal factor into the cytosol. Edema factor is a calmodulin-

binding adenylate cyclase that interferes with intracellular signaling, inhibits the immune 

response, and leads to edema formation by perturbing water homeostasis (Figure 1-3). 

The lethal factor, on the other hand, is a four-domain zinc protease that binds specifically 

to MAPK (mitogen-activated protein kinase). The recognition sequence for downstream 

kinases is excised and signal transduction is inhibited, resulting in apoptosis and cell lysis 

(Koehler 2009; Okinaka et al. 1999; Pilo and Frey 2011; Moayeri et al. 2015). The 

expression of both toxins and capsule genes is mainly regulated by the pleiotropic 

repressor AtxA. The atxA gene located on pXO1 is activated and expressed at elevated 

CO2 levels and 37°C inside the host body (Levy et al. 2014). 
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Figure 1-2: Major virulence factors of B. anthracis. The upper part of the figure shows 

encapsulated B. anthracis cells, while in the lower part a simplified host cell is depicted. 

Genes encoding enzymes for the synthesis of the poly-D-glutamic acid capsule (gray 

shading), which protects the bacteria from the host immune system, are located on 

virulence plasmid pXO2. Plasmid pXO1 harbors the toxin genes that encode the lethal 

factor (LF), the edema factor (EF) and the protective antigen (PA). Full length PA initially 

binds to a host cell receptor and, after cleavage by host proteases, forms heptamers that 

enable binding of EF or LF. After endocytosis of the complex, the effectors (EF or LF) are 

translocated by low pH-activated PA into the cytosol of the host cell. LF affects cell 

signaling by cleavage of MAPK (mitogen-activated protein kinase) leading ultimately to 

apoptosis and cell lysis. EF is an adenylate cyclase and evokes edema formation by 

perturbing water homeostasis. 
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1.4. Phylogeography and Bioforensics 

B. anthracis is a very clonal organism with little or no horizontal gene transfer and low 

intraspecies diversity at the genomic level. Its evolution is probably restricted to the limited 

reproductive phases of 20-40 generations during host infection, while the resulting spores 

can remain dormant in the environment for years (Keim et al. 2004). When B. anthracis 

isolates from different parts of the world were compared, only a small amount of genetic 

variation accumulated since its probable first appearance as a pathogen about 3,000 - 

6,000 years ago (Van Ert et al. 2007). However, deeper analysis of numerous genomic 

data revealed that B. anthracis strains can be divided into distinct phylogenetic groups. 

For each of these groups, a specific suite of phylogenetically meaningful nucleotide bases 

was set as references, and served as so-called canonical single nucleotide polymorphisms 

(canSNPs). These canSNP may show either of two states, ancestral (equal to the base in 

the ancestral reference genome) or derived (evolved base). On the basis of these 

canSNPs, B. anthracis strains can be classified into one of the three major branches A 

(A.Br.), B (B.Br.), and C (C.Br.), which can be divided into thirteen classical canSNP groups 

(e.g., B.Br.CNEVA) that reflect the global phylogenetic relationships among strains (Van 

Ert et al. 2007; Marston et al. 2011) (Figure 1-3).  
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Figure 1-3: Canonical single nucleotide polymorphism (canSNP) analysis. The 

bioforensic tool of is often used in epidemiological investigations to initially classify new B. 

anthracis strains into previously established, phylogenetically related groups. The upper 

part of the figure shows simplified B. anthracis cells growing in chains. The virulence 

plasmids pXO1 and pXO2 (circles) and the chromosome (twisted circle) are indicated and 

labeled with fictitious phylogenetically relevant canSNP positions (red dots). Below that, 

starting from the phylogenetic origin (last common ancestor, Root), the canonical 13 

branches of the three main lineages A, B and C of B. anthracis are indicated.  

 

This typing system is widely used for phylogeographical and epidemiological investigations 

of outbreaks as well as for trace-back analyses in bioforensics and was used, for example, 

in the 2001 Amerithrax case to determine the origin of the B. anthracis isolate (A.Br.Ames) 

that was misused for the attacks (Hoffmaster et al. 2002; P. Keim et al. 2004). 

In order to be able to quickly identify the origin in the event of an anthrax outbreak and to 

thus clarify whether it is a natural outbreak (i.e. caused by endospores from the 
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environment) or an act of intentional or unintentional release of the pathogen, precise 

phylogeographic reference-data for B. anthracis must be available. As a basis, the 

corresponding naturally occurring (autochthonous) genotype(s) for each region must be 

known to estimate whether an outbreak is likely natural or not. For example, an anthrax 

outbreak in Kruger National Park in South Africa, would not provide circumstantial 

evidence of intentional release of the pathogen if the infections were caused by a B. 

anthracis strain of the B. branch B.Br.KrugerB group (Smith et al. 2000). Strains from this 

group belong to the autochthonous B. anthracis population. In contrast, a strain from the 

A. branch A.Br.Ames group, which includes, among others, the strain from the 2001 letter 

postings, would provide strong circumstantial evidence for intentional spread in Kruger 

National Park. 

To obtain information on the autochthonous, phyologenetic groups of B. anthracis in 

countries where anthrax is very rare, such as Germany, it is necessary to resort to the few 

existing live isolates from strain collections. However, these strains have since been 

repeatedly cultured and have very likely accumulated genetic changes over time making 

them unsuitable for the reconstruction of the natural phylogeography of B. anthracis. On 

the other hand, well-documented historic specimen would constitute a precious source for 

bioforensics by providing pivotal genetic information about the autochthonous 

phylogenetic groups present in the area to which the specimen can be assigned. 

Unfortunately, such specimens are rare and typically not readily available.  

1.5. The Bacillus cereus sensu lato group  

Taxonomically, B. anthracis belongs to the Bacillus cereus sensu lato (s. l.) group of very 

closely related organisms. Besides B. anthracis and its closest relatives B. cereus sensu 

stricto (s.s.) and B. thuringiensis, the group includes species such as B. mycoides, B. 

pseudomycoides and B. weihenstephanensis as well as a variety of less well-
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characterized species (Helgason et al. 2004; Zwick et al. 2012). Both DNA sequence 

analysis of 16S rRNA genes and multi-locus sequence typing (MLST) show very low 

genetic diversity among the different species, which is why discrimination is often difficult 

(Cherif et al. 2003; Priest et al. 2004; Rasko et al. 2005). Thus, from a genetic point of 

view, the members of the B. cereus s.l. group can be considered a single species with 

distinct phenotypes, mainly due to the presence of mobile genetic elements such as 

plasmids (Jensen et al. 2003). In addition to the virulence plasmids in B. anthracis, the 

genes for insect toxin synthesis in B. thuringiensis as well as a variety of endotoxins (e.g. 

cereulid) in B. cereus s.s. are also plasmid-encoded (Ehling-Schulz et al. 2019) and are 

the only traits that distinguish B. cereus s.s. from B. thuringiensis. The main genetic feature 

that distinguishes B. anthracis from B. cereus s.s is a nonsense mutation in the gene 

encoding the pleiotropic regulator PlcR that controls the expression of genes for virulence 

factors associated with foodborne illness in B. cereus s.s., such as diarrheal or emetic 

toxins (Paul Keim et al. 2009; Zwick et al. 2012). On the other hand, strains of B. cereus 

s.s. have been described containing two virulence plasmids exceedingly similar to pXO1 

and pXO2 of B. anthracis. These strains were found to cause anthrax-like disease in great 

apes (Okinaka et al. 2006; Klee et al. 2010) and favor the argument of the members of the 

B. cereus s.l. group to be a single species and clearly show the problematic situation in 

correct species identification and accurate differentiation within this bacterial group.  

1.6. Identification of B. anthracis and diagnostics of anthrax 

Although differentiation from close relatives of the B. cereus s.l. group can be challenging, 

rapid and specific detection of B. anthracis is critical for subsequent therapy and thus, 

patient survival due to the often fulminant course of anthrax infections. To date, numerous 

attempts have been made to correctly identify B. anthracis and thereby specifically detect 

anthrax infections (Kozel et al. 2004; Irenge and Gala 2012; Morel et al. 2012; Kolton et 
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al. 2017; Rohde et al. 2020; Zasada 2020; Cox et al. 2015; Easterday et al. 2005; Dugan 

et al. 2012). 

As for most pathogens, diagnostic realtime PCR is the gold standard for detection of B. 

anthracis. Due to the high genetic similarity between B. anthracis and the other members 

of the B. cereus s.l. group even detection of virulence genes encoded on the two B. 

anthracis plasmids pXO1 and pXO2 is not of sufficient specificity, as some B. cereus and 

B. thuringiensis strains possess pXO1- or pXO2-like plasmids (Turnbull et al. 1992; Klee 

et al. 2010; Antonation et al. 2016; Okinaka et al. 2006). Although the presence of virulence 

genes might be important from a medical point of view, high confidence of B. anthracis 

identification is only achieved in combination with unique chromosomal targets. Among the 

numerous chromosomal targets commonly used for PCR detection, only a few are truly 

specific for B. anthracis  (Ågren et al. 2013). These markers include genes located on 

prophages, e.g., dhp61 (Antwerpen et al. 2008) or PL3 (Ellerbrok et al. 2002). The 

chromosome of B. anthracis contains four putative prophages, named LambdaBa01, 02, 

03 and 04, which account for about 2.8% of the B. anthracis genome. In no other member 

of the B. cereus s.l. group all four prophages have been detected to date. Notably, 

according to current knowledge, these prophages are no longer functional, i.e., no longer 

capable of producing virions (Read et al. 2003; Sozhamannan et al. 2006; Gillis and 

Mahillon 2014).  

Alternative PCR-approaches for B. anthracis identification employ interrogations at SNP 

positions in the B. anthracis genome for instance, in the plcR (Easterday et al. 2005) or 

gyrA (Hurtle et al. 2004) genes. However, all these targets are present in a single-copy on 

the B. anthracis genome. This principally reduces the diagnostic sensitivities of such 

assays compared to targeting multi-copy elements (e.g. Klee et al. 2006) such as 16S 

rRNA genes and transcripts, which are commonly used as convenient multi-copy targets 

in many species in a variety of detection methods like realtime PCR, fluorescence in situ 
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hybridization (FISH) or sequencing. However, DNA sequences of the 16S rRNA genes 

were considered unsuitable for unambiguous distinction of B. anthracis from its closest 

relatives due to the lack of specific sequence variations (Candelon et al. 2004; Ash et al. 

1991). Recently, Sanger sequencing of the B. anthracis rRNA genes and careful 

inspections of DNA-sequencing-electropherograms revealed a single SNP present in a 

minor fraction of only the B. anthracis 16S rRNA gene copies, which the authors proposed 

to be unique for B. anthracis (Hakovirta et al. 2016). Unfortunately, the authors did not 

further explore this possibility.  If this sequence variation was truly species specific, it could 

be used for multi-copy target based B. anthracis detection.  

In addition to PCR, matrix-assisted laser desorption ionization time-of-flight mass 

spectrometry (MALDI-TOF MS) can be used to identify B. anthracis (Pauker et al. 2018). 

While commonly used for pathogen identification in well-equipped diagnostic laboratories, 

this method is highly dependent on the reproducibility of the microorganismôs "fingerprint" 

and the generated peptide databases. A prerequisite for the method is currently still a pure 

culture, which significantly extends the time horizon required for this approach. Moreover, 

the choice of culture conditions is also a critical factor for the reproducibility of results and 

therefore for correct species identification. 

Antibody-based assays are also widely used for pathogen detection. To date, numerous 

assays have been developed to detect toxins, spores and vegetative cells of B. anthracis. 

These include, e.g., fluorescence microscopy based detection (De et al. 2002), lateral flow- 

(Wang et al. 2014) and flow-cytometry-assays (Zahavy et al. 2012) and surface plasmon 

resonance (SPR) based methods (Wang et al. 2017). Notably, however, antibody-based 

methods for B. anthracis detection usually lack sufficient sensitivity and specificity (Irenge 

and Gala 2012). 

In addition, classical microbiological methods can be used for identification of pathogens 

e.g. by their specific colony morphology. When cultured on blood agar plates B. anthracis 
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can be distinguished from a variety of other Bacilli since the ensuing medusa-head shaped 

colonies lack hemolysis (Figure 1-1 C). Additionally, negative staining using ink can be 

used to test microscopically for the presence of a capsule (Turnbull 2008). Both methods, 

however, are not species specific and therefore cannot be used to correctly identify B. 

anthracis.  

Another culture-based method for B. anthracis identification, which has been in use for 

centuries, is bacteriophage sensitivity testing using highly specific phages such as phage 

ɔ (Gamma). Quickly after the virus was discovered by Brown & Cherry in 1955, the ɔ phage 

plaque assay has become a standard tool for anthrax diagnostics especially in less well-

equipped laboratories (Brown and Cherry 1955). Phage ɔ belongs to the family 

Siphoviridae as it features an icosahedral head as well as a long non-contractile tail 

(Abshire et al. 2005). It has a high host specificity of 96% (Kolton et al. 2017). Of 700 non-

B. anthracis strains recently tested (both bacilli and strains outside the genus Bacillus), 29 

were infected by phage y (Kolton et al. 2017). In addition to phage ɔ, Tectiviruses have 

been isolated with even higher specificity for B. anthracis. Tectiviridae is a species-poor 

family of tail-less phages that possess an internal lipid membrane (Gillis and Mahillon 

2014). In 1974, phage AP50t was isolated from soil, which was found to exclusively infect 

B. anthracis (Nagy 1974). Later a lytic mutant of AP50t named AP50c that, compared to 

temperate wildtype AP50t, was found to form clear plaques and was able to infect 111 of 

115 B. anthracis strains but none of the 100 B. cereus s.l. strains tested (Sozhamannan et 

al. 2008). In 2010, Schuch et al. isolated another B. anthracis specific member of the 

Tectivirdae family from the gut of the earthworm Eisenia fetida. The phage Wip1 (Worm 

Intestinal Phage 1) has an equally narrow host range as phage AP50c (Schuch et al. 

2010).  

Phage sensitivity assays using highly specific phages are easy to perform, cost-effective 

and do not require any special laboratory equipment. However, the bacterium to be tested 
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must be alive and in pure culture and results can usually be obtained only after a few days. 

An approach to speed up phage sensitivity assays is to use genetically modified reporter 

phages. Compared to the plaque assay using wildtype phages, reporter phages enable 

rapid detection of the target organism by generating a measurable signal, such as 

bioluminescence or color change, through the production of a reporter molecule (i.e., a 

protein from a recombinant gene) during host infection. Such phages have been developed 

for the detection of, e.g. Yersinia pestis, Listeria monocytogenes and B. anthracis 

(Schofield et al. 2013; Schofield et al. 2009; Meile, Sarbach, et al. 2020). Schofield et al. 

generated a recombinant Wɓ::luxAB phage from the wildtype Wɓ phage, a very close 

relative of the phage ɔ. Incubation of the reporter phage with a B. anthracis containing 

sample and the addition of a luminogenic substrate, leads to LuxAB-mediated, quantifiable 

emission of light. Although faster than conventional culture based approaches, reporter 

phages still rely on living cells and, as for most reporter phage based systems, on a pure 

culture. In contrast, using phage receptor binding proteins (RBP) instead of whole phages 

diminishes the dependence on pure culture, provides even faster results and opens up the 

possibility to detect inactivated bacteria (Meile et al. 2020). RBPs are typically responsible 

for successful adhesion of the phage to a potential host. Previously, RBPs have not yet 

been used for the detection of B. anthracis but served as a versatile tool for detection of 

other pathogens such as Shigella flexneri (Kunstmann et al. 2018), Salmonella enterica 

subsp. I ser. Typhimurium (Denyes et al. 2017), Listeria monocytogenes (Sumrall et al. 

2020) or Burkholderia pseudomallei (Muangsombut et al. 2021).  



31 
 

1.7.  Scope of the thesis 

In case of an anthrax outbreak in livestock or wildlife, but especially in humans, two aspects 

are of particular importance and urgency to initiate appropriate countermeasures such as 

antibiotic therapy of infected individuals, area-wide testing, quarantine or exit restrictions 

and disinfection of affected areas: 

i) The unequivocal and rapid identification of B. anthracis 

and 

ii) the educated assessment of the probability for an exclusion or confirmation of 

an intentional release of the pathogen as the underlying cause of the outbreak 

For i) rapid and reliable detection methods for B. anthracis are mandatory. The method of 

choice here is diagnostic realtime PCR targeting specific single-copy genes such as dhp61 

or Pl3. However, these markers principally have limited detection sensitivity compared to 

multi-copy markers such as 16S rRNA genes.  

Therefore, the aim of this work was to validate the previously identified SNP (Hakovirta et 

al. 2016) in some of the 16S rRNA genes of B. anthracis for its specificity and distribution 

among different B. anthracis strains and thus, the potential for using this variation as a 

convenient multi-copy target for B. anthracis detection in realtime PCR or FISH assays. 

Because PCR alone is not sufficient for unequivocal pathogen identification, alternative 

methods are needed to confirm PCR results. These methods must be comparably 

sensitive, specific and fast as PCR. For other pathogens, detection methods based on 

RBPs of highly specific phages have proven to meet these criteria (Dunne and Loessner 

2019). Although several highly specific phages exist, no such approach has yet been 

developed for B. anthracis. The aim of this work was therefore to identify RBPs of known 

phages and use them to establish and validate novel methods for rapid, sensitive and 
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specific protein-based detection of this notorious pathogen and thus improve anthrax 

diagnostics after natural outbreaks or in the event of a bioterroristic attack.  

Once the pathogen has been identified, in order to investigate the cause of the outbreak 

(ii) the exact and area-wide natural phylogeography of the pathogen must be available so 

that the genotype of the strain causing the outbreak can be matched with those naturally 

occurring in the affected area. For Central Europe, the natural phylogeography of 

B. anthracis has not yet been confirmed due to lack of outbreaks and blanket vaccination 

of livestock. Therefore, the goal of this work was to determine the autochthonous genotype 

of the pathogen for this region based on genetic analysis of historical samples. The 

ensuing phylogenetic base-knowledge can then be anticipated to facilitate the assessment 

of the most probable phylogeographic origin of a pathogen associated with an unexpected 

future outbreak in Central Europe and thus improve anthrax bioforensics. 
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