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I.1 General Introduction 

After World War II, the green revolution started, describing the progress in the field of 

agricultural research by the development of new technologies which resulted in an 

enormous increase in crop production and enabled the world food production to sustain 

currently ~7.44 billion people (Stiftung Weltbevölkerung: „Weltbevölkerungstag 2016: 

7,44 Milliarden Menschen leben auf der Erde“). However, insect pests and microbial 

plant diseases challenged the agricultural food production. As consequence of the 

indiscriminate usage of agrochemicals and chemical fertilizers, in the 1950s, a natural 

imbalance of enemies and pests occurred associated with resistance building of pest 

populations against insecticides. Moreover, their negative environmental effects on non-

target beneficial insects and vertebrates were noticed (Sansinenea, 2012). Attention was 

brought to biological control agents including insect pathogens such as 

Bacillus thuringiensis. The story of success of the entomopathogenic bacterium 

B. thuringiensis began because of its broad host spectrum including insects, nematodes, 

mites, ticks and some protozoa (Schnepf et al., 1998). Furthermore, the abilities of an 

easy formulation, suitable shelf life, stability, and that the species is a classified by the 

Food and Drug Administration (FDA) as general recognized as safe (GRAS) organism 

lead to the acceptance as biological control agent (Bravo et al., 2011, 2013; Bulla, 1975; 

Drobniewski, 1993; Mendelsohn et al., 2003; Walter et al., 2010). Today, 

B. thuringiensis is used in agriculture, forestry, and pest control worldwide because of 

their specific toxicity against target insects which is mainly based on their production of 

insecticidal crystal proteins (ICPs) (Sansinenea, 2012). Recently, the industrial 

production has extended the production of transgenic crops and other biocontrol 

formulations (Plumer, 2016). 
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I.1.1 History of Bacillus thuringiensis – an environmental friendly alternative 

B. thuringiensis was and still is one of the most famous organisms with huge impact on 

the development of biocontrol research in the last century (Figure 1). In the year 1901, 

B. thuringiensis was first isolated from dead silkworm-larvae by Shigetane Ishiwata 

(Shigetane, 1901). The bacterium was named Bacillus sotto because it caused death to a 

huge number of silkworms in Japan (Shigetane, 1901). Later, in 1915 the German 

scientist Ernst Berliner isolated a similar bacterium from dead Mediterranean flour moth 

larvae in the German state of Thuringia and did the first valid morphological description 

of B. thuringiensis (Ernst, 1915). The application of B. thuringiensis as biopesticide 

started early, in the late 1920s in Hungary and at the beginning of the 1930s in 

Yugoslavia (Husz, 1928; Vouk and Klas, 1931). In 1928 the first commercial product 

“Sporein” based on a spore formulation was available (Aronson et al., 1986). Due to the 

“Green Revolution” a great development took place in agriculture. New methods and 

substances were available to increase the crop productivity such as chemical fertilizers 

but also by mechanization which led to a decrease of used biocontrol agents including 

B. thuringiensis. Bacillus thuringiensis started his comeback in the field of biocontrol in 

1951 (Figure 1) (Sansinenea, 2012). Researchers did great progress in the following 

years. In 1954 parasporal crystals have been identified as causative agent of the host 

specific toxicity of B. thuringiensis (Angus, 1954; Hannay, 1953), new subspecies were 

isolated and new formulations and commercial products were created (Aizawa and Iida, 

1963; Dulmage, 1970; Krieg et al., 2009; Kurstak, 1970). Zakharyan et al. found in 

1976, that the mechanism of toxicity of B. thuringiensis and spore formation is based on 

genomic level and localized on a plasmid (Sansinenea, 2012). Notably, in 1990 

B. thuringiensis was used active as pest control in targeting a nematode which causes 

the human “river eye disease” in West Africa (Guillet et al., 1990). In 1992 Beegle and 

Yamato et al. (Beegle et al., 1992) found out, that the world market for only 

B. thuringiensis kurstaki-based products was estimated at $ 20-25 million in the United 

States. The biggest milestone was the creation of the first transgenic plant expressing 

B. thuringiensis toxins in 1993 (van Frankenhyzen, 1993). 
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Figure 1.Timeline displaying the main milestones for Bacillus thuringiensis research (grey flags). Milestones are colored. 
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Since then, new transgenic plant lines for major crop plants have been introduced 

including B. thuringiensis field corn, potato, cotton, tomato, rice, soy, brinjal to 

circumvent the building of resistances (Carrière et al., 2015; Choudhary et al., 2014; 

James and Krattiger, 1996; Li et al., 2014; Sanahuja et al., 2011).  

This made the agricultural industry highly profitable. But since the competition for 

being the market leader is high, expensive, and always new innovations are needed for 

the upcoming resistance building they get more and more consolidated (McGaughey, 

1984; Plumer, 2016). 

Due to the latest fusion of Bayer and Monsanto in 2016 there are only three big 

companies left: Bayer-Monsanto, ChemChina-Syngenta and Dow-Dupont (Plumer, 

2016). However, there is a great amount of scientific work ongoing in B. thuringiensis 

research, involving the discovery and evolution of new Cry- (Crystal protein), Cyt- 

(Cytolytic protein), Vip- (Vegetative insecticidal protein) and Sip- (Secreted insecticidal 

protein) –toxins (Ye et al., 2012). The mode of action of such toxins and the 

mechanisms of resistance building in insects are all fundamental and promising studies 

for improving and broaden the application of B. thuringiensis as biocontrol agent 

(Carrière et al., 2015; Jurat-Fuentes and Crickmore, 2016). 

 

I.1.2 Bacillus thuringiensis biology, ecology and lifestyle 

B. thuringiensis (Bt) is a gram-positive, facultative anaerobic, endospore-forming and 

wide spread bacterium (Aronson et al., 1986; Bravo et al., 1998; Schnepf et al., 1998). 

The defining feature of B. thuringiensis is the formation of insecticidal crystal 

proteinaceous (ICP’s) inclusion bodies during sporulation and stationary phase of the 

growth cycle (Schnepf et al., 1998). Those insecticidal toxins are encoded by cry toxin 

genes which are primarily encoded on plasmids but could also reside in the 

chromosome (Kronstad et al., 1983; Schnepf et al., 1998; Wang et al., 2013). The 

crystal toxins (Cry) are active against a broad range of insects such as Lepidoptera, 

Diptera, and Coleoptera but also against other orders like Hymenoptera, Homoptera, 

Orthoptera, Mallophaga and nematodes, mites, ticks and protozoa (Aronson et al., 1986; 

Fernández-Ruvalcaba et al., 2010; Ibrahim et al., 2010; Manasherob et al., 1998; 

Schnepf et al., 1998). In 2016, 37 closed B. thuringiensis genomes are publicly 

available, which vary in their genome size (5.3-6.8 Mbp) as well as in the number of 

plasmids (1-15 replicons). The GC content ranges from 34 to 35% and classifies thus 
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the species as low GC-content organism 

(https://www.ncbi.nlm.nih.gov/genome/genomes/486?_2016_20_09). The genome 

plasticity of B. thuringiensis is flexible. Genomic flexibility is a measurable value of 

bacteria describing the ability to adapt or evolve under selective pressures. The degree 

of genomic flexibility of bacteria is complex and includes mobile elements and site-

specific recombination systems (Argolo-Filho and Loguercio, 2014; Bennett, 2004). 

Other mobile elements, including bacteriophages, integrated conjugative elements 

(ICE), transposases, insertion sequence (IS) elements, and transposons, are thus 

supposed to be the main driving forces for either adaptation and evolution (Brüssow et 

al., 2004; Frost et al., 2005). Moreover, the degree of the genetic flux differs and is 

dynamic between replicons, such as chromosomes and plasmids. Plasmids not only 

have a higher degree of self DNA re-assortment events compared to chromosomes. 

They are important mobile elements, taking part as horizontal gene transfer agents 

conferring new DNA to other bacteria (Bennett, 2004). Besides, mutation rates are non-

neutral and genes that are highly expressed have a higher mutation rates resulting in a 

non-random genomic positional distribution (Lind and Andersson, 2008; Sharp and Li, 

1987).  

As it could be seen so far, B. thuringiensis is distributed worldwide and can be isolated 

from nearly everywhere: soil, aquatic habitats, phylloplane, dust, insects, and feces of 

arid birds (Burges and Hurst, 1977; Donovan et al., 1988; Iriarte et al., 2000; Martin et 

al., 1989; Poopathi et al., 2014; Schnepf et al., 1998; Smith and Couche, 1991) (Figure 

2).  

https://www.ncbi.nlm.nih.gov/genome/genomes/486?_2016_20_09
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Figure 2. Ecological niches and potential dissemination pathways of Bacillus thuringiensis are indicated 

by numbers. (1) soil, (2) rhizosphere, (3) insects, nematodes and worms, (4) endophytic as rhizosphere 

colonizer, (5) paratenic, (6) pathogenic in susceptible hosts, (7) feces and rain, (8) composted leaves, (9) 

rain, (10) in water living invertebrates or vertebrates and in aquatic plants and sediments ,(11) 

coprophagy, (12) mites and ticks. The figure was taken from Filho et al. (Argolo-Filho and Loguercio, 

2014). 

 

The availability of B. thuringiensis depends basically on the production of spores which 

are passively dispersed into a variety of different ecological niches (Argolo-Filho and 

Loguercio, 2014). The lifecycle of B. thuringiensis (Figure 3A) can be subdivided into 

the vegetative phase, where B. thuringiensis proliferates by medial division (Errington, 

2003) and into the sporulation phase, where B. thuringiensis produces spores and toxins 

to be prepared for unfavorable conditions (Jensen et al., 2003). If spores and the toxic 

crystals are dispersed and ingested by a potential host, B. thuringiensis has the 

opportunity to pass two different lifecycles, namely the paratentic and the infectious 

lifecycle (Dubois et al., 2012; Jensen et al., 2003) (Figure 3B).  
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Figure 3. Different lifecycles of B. thuringiensis. (A) General lifecycle, (B) Two sub-lifecycles: (Right) 

Infectious-lifecycle, (Left) Paratenic-lifecycle, (1-5) Different lifestyles at different lifecycle stages are 

displayed: (Red) expression of master regulators at different stages. The components of the figure were 

modified from Dubois et al. (Dubois et al., 2012), Jensen et al. (Jensen et al., 2003), Bechtel et al. 

(Bechtel et al., 1976) and Errington (Errington, 2003). 

 

If the potential host is not susceptible against Cry toxins, B. thuringiensis infect in a 

paratenic way and is re-introduced into the environment through feces (Argolo-Filho 

and Loguercio, 2014). In a susceptible host, Cry toxins induce cell lysis and 

B. thuringiensis spores germinate (Dubois et al., 2012). Different lifestyle switches, 

controlled by cell-cell communication systems including specific transcriptional 

regulators, are passed through such as toxemia, virulence, necrotrophism and 

sporulation. During virulence, the pleiotropic regulator PlcR activates the production of 

various virulence factors to weaken the intestinal barrier till it is causing death to the 

host (Dubois et al., 2012; Perchat et al., 2016). Bacillus thuringiensis then switches to 

the nectrotrophic lifestyle which is regulated by the pleiotropic regulator NprR (Dubois 

et al., 2012). Genes involved in food supply, general bacterial fitness factors, and genes 

involved in survival of the bacteria are activated (Perchat et al., 2016; Raymond et al., 

2010). The last lifestyle shift is towards sporulation, regulated by Spo0A-P (Dubois et 
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al., 2012). Sporulation is prevented by NprR only, based on Spo0F dephosphorylation. 

In contrast, bound NprR-NprX prevent dephosphorylation of Spo0A resulting in 

sporulation initiation (Perchat et al., 2016). These various complex quorum sensing 

signal transduction systems such as PlcR-PapR, NprR-NprX, and Rap-Phr are present 

within genomes of B. thuringiensis and enables it to adapt to different ecological niches 

and switch between a variety of different lifestyles such as free-living, endophytic, 

symbiotic, pathogenic, paratenic or saprophytic (Dubois et al., 2012; Perchat et al., 

2016; Raymond et al., 2010; Rose Gomes, 2012; Swiecicka et al., 2002; Wilcks et al., 

2008) (Schmidt et al., 2011; Verplaetse et al., 2015, 2016). Therefore, the question of 

the primary ecological niche is hard to answer. Within the scientific community, two 

major concepts are discussed: B. thuringiensis as insect pathogen and B. thuringiensis 

as saprophytic bacterium. Argolo-Filho et al. (Argolo-Filho and Loguercio, 2014) 

introduced the terminus of B. thuringiensis as “environmental pathogen” due to its 

ability to spend a part of its lifecycle out of its host and by getting in contact with a 

potential host it is causing disease without the need of specific conditions. This is also 

in consensus with previous definitions that B. thuringiensis is an entomopathogenic 

bacterium with additional activity against mites, ticks and protozoa (Schnepf et al., 

1998).  

 

I.1.3 Virulence Factors of Bacillus thuringiensis 

As environmental entomopathogenic bacterium, B. thuringiensis needs several 

virulence factors to invade, persist and infect a potential host. The host defense 

mechanism and barriers such as the cuticle, the intestinal microbiota, the gut peristalsis 

as well as chemical defenses as the pH, proteases, antimicrobial compounds and the 

immune system must be overcome (Argolo-Filho and Loguercio, 2014; Raymond et al., 

2010; Vallet-Gely et al., 2008). Bacillus thuringiensis encodes an armory of different 

virulence factors to guarantee the successful infection including a variety of 

proteinacous toxins, α-exotoxins, endochitinases, hemolysins, metalloproteases, β-

exotoxins, bacteriocines and antibiotics including Zwittermicin A. (Celandroni et al., 

2014; Fedhila et al., 2002; Liu et al., 2014; Nair et al., 2004; Salazar-Marroquín et al., 

2016; Sampson and Gooday, 1998; Xiaoxia et al., 2012). 

The best investigated virulence factors are the δ–endotoxins which are subdivided into 

two families, namely Cry and Cyt. Additionally, two other toxin groups, Vip (vegetative 
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insecticidal proteins) and Sip (secreted insecticidal proteins), have similar properties as 

Cry and Cyt. A common feature of B. thuringiensis is the broad host range based on the 

high number of various toxins where each toxin is highly specific against a specific host 

(Crickmore et al., 2016) (Figure 4). 

In 2016, 965 toxins (including Cry, Cyt, Vip and Sips) are listed showing toxicity 

against Lepidoptera, Diptera, Coleoptera, Gastropoda, Hymenoptera, Hemiptera, 

Rhabditida, and human cancer cell lines (Ali et al., 2010; De Maagd et al., 2001; Ohba 

et al., 2009; Palma et al., 2014; Wei et al., 2003; Whiteley and Höfte, 1989). Activity 

against mites, protozoa, and ticks were also documented (Erban et al., 2009; Fernández-

Ruvalcaba et al., 2010) (http://www.btnomenclature.info/ accessed 12.10.2016) (Figure 

4).  

http://www.btnomenclature.info/
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Figure 4. Overview of hosts susceptible to toxins of Bacillus thuringiensis. The four different protein toxin classes, such as crystal (Cry), cytolytic (Cyt), vegetative insecticidal 

protein (Vip) and secreted insecticidal proteins (Sip), and their host range are depicted by the colors red, blue, purple, and green, respectively. Cry toxins, where no host 

specificity was determined, were excluded. Additionally, no host was reported for Vip4 or Cyt3. The components of the figure were modified and updated from Palma et al. 

(Palma et al., 2014). 
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Due to the rapid development in next-generation sequencing (NGS) technologies and 

increased availability of new bioinformatic genome analysis tools for the detection of 

toxins, Crickmore et al. (Crickmore et al., 2016) established a nomenclature for all Bt-

toxins to avoid redundant investigations and misleading namings (Figure 5). 

 

Figure 5. Nomenclature for crystal (Cry) proteins, cytolytic (Cyt) proteins, vegetative insecticidal 

proteins (Vip) and secreted insecticidal proteins (Sip) based on amino acid similarity (Crickmore et al., 

2016). The components of the figure were modified from Chakroun et al. (Chakroun et al., 2016) and 

Palma et al. (Palma et al., 2014). 

 

The toxin classification scheme assigns four ranks based on the degree of amino acid 

sequence identity compared to known accepted toxins including Cry, Cyt, Vip and Sips. 

A protein with a sequence identity lower than 45% is assigned as Cry-like toxin. 

Proteins with more than 45, 78 and 95% sequence identity to known toxins are grouped 

to rank 1, rank 2, or rank 3, respectively. Proteins with over 95% identity belong to rank 

4, and the protein has no or only minor amino acid differences. For example, a potential 

protein candidate shares 88% sequence similarity to Cry1Aa1 is classified based on the 

sequence identity as Rank 2 toxin, and named as “Cry1Oa1”, respectively. The “O” as 

second Rank must be used, because other Cry names, such as Cry1Bxx-Nxx have been 

already assigned in the Cry-toxin database (Crickmore et al., 2016). 
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I.1.3.1 Cry toxins 

The Cry proteins are pore-forming toxins and can be subdivided into three different 

homology groups: (i) three-domain toxin group, (ii) Mtx group of toxins, and the (iii) 

Bin group toxins (Krishnan, 2013). Additionally, there are a few Cry toxins known 

which have no sequence similarity to any of these groups such as Cry6, Cry22, Cry37, 

Cry46 and Cry55. Furthermore, a subgroup of split-toxins was documented. The basic 

features of each toxin group are summarized in Figure 6. 
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Figure 6. List of Bacillus thuringiensis toxins. Sub-homology groups, number of deposited sequences, specific group features, conserved domains and the mode of action are 

listed. The Cry toxins were in detail listed regarding to their homology group. Unique toxins are not related to other Bt toxins. 
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Three-domain toxins 

In total, 787 Crystal toxin sequences including 725 three-domain Cry toxins which are 

active against various insects, nematodes and ticks have been assigned to different host 

organisms (Figure 4 and Figure 6) (http://www.btnomenclature.info/ accessed 

12.10.2016). Three-domain toxins can vary remarkably in their amino acid composition 

but all share a highly conserved domain structure (Bravo et al., 2008; De Maagd et al., 

2001, 2003; Pardo-López et al., 2013). However, amino acid sequence alignments of 

three-domain toxins revealed five conserved blocks in matured Cry toxins and three 

additional blocks in the protoxin (Höfte and Whiteley, 1989; Schnepf et al., 1998). Xu 

et al. (Xu et al., 2014) summarized that each domain is important for toxicity and is 

responsible for a distinct function. Domain I (N-domain) is responsible for the insertion 

of the toxin into the apical membrane, the pore formation and the maintenance of 

receptor binding (Ben-Dov, 2014; Schnepf et al., 1998). Domain II (middle-domain) is 

the most variable domain and suspected to be important for toxin-receptor specificity. 

Domain III (C-domain) is involved in the maintenance of structural integrity of the 

toxin, binding assistance, penetration and formation of pores (Schnepf et al., 1998). The 

general toxic mechanism comprises ten steps: (1) ingestion of spores and crystals (2) 

solubilization of crystals by gut pH, (3) proteolytic processing of the protoxin by gut 

proteases, (4) toxin binding to receptors, (5) toxin insertion into the membrane, (6) 

formation of lytic pores, (7) paralysis of the host, (8) intestinal rupture, (9) septicemia 

and (10) host death (Höfte and Whiteley, 1989; Palma et al., 2014; Schnepf et al., 1998; 

Vachon et al., 2012). Today two modes of action are hypothized the “Sequential 

Binding Model” where the Cry protoxin is proteolytically cleaved to bind to receptors, 

followed by oligomerization to form a pore in the cell membrane and the “Signaling 

Pathway Model” where the necrotic death is induced by a signaling pathway activated 

by Cry toxin binding instead of lytic pore formation (Vachon et al., 2012). 

 

Mtx toxins 

The second group of Cry toxins is the ETX_MTX2 family and comprises recently 17 

sequences (http://www.btnomenclature.info/ accessed 12.10.2016, Figure 6). The 

defining feature of this toxins is the conserved ETX domain belonging to the 

ETX/MTX2 family (Pfam 03318) (Palma et al., 2014). Mtx2 and Mtx3 are also known 

from mosquitocidal Lysinibacillus sphaericus and show similarities to other toxins such 

http://www.btnomenclature.info/
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as the aerolysins from Aeromonas hydrophila, the alpha toxins of Clostidium septicum 

and cytotoxins of Pseudomonas aeruginosa (Knapp et al., 2010). Member of this Mtx-

toxin group are Cry15, Cry23, Cry 33, Cry38, Cry45, Cry51, Cry60, Cry60 and Cry64. 

Most of them are not fully investigated but their host specificity ranges from 

Lepidoptera (Cry15, Cry51) to Coleoptera (Cry23, Cry33, Cry38) to Diptera (Cry60) 

and human cancer cell lines (Cry45, Cry64) (Palma et al., 2014) (Figure 4). Because of 

the related structure of Mtx toxins to aerolysins which are pore-forming toxins, the 

above mentioned toxins are supposed to act in a similar mode of action (Palma et al., 

2014). 

 

Bin-like toxins 

The last subgroup of Cry toxins are the Bin-like toxins, named as such because they 

show sequence homology to mosquitocidal binary toxin components (toxic 

BinA/binding moiety BinB) from Lysinibacillus sphaericus (Charles et al., 1996). 

Today the group comprises three basic members (Cry35, Cry36 and Cry49) and 27 

different toxin sequences are deposited (http://www.btnomenclature.info/ accessed 

12.10.2016, Figure 6). Notably, Cry36 seems to be toxic on its own. Following pairs are 

known to act as binary toxins: Cry23/Cry37; Cry34/Cry35, Cry48/Cry49 (Jones et al., 

2007; Palma et al., 2014; Schnepf et al., 2005).  

 

Split-toxins 

Split-toxins are the last group of special toxins which are poorly understood. The toxic 

gene product is split on two Open Reading Frames (ORF) separated by an intergenic 

region where ORF1 encode the N-terminus and ORF2 the C-terminus (Krishnan, 2013). 

This gene splitting was observed for some cry gene pairs (Lenane et al., 2008; Ohgushi 

et al., 2005). Why and how the splitting of cry toxin genes have evolved is unknown. 

 

I.1.3.2 Cyt toxins 

Cytolytic (Cyt) toxins have cytolytic and hemolytic activity, are encoded by cyt genes 

and are divided into three families: Cyt1-Cyt3 (Bravo et al., 2008; Butko, 2003). Today 

38 different sequences are available comprising 13 Cyt1, 24 Cyt2 and one Cyt3 

(http://www.btnomenclature.info/ accessed 12.10.2016, Figure 6). The toxicity of Cyt 

toxins is highly specific to target hosts and has been reported for Diptera, Lepidoptera, 

http://www.btnomenclature.info/
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Coleoptera, nematodes and cancer cells (Guerchicoff et al., 2001; Guillem and Porcar, 

2012; Soberón et al., 2013). Cyt toxins are hydrophobic and exhibit in contrast to Cry 

toxins a strong hemolytic activity in vitro and especially against Dipteran in vivo 

(Butko, 2003; Schnepf et al., 1998). The mode of action is not fully understood but 

Butko (Butko, 2003) presented two ways of action depending on the toxin 

concentration. He could show that at low Cyt-toxin concentrations oligomeric pores are 

formed in the cell membranes of the insect gut whereas at high toxin concentration Cyt 

have detergent-like function by rupturing the cells. There is also evidence of synergism 

between several Cyt and Cry or Cyt and Vip3 toxin proteins. Sayyed et al. (Sayyed et 

al., 2001) presented the synergism of Cy1Aa and Cry11Aa toxins, which is also 

promising in the reduction of resistance building (Pé Rez et al., 2005). Nevertheless, 

antagonistic effects were observed as well (Del Rincón-Castro et al., 1999). 

 

I.1.3.3 Vip and Sip toxins 

In contrast to Cry toxins, all Vip (vegetative insecticidal proteins) and Sip (secreted 

insecticidal proteins) are mainly produced during the vegetative growth phase and 

secreted into the medium (Donovan et al., 2006; Estruch et al., 1996). However, the 

secretion can be extended into the sporulation phase (Estruch et al., 1996). Vip are 

promising toxins for the agricultural usage as they show no sequence homology to δ-

endotoxins so that cross-resistance in insects are unlikely (Rice, 1999). Vip proteins are 

grouped into four different families, Vip1-Vip4. Today 139 vegetative insecticidal 

proteins are reported (15 Vip1 proteins, 20 Vip2 proteins, 103 Vip3 proteins and only 

one Vip4 as well as one Sip1 protein) (http://www.btnomenclature.info/ accessed 

12.10.2016, Figure 6). Those toxin families share nearly no sequence homology with 

each other and differ in their protein structures (Chakroun et al., 2016). Vip1 and Vip2 

belong to the binary toxins, carried on and expressed from the same operon, are related 

to mammalian A+B toxins from Bacillus anthracis or Clostridium perfringens 

(Chakroun et al., 2016) where Vip1 represent the B component and Vip2 the A 

component (Barth et al., 2004). They are active against some members of Coleoptera 

and Hemiptera (Sattar and Maiti, 2011). In general, Vip1 toxins show a highly 

conserved N-terminus which is important for pore formation, and a weak conserved C-

terminus. In contrast, Vip2 penetrates the cell and causes the final toxic effect (Jucovic 

et al., 2008). Additionally, Vip2 contains two domains, an ADP ribosyltransferase 

http://www.btnomenclature.info/


Jacqueline Hollensteiner PhD Thesis INTRODUCTION 

24 

 

domain and a NAD-binding domain and both termini of Vip2 are conserved (Han et al., 

1999). The mode of action of Vip1/Vip2 toxins is similar to Cry-toxins, the protoxin 

Vip1 is cleaved by a midgut protease and thereby activated, it binds to receptors and is 

inserted into the membrane (Leuber et al., 2006). Afterwards, Vip2 binds to oligomeric 

Vip1 and enters the host cell through pores formed by Vip1 or by endocytosis (Barth et 

al., 2004; Leuber et al., 2006). In the cell Vip2 prevents polymerization of monomeric 

actin by transferring the ADP-ribose group to NAD (Han et al., 1999). Vip3 toxins are 

common in B. thuringiensis strains and are active against Lepidoptera (Estruch et al., 

1996). The protein structure is similar to Vip1, the N-terminus is highly conserved 

comprising a signal peptide sequence, whereas the C-terminus is variable (Rang et al., 

2005; Wu et al., 2007). However, the signal peptide sequences which are important for 

protein translocation into the membrane are atypical because they are not processed 

during secretion (Li et al., 2007; De Maagd et al., 2003).The exact mode of action of 

Vip3 and their secretion mechanisms are unknown but seem to be similar to the pore 

formation mechanism of Cry toxins (Chakroun et al., 2016; Yu et al., 1997). Synergistic 

and antagonistic effects for Vip3 toxins in combination with other toxins, such as Cry1 

were observed (Lemes et al., 2014). Notably for Vip4, no target hosts have been found 

till now (Chakroun et al., 2016) and remains cryptic due to the lack of available 

information. An anthrax protective antigen PA14 domain and the Binary_ToxB 

exotoxin domain were identified in Vip4 which is known from binary Vip1 and other 

toxins (Palma et al., 2014). 

Sip is also a secreted toxin, active against Coleopteran larvae but their amino acid 

sequence homology is too low to be grouped to the other Vip toxins (Donovan et al., 

2006). The toxin shows homology to the Mtx3 mosquitocidal toxin of 

Lysinibacillus sphaericus (Palma et al., 2014). The mode of action is unknown but pore 

formation was strongly suggested by Donovan et al. (Donovan et al., 2006). 

 

I.1.3.4 Additional Virulence factors 

Besides the well known Cry, Cyt, Vip and Sip toxins, B. thuringiensis comprises a 

plethora of other virulence factors which efficiently act as supporting factors. For 

example other groups of toxins are described for B. thuringiensis, such as hemolysins 

including hemolytic enterotoxin (Hbl), cereolysin (CerAB) and cytotoxin (CytK), and 

the non-hemolytic enterotoxin (Nhe), which all are important during the infection and 
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controlled by the quorum sensing transcriptional regulator PlcR indicating that 

virulence is a coordinated activity of an infecting population (Granum et al., 1999). 

Moreover, they form pores in insect haemocytes and thus increase the acquisition of the 

nutrients from host cells (Argolo-Filho and Loguercio, 2014; Kim et al., 2015). 

Thuringiensin is a non proteinaceous β-exotoxin and is highly toxic to diverse taxa. It is 

thermostable and inhibits the eukaryotic DNA-dependant RNA polymerase, which leads 

to an altered development (Beebee and Bond, 1973). Due to the high toxicity, 

B. thuringiensis strain producing thuringiensin are forbidden in biological control 

(World Health Organization-WHO, 1999). Besides toxins, B. thuringiensis contains 

several enzymes acting as virulence factors such as α–exotoxins like phospholipase C, 

thermolabile proteins which hydrolyze phospholipids of host cell membranes and 

degenerate haemocytes (Argolo-Filho and Loguercio, 2014). Endochitinases degrade 

chitin which is part of the midgut peritrophic membrane of many insects as well as in 

the exoskeleton of arthropods. Sampson et al. could show that both exochitinases and 

endochitinases have a supporting effect on Cry/Vip toxins (Sampson and Gooday, 

1998). Furthermore, endogenous metalloproteases such as InhA and Bmp1 revealed 

toxicity and synergistic activity in combination with Cry toxins against Lepidopera and 

nematodes, respectively (Fedhila et al., 2002; Luo et al., 2013).  

One additional host defense mechanism is the specific host microbiome, which helps to 

protect them against invaders. To overcome this specific barrier B. thuringiensis 

produces secondary metabolites such as bacteriocins and microcins which all are 

excellent substances to control gram-positive or gram-negative host bacteria by 

affecting their growth and their viability (de la Fuente-Salcido et al., 2013). 

 

I.2 The Bacillus cereus sensu lato group - Phylogeny of 

Bacillus thuringiensis 

Bacillus thuringiensis is a member of the Bacillus cereus sensu lato (Bcsl) species 

group (Priest et al., 1994). This group comprises seven different species defined as 

either pathogens, opportunists or as well as environmental pathogens (Argolo-Filho and 

Loguercio, 2014; Priest et al., 2004). The characteristic of these species group is the 

close genetic relation, which is causing problems in phylogenetic- and 

taxonomic-classification’s of species group members. Each species member contains 
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one conserved chromosome but their extra-chromosomal equipment such as plasmids 

and phages is highly diverse. Notably, the virulence factors of pathogenic species are 

mostly located on transmissible plasmids and crucial for discrimination. The most 

famous member is the human pathogen B. anthracis, which is the causative agent of 

anthrax (Mock and Fouet, 2001). The virulence is based on the protective antigen (PA), 

the lethal factor (LF) and the endemia factor (EF). The three factors are encoded on the 

virulence plasmid pXO1 (Bhatnagar and Batra, 2001). Additionally, the poly-c-D-

glutamic acid capsule is important to withstand phagocytosis and is encoded on the 

plasmid pXO2. Bacillus cereus is an opportunistic human and mammal pathogen and 

well known for food poisoning. Two different types of syndromes are observed, the 

diarrheal syndrome, characterized by abdominal pain and diarrhea, and the emetic 

syndrome, leading to nausea and vomiting (Agata et al., 1996; Jensen et al., 2003). 

Similar to B. anthracis, the virulence factors of emetic B. cereus strains, such as 

cereulide, are encoded on a big virulence pXO1-like plasmid (Ehling-Schulz et al., 

2006). The main feature of B. thuringiensis is the production of crystalline 

proteinaceous inclusions during the stationary and sporulation phase. There are four less 

understood and investigated species, such as B. weihenstephanensis, B. mycoides, 

B. pseudomycoides and B. cytotoxicus. Those species were primarily classified based on 

biological and ecological properties. B. weihenstephanensis is mainly distinguished on 

the basis of their psychrotolerance but may also have endophytic or enteropathogenic 

potential (Lechner et al., 1998; Thorsen et al., 2006). The saprophytic organism 

B. mycoides produces rhizoid colonies (Nakamura and Jackson, 1995). 

B. pseudomycoides was considered as separate group from B. mycoides in 1998 by 

Nakamura based on fatty acid composition (Nakamura, 1998). On agar they form 

cream, opaque and usually rhizoid colonies and can’t be distinguished from 

B. mycoides. The last member is B. cytotoxicus, which is a thermotolerant organism and 

occasionally associated with food poisoning (Guinebretière et al., 2013). With a genome 

size of 4 Mb it is the smallest of all Bcsl species group members 

(https://www.ncbi.nlm.nih.gov/genome/?term=Bacillus%20cytotoxicus.) 

 

I.2.1 The molecular taxonomy of the Bacillus cereus sensu lato group 

Due to the high level of sequence homology among the Bcsl group members several 

approaches have been used for classification, such as 16 rRNA gene sequence (Chen 

https://www.ncbi.nlm.nih.gov/genome/?term=Bacillus%20cytotoxicus
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and Tsen, 2002), amplified fragment length polymorphism (AFLP) (Hill et al., 2004), 

restriction fragment length polymorphism (RFLP) in small subunit rRNA sequences 

(Joung and Côté, 2001), multi-locus enzyme electrophoresis (MEE) (Carlson et al., 

1994), multi-locus sequence analysis (MLSA) (Priest et al., 2004), whole genome 

analysis, estimation of average nucleotide identities (ANI) (Arahal, 2014), Genome-

Blast Distance Phylogeny method (GBDP) (Auch et al., 2006; Patil and McHardy, 

2013) and the Feature Frequency Profile (FFP) method (Wang and Ash, 2015). The 

oversupply of available methods is the basic problem because researches could simply 

choose between methods based on social reasons (quickest or cheapest) or on scientific 

reasons (provides the best classification for their own purposes). Since the beginning of 

next-generation sequencing (NGS), new species members were announced and the 

classification of many strains based on insufficient methods such as 16S rRNA, 

pathogenicity factor determination or phenotypic appearance, are questionable (Jeong et 

al., 2016; Li et al., 2015; Liu et al., 2015). All this lead to the quandary that the intra and 

inter phylogenetic relationships of Bcsl group members are highly unclear. The debate 

to classify all strains of the Bcsl group into a single species, to broaden the spectrum of 

species members or to re-classify single strains is recently discussed (Liu et al., 2015; 

Okinaka et al., 2016; Wang and Ash, 2015).  

 

I.3 Bacillus thuringiensis-Genetics’ and Phages 

Bacteriophages, or short phages, are the most abundant and diverse biological entities 

on earth and have been found in nearly every ecological niches where bacteria are 

available (Brüssow and Hendrix, 2002). This includes soil, water, food, sewage, the 

North Sea but also extreme environments such as deserts, hot springs, and polar inland 

waters (Breitbart et al., 2004; Davis et al., 1985; Kumari et al., 2010; Lin et al., 2010; 

Lucena et al., 2006; Prigent et al., 2005; Säwström et al., 2008; Wichels et al., 1998). 

Besides, phages were also identified in human and animal body fluids, feces and rumen 

(Bachrach et al., 2003; Gantzer et al., 2002; Keller and Traub, 1974; Nigutová et al., 

2008). Bacteriophages are small viruses which infect specifically bacteria and were first 

described in 1910 and in 1915 independently by Twort and d’Herelle (D’Herelle, 1917; 

Twort, 1915). Two major lifestyles of phages are described, the lytic and the lysogenic 

lifestyle (Figure 7). 
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Figure 7. General lifestyles of phages. Virulent phages are only able to conduct the lytic lifecycle where 

the host is lysed at the end to release the phage progeny. Temperate phages have the opportunity to enter 

both, the lytic or the lysogenic lifecycle where the phage DNA is integrated into the bacterial 

chromosome and is replicated together with the host. They can also enter a “Pseudo-Lysogenic” lifecycle 

where the phage DNA remains as linear or circular extra-chromosomal element. The components of the 

figure were modified from Fortier et al (Fortier and Sekulovic, 2013). 

 

By definition virulent phages only perform the lytic lifecycle, where the phage DNA is 

injected into a host cell, the host cell replication is reversed to phage DNA replication 

where phage proteins are produced and in the end the host cell is lysed for phage 

progeny release (Madigan and Martinko, 2013). In contrast, temperate phages can enter 

both lifecycles, the lytic and the lysogenic. In the lysogenic lifecycle the phage DNA is 

injected and directly incorporated into the host chromosome. Besides, the phage DNA 

can be also inserted in plasmids or self-circularize or stay as linear extra-chromosomal 

element in the host cell. However, considering the genetic foundation of the lytic and 

the lysogenic lifestyle it needs only a specific phage sensor/repressor which inhibits the 

required gene transcription of the lytic cycle resulting in a lysogenic lifestyle (Fortier 

and Sekulovic, 2013). Studies of the gene activities of integrated prophages genome 

confirm that a viable prophage needs only very few active genes to be replicated with 

the host chromosome (R. Hertel, pers. communication). In case of B. licheniformis 
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prophages, the repressor genes are linked to the universal stress response and thus can 

be inactivated by general stressors like Mitomycin C (Hertel et al., 2015). 

There is still a lack of information regarding the high diversity of phages, due to the 

limited availability of prophage sequence data and because most phages are 

experimentally not investigated. Since next generation sequencing methods developed 

quickly, not only the available genome information of bacteria increased at the National 

Center for Biotechnology Information (NCBI) which hosts the International Nucleotide 

Sequence Database Collaboration comprising GenBank, DDBJ and EMBL. Also, the 

availability of prophage data, which were sequenced alongside with their hosts have 

dramatically raised (Krupovic et al., 2016). It became obvious that in pathogens the 

abundance of prophages and their contribution to virulence were highly underestimated 

(Hayashi et al., 2001; Matos et al., 2013; Wang et al., 2010; Winstanley et al., 2009). 

However, Brüssow et al. (Brüssow et al., 2004) already discussed the ability of 

temperate phages to modify the lifestyles, fitness, virulence and evolution of bacteria in 

many different ways, which is also named “lysogenic conversion”. Notably, prophages 

dominantly confer advantageous genes, also named morons, to the host bacterium. 

Morons are not essential for prophages but often confer virulence to the bacterium 

resulting in the evolution of new pathogens (Brüssow et al., 2004). Morons are 

additionally defined as autonomous genetic elements and it is not fully investigated if 

they are part of prophages or if they use prophages to mobilize themselves (Brüssow et 

al., 2004). The evolution of new pathogens was observed several times for a broad 

spectrum of bacteria, including gram-positive and gram-negative bacteria, human and 

animal pathogens such as Corynebacterium diphteriae, Clostridium botulinum, 

Pseudomonas aeruginosa, Stapphylococcus aureus, Streptococcus pyogenes, Vibrio 

cholera, Neisseria meningitides, Salmonella enterica, Shigella flexneri, E. coli 

(EAHEC) O104:H4 GOS1 and many more (Barksdale and Arden, 1974; Brüssow et al., 

2004; Brzuszkiewicz et al., 2011; Freeman, 1951). Morons can include not only 

powerful toxins genes. Toxins are only a subset of diverse virulence factors that could 

strongly affect the lifestyle, fitness, the potential to adapt and pathogenicity of bacteria. 

Other factors that boost virulence include proteases, antigens, resistance factors, 

adhesins, regulatory proteins that can increase the virulence or the fitness and thereby 

promote bacterial evolution (Sharma et al., 2016). Additionally, other evolutionary 

effects can be observed as well like gene disruption, which can lead to loss of important 
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functions such as virulence (Moumen et al., 2012). Prophages are also able to rearrange 

with taxonomically close related prophage regions in the chromosome, prophage 

regulators can activate or silence bacterial genes, and prophages can confer a protection 

against other close related phage invaders (Canchaya et al., 2004; Guan et al., 1999; 

Mavris et al., 1997; Spanier and Cleary, 1980).  

Gillis et al. (Gillis and Mahillon, 2014) reviewed the specific group of phages preying 

on members of the Bacillus cereus sensu lato group and their contribution on genetic 

levels. Generally, phage classification is based on their morphology, host specificity and 

nucleic acid type. Additionally, the mode of infection, morphogenesis, phylogeny, 

serology and the sensitivity to physical and chemical agents are considered (Sharma et 

al., 2016). Recently, the classification of phages was revised by the International 

Committee on Taxonomy of Virus (ICTV) Release 2015 

(http://www.ictvonline.org/virustaxonomy.asp) (Krupovic et al., 2016). Phages 

infecting members of the Bacillus cereus senus lato group belong to the order of 

Caudovirales including three families, Myoviridae (isometic head, contractile tail, small 

base plate), Siphoviridae (Isometric head, long non-contractile tail) or Podoviridae 

(isometic head, short non-contractile tail) and to an additional family the Tectiviridae 

(Isometric virion with apical spikes) (Gillis and Mahillon, 2014). Those phages 

comprise double-stranded DNA as genome (Ackermann, 2006; Gillis and Mahillon, 

2014; Krupovic et al., 2016). Especially, these phages have diverse lifestyles (Figure 7), 

such as the virulent lifestyle, temperate lifestyle, the co-integrated lifestyle (also into 

plasmids), and the self-replicating lifestyle (either in a circular state or linear state) 

(Fortier and Sekulovic, 2013). Several subcategories can be made based on the most 

dominant feature of phages. Transducing phages, chromosomal-plasmid state phages, 

gamma phages, jumbo phages as well as defective phages are known which all have 

specific effects on the host bacterium (Bobay et al., 2014; Canchaya et al., 2003; 

Casjens, 2003; Van Etten et al., 2010; Fouts et al., 2006; Gillis and Mahillon, 2014; 

Griffiths et al., 2005; Hendrix, 2009).  

In contrast, only little is known about phages of other Bcsl group members because the 

interest relies always on the primary pathogens (B. anthracis, B. cereus and 

B. thuringiensis). Additionally, only a fraction of bacterial genome sequences are 

available for the other strains in the public data repositories compared. However, the 

knowledge of the contribution of phages to the lifestyle and evolution of 
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B. thuringiensis is still fragmentary considering phage diversity, phage mechanisms, 

high number of unknown phages, high number of unknown putative new virulence 

factors in combination with the lack of basic phage research. 

 

I.4 Evolution of Bacillus thuringiensis 

The evolutionary biology was founded by Charles Darwin in 1859 in his book “On the 

Origin of Species by Means of Natural Selection, or the Preservation of Favored Races 

in the Struggle for Life”(Darwin, 1859). He first described the natural selection, which 

is a major mechanism in evolution, including two postulates “survival of the fittest” and 

“struggle for life”. Besides, Darwin showed that variation, selection and isolation are 

important in population changes of organisms. Phenotypes in a population are thereby a 

result from the genotype, environmental influences, interaction partners and the 

selective pressure between them (Mitchell-Olds et al., 2007). In general, bacteria are 

always under selective pressure. Especially, micro-parasites such as B. thuringiensis 

have to antagonize their host organisms (Masri et al., 2015). This host-parasite 

interaction can remain over several generations and lead to rounds of adaptation and 

counter-adaptation resulting in fast evolutionary changes for both organisms (Schulte et 

al., 2013). This effect is also described as co-evolution or “Red Queen” effect 

(Rabajante et al., 2015; van Valen, 1973). Both organisms try to develop new functions 

and try to increase their fitness to adapt to their hosts, competitors or to enter other 

different ecological niches (Brüssow et al., 2004).  

In general, spontaneously phenotypic variants are produced based on genetic variation 

which includes vertical gene transfer as well as horizontal gene transfer (Arber, 2014; 

Gogarten et al., 2002; Wolf et al., 2002). Changes occur in the bacterial genome 

depending on long-term adaptations and include nucleotide mutations, insertions or 

deletions with estimated evolutionary rate of 10
−10

 to 10
−9

 substitutions per nucleotide 

(Ochman et al., 1999; Wilson et al., 1987). Besides, fast-term evolutionary events occur 

with a rate of 10
−7

 to 10
−5

 substitutions per nucleotide and are represented by various 

mobile elements through horizontal-gene transfer (HGT) (Brüssow et al., 2004; Didelot 

et al., 2016). The rate of evolution in bacteria is highly diverse and depends on available 

horizontal-gene transfer mechanisms. Bacillus thuringiensis comprises many different 

genetic mobile elements to evolve and adapt rapidly to altered circumstances, which fits 
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to the overall “picture” of B. thuringiensis as ecological-all-rounder. There are three 

HGT mechanisms that contribute to evolution in B. thuringiensis: (i) transformation - 

uptake of foreign DNA or RNA (ii) transduction - bacteriophages provide new DNA, 

which can be beneficial or disadvantageous, and (iii) conjugation - DNA is transferred 

between a donor and a recipient (Thomas and Nielsen, 2005). Mobile elements confer 

additional genetic plasticity and include transposons, insertion elements, plasmids, 

bacteriophages, genomic islands, group I intron and group II intron elements. Some of 

these are supposed to be selfish DNA elements and are able to accumulate in the 

genome of bacteria over time (Werren, 2011). This includes transposons class II and 

insertion sequence (IS) elements which are mobile and are able to mobilize genes 

(Kidwell and Lisch, 2001; Kronstad and Whiteley, 1984; Lereclus et al., 1986).  

Group I and group II introns are other selfish DNA elements and are able to self-splice 

themselves (Lambowitz and Zimmerly, 2011; Saldanha et al., 1993). Group I introns 

were found inserted in bacteriophages (Edgell et al., 2000). Werren suggested in 2011 

(Werren, 2011) that those selfish DNA elements confer maintenance to plasmids or 

bacteriophages in the bacterial genome. However, in the B. thuringiensis species group 

both bacteriophages and plasmids represent unique genetic material and are spread via 

HGT by transduction and conjugation, respectively (Thomas and Nielsen, 2005). 

Genomic islands or pathogenic islands are also distributed via HGT and confer 

virulence factors but were not reported for B. thuringiensis so far (Kolstø et al., 2002).  

One mechanism to counteract evolutionary processes and limit HGT is the clustered, 

regularly interspaced, short palindromic repeats (CRISPR) mechanism. CRISPR is 

considered as a bacterial immune system to defend against invading DNA of 

bacteriophages and plasmids (Boyaval et al., 2007; Horvath and Barrangou, 2010; 

Marrafini and Sontheimer, 2008). If a prophage or a plasmid invades into a cell, a short 

piece of sequence is incorporated as spacer into the CRISPR system for memory. If this 

virus or plasmid invades again, they are recognized and cleaved by specific enzymes 

(Marraffini, 2010). A second mechanism that limits HGT is the bacterial restriction-

modification system, leading to an epigenetic alteration due to SNP based evolution and 

methylation guided DNA repairs systems. Those changes can affect transformation and 

conjugation between two bacterial strains carrying different restriction-modification 

systems (Arber, 2014). 



Jacqueline Hollensteiner PhD Thesis INTRODUCTION 

33 

 

Those mechanisms can limit the HGT and also reduce the evolutionary potential but 

these mechanisms were not reported for the whole B. thuringiensis species group. 

 

I.5 General study aims 

Nowadays, many evolutionary processes and involved key factors are known but how 

they influence natural genetic variation and phenotypic traits in bacteria is under debate. 

However, the mechanism of evolution as well as the adaptive potential of 

B. thuringiensis as a species is poorly understood. Especially, strains highly specific to 

various ecological niches also with regard to their specific hosts, the complex lifestyle 

switches and the selection of different virulence factors provided makes B. thuringiensis 

to a good model for the study of evolution. A glimpse is known about single 

evolutionary mechanisms which partially contribute to “rapid evolution”, and there is a 

lack of information about how a given selection regime determines the various 

opportunities of B. thuringiensis as a species. The aim of this study was to investigate 

the different genomic mechanisms to gain insights in the emerging of successful new 

strains from the complex and divers evolutionary puzzle of the species B. thuringiensis. 

Therefore I wanted to investigate: 

 whole genomes of nematicidal B. thuringiensis strains with focus on virulence 

factors, fitness factors, methylation pattern, metabolic properties and mobile 

elements such as bacteriophages, IS elements, transposases, which could 

contribute to a successful infection and show new insights into how 

B. thuringiensis is able to evolve, adapt and survive in various ecological niches 

and where the broad host range has its origin (Chapter II.1 & Chapter II.2). 

 how NGS methods can be successfully implemented not only in in depth 

bacteriophage research, furthermore how phages can impact biotechnology and 

can be used in biotechnological relevant strains (B. licheniformis DSM13) where 

strain optimization is crucial for a sufficient production (Chapter II.3). 

 the fast evolution of nematicidal B. thuringiensis strains in a continuous arms 

race with their host organism Caenorhabditis elegans by looking at the general 

genetic trait mechanism under selection, including adaptive changes in real time 

using large-scale phenol-typing, population next generation sequencing, and 

genetic analysis of the identified candidate genes (Chapter II.4). 
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Furthermore, B. thuringiensis is well known as biocontrol agent against a broad 

spectrum of insects, nematodes, mites and protozoa depending on their armory of toxins 

(Cry, Cyt, Vip and Sip toxins). However, the interaction structures such as competition, 

amensalism, expoitation, neutralism, commensalism, mutualism, or symbiosis in 

complex environments between animals, plants, fungi and B. thuringiensis has been 

rarely studied in detail. This includes also the question of the antifungal potential of 

B. thuringiensis and their potential as control agent against other pests such as 

phytopathogenic fungi. Therefore the second aim of this thesis was to investigate the 

anti-fungal potential of host-plant associated Bcsl group species, especially 

B. thuringiensis, against wilt causing phytopathogenic Verticillia. 

Therefore I investigated: 

i. the natural occurrence of wildtype B. thuringiensis and other Bcsl group species 

members sampled from Solanum lycopersicum (tomato) with the plant as 

primary ecological niche (Chapter II.5). 

ii. the phylogeny of new isolates especially in the whole context of the non-trivial 

classification of Bcsl group members (Chapter II.5). 

iii. the potential of wildtype B. thuringiensis and other Bcsl group species members 

against two phytopathogenic fungi Verticillium dahliae JR2 and 

Vertillium longisporum 43 which are either natural pathogens of 

Solanum lycopersicum or Brassicacea, respectively (oil seed rape) 

(Chapter II.5).
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III.1 General discussion 

Bacillus thuringiensis is a ubiquitous organism and can be isolated worldwide from all 

known aerobic habitats including soil, aquatic habitats phylloplane, dust , insects, and 

feces of arid birds (Burges and Hurst, 1977; Donovan et al., 1988; Iriarte et al., 2000; 

Martin et al., 1989; Poopathi et al., 2014; Schnepf et al., 1998; Smith and Couche, 

1991). The importance of B. thuringiensis for man is correlated to the species specific 

pathogenic feature, the production of insecticidal or nematicidal toxins which find 

greatly application as biocontrol agents in the agriculture and in the industry as either 

pure formulations but also in the development of various transgenic crops (Schnepf et 

al., 1998).  

The species B. thuringiensis is a member of the Bacillus cereus sensu lato (Bcsl) group 

which comprises seven species groups either pathogens, opportunists and environmental 

pathogens (Argolo-Filho and Loguercio, 2014; Priest et al., 1994). Two species have 

significant impact on humans and animals such as the etiological agent B. anthracis and 

the food-poisoning B. cereus (Helgason et al., 2000). The group includes four additional 

members, B. mycoides, B. pseudomycoides, B. weihenstephanensis and B. cytotoxicus, 

which are minor investigated but also suspicious in being harmful for humans 

(Guinebretière et al., 2013; Lechner et al., 1998; Nakamura, 1998; Nakamura and 

Jackson, 1995). Hence, the classification of isolates of this group is highly important 

and was extensively studied by applying various molecular typing methods (Liu et al., 

2015). The phylogenetic classification of B. thuringiensis in the Bcsl group is, however, 

challenging due to the close genetic relation (Okinaka et al., 2016). Intensive research 

has been done to clarify the role of B. thuringiensis in natural habitats and its primary 

ecological niche. As a result members of the species have been described as obligate 

pathogens, opportunist pathogens, soil saprophytes, plant endophytes, and 

environmental pathogens. However, the question of the “natural habitat” or the primary 

lifestyle of B. thuringiensis is still under discussion (Argolo-Filho and Loguercio, 2014; 

Ruan et al., 2015). How B. thuringiensis has evolved and its diverse and host specific 

set of virulence factors including Cry, Cyt, Vip, and Sip toxins and why the gene 

equipment is as well found in habitats where no host organism is available is 

questionable. Moreover, it is unclear which additional genomic features contribute to 

the virulence and if a combined mechanism of toxins and virulence factors are 
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advantageous within the fast evolution and adaptation of the multi-host environmental 

microparasite B. thuringiensis.  

The first part of this thesis was to generate high quality reference genomes of 

nematicidal B. thuringiensis strains used in diverse co-evolution experiments. In 

particular, an in depth comparative genome analysis was performed for the 

identification and annotation of the key virulence factors and fitness factors contribute 

to a successful infection of nematodes. In addition, genome sequence wide 

modifications such as mC5 and mC4 methylation pattern as well as the metabolic 

spectrum were determined. Mobile elements such as extra-chromosomal elements, 

bacteriophages, transposases, and insertion elements which influence the genome 

plasticity and therefore are a driving force for the evolution of the environmental 

pathogen B. thuringiensis were determined (Chapter II.1 and Chapter II.2). To 

characterize relevant strains with regard to their prophage equipment, a combinatory 

approach of next generation sequencing (NGS) and basic induction experiments was 

established, to pin point problematic prophages and difficult production strains (Chapter 

II.3). In addition, the evolution of nematicidal B. thuringiensis strains were determined 

in host-parasite co-evolution experiments, with Caenorhabditis elegans as host. Finally, 

the “Red Queen” hypothesis was investigated with both organisms addressing general 

genetic traits under selective pressure in co-evolution (Chapter II.4). 

The knowledge of the biology of B. thuringiensis is biased due to its role as invertebrate 

pathogen. The second aim of this thesis was to investigate the biology of plant 

associated Bcsl group species, especially B. thuringiensis (Chapter II.5). The focus of 

the research was the interactions with wilt causing phytopathogenic Verticillia that 

compete within the same habitat for host-plant resources. Therefore, a strain collection 

was established with natural wiltype strains enriched for Bcsl members sampled from 

Solanum lycopersicum (tomato) as host plant. The phylogeny of isolates, with regard to 

the non-trivial classification of Bcsl group members, was investigated. Finally, the anti-

fungal potential of wiltype B. thuringiensis and B. weihenstephanensis strains against 

were analyzed by using two phytopathogenic fungi Verticillium dahliae JR2 and 

Vertillium longisporum 43 which are either natural pathogens of Solanum lycopersicum 

or Brassicacea (oil seed rape). 
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III.2 Whole genome and comparative analysis of Bacillus thuringiensis 

In this thesis, the three nematicidal strains B. thuringiensis MYBT18246, 

B. thuringiensis MYBT18247, and B. thuringiensis MYBT18679 as well as one 

insecticidal B. thuringiensis strain Btt were sequenced, assembled and whole genome 

sequences analyzed with a focus on virulence factors and finally comparative analysis 

were performed to determine the pan-core genome and resulting strain specific factors 

(Chapter II.1, Chapter II.2 and Chapter II.4). Each of the nematicidal strains had a 

highly specific genome size including a variable number of extra-chromosomal 

elements Table 1. 
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Table 1. Genome information of fully sequenced B. thuringiensis strains. 

B. thuringiensis strain Genome Size 

[Mbp] 

Chromosome Size 

[Mbp] 

Extra-

chromosomal 

elements 

Range of extra-

chromosomal elements 

[kb] 

Toxins 

Bt MYBT18246 6.75 5.87 11 6-150 Cry13Aa2, Cry13Ba1, Cry13Ab1, Cry-like, 

2Bin-like, Vip-like 

Bt MYBT18247 6.14 5.61 6 12-175 Cry6Ba2, Cry6Ba3, Cry21-like 

Bt MYBT18679 6 5.48 9 4-188 Cry21Aa3, Cry14Aa2, Cry38Aa2, Cry35Aa5, 

Cry34Aa5, ETX-MTX2-like 

Btt 6.3 5.67 6 15-250 Cry3Aa13, Cry23Aa2, Cry37Aa2, Vip1Fa1, 

Vip2Bc1, Bi2Ca1, Vip1Ea1, 2 TTX-MTX2-like  

Bt serovar konkukian str. 97-27 5.3 5.24 1 77 no known Cry, Cyt, Vip or Sip homologs 

BtYBT-1518 6.67 6 6 17-240 Cry55Aa1, Cry6Aa2 and Cry5Ba2 

Bt str. Al Hakam 5.31 5.26 1 55 no known Cry, Cyt, Vip or Sip homologs 

Bt BMB171 5.64 5.33 1 312 acrystalliferous mutant strain 

Bt serovar finitimus YBT-020 5.68 5.36 2 18-139 Cry26Aa and Cry28Aa 

Bt serovar chinensis CT-43 6.15 5.49 10 8-281 Cry1Aa3, Cry1Ba1, Cry1Ia14, Cry2Aa9, and 

Cry2Ab1, Vip3Aa10 

Bt HD-771 6.43 5.89 8 9-171 Cry1Aa 

Bt HD-789 6.33 5.5 6 6-349 Cry4Aa3, Cry4Ba5, Cry10Aa3, Cry11Aa3, 

Cry60Ba3, and Cry60Aa3, plus 3 Cyt toxin 

Bt MC28 6.69 5.41 7 7-429 Cry4Cc1, Cry30Fa1, Cry53Ab1, Cry54Aa1, 

Cry54Ab1, Cry68Aa1, Cry69Aa1, Cry69Aa2, 

Cry70Ba1, Cyt1Da1, and Cyt2Aa3 

Bt Bt407 6.13 5.5 9 2-501 acrystalliferous 

Bt serovar kurstaki str. HD73 5.90 5.65 7 7-77 Cry1Ac 

Bt serovar thuringiensis str. IS5056 6.77 5.49 14 6-328 Cry1Aa3, Cry1Ab21, Cry1Ba1, Cry1Ia14, 

Cry2Aa9, Cry2Ab1, Vip1, Vip2, and Vip3Aa10 

Btserovar kurstaki str. YBT-1520 6.58 5.6 11 2-422 Cry1Aa, Cry1Ab, Cry1Ac and Cry2 

Bt serovar kurstaki str. HD-1 6.76 5.63 13 2-431 Cry1Ab1, Cry1Ac, Cry2Ab, Cry1A, Cry1Ia, 

Cry2Aa, Cry46-like, Vip3Aa 
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B. thuringiensis strain Genome Size 

[Mbp] 

Chromosome Size 

[Mbp] 

Extra-

chromosomal 

elements 

Range of extra-

chromosomal elements 

[kb] 

Toxins 

Bt XL6 5.70 5.31 1 39 not investigated 

Bt serovar galleriae 4G5 6.74 5.7 10 5-426 Cry1Aa, Cry1Ac, Cry1Ca, Cry1Da, Cry1Ia, 

Cry2Ab, Cry9Ea and Vip3Aa 

Bt strain HD1011 6.09 5.23 4 69-385 no known cry, cyt, or vip homologs 

Bt strain HD571 5.31 5.26 1 55 no known cry, cyt, or vip homologs 

Bt strain HD682 5.29 5.21 3 7-56 no known cry, cyt, or vip homologs 

Bt HD1002 6.57 5.49 7 6-359 Cry60Ba1, Cry60Aa1 

Bt serovar morrisoni strain BGSC 

4AA1 

6.17 5.65 6 4-232 Cry3Aa, Cry15Aa 

Bt strain YC-10 6.78 5.68 9 7-761 Cry1Aa, Cry1Ac, Cry1Ia, Cry2Aa, Cry2Ab and 

CryB1 

Bt strain:HS18-1 6.40 5.29 9 7-509 Cry4Cb1, Cry50Aa1, Cry69Ab1, Cry30Ga, 

Cry30Ea, Cry70Aa, Cry71Aa, Cry72Aa, Cry56Aa 

and Cry54Ba 

Bt subsp. indiana strain HD521 6.19 5.43 6 7-314 three Cry7 

Bt YWC2-8 6.22 5.67 6 8-250 Cry4Cb2, Cry30Ea2, and Cry56Aa1 

Bt strain CTC 5.35 5.33 1 25 no known Cry, Cyt, Vip or Sip homologs 

Bt serovar tolworthi Pasteur 

Institute Standard strain 

6.87 5.9 8 7-437 Vip2, Cry2Aa, Cry1Ia, and Cry1Ea 

Bt Bt185 6.39 5.24 8 7-635 Cry8 

Bt strain HD12 6.49 5.78 6 17-345 Cry1Fb, Cry1Ae, Cry1Bb, Cry1Ae, Cry1, Cry1ja, 

Cry1Id, Cry1e, Cry2Ad, Vip3Af, Vip1Ca1, 

Vip2Ac1, ETX_MTX-like 

Bt Bc601 6.11 5.63 6 8-171 not investigated 

Bt serovar alesti strain BGSC 4C1 5.81 5.4 6 8-267 Cry1Ae, Cry1Gb, Cry2Ab, Cry1M, Vip1, Vip2, 

Vip3Aa 

Bt KNU-07 6.15 5.34 2 293-514 not investigated 

*Status 15.12.2016. Toxin information was taken from publications (black), from toxin screening within this thesis (blue), or not investigated (red). 



Jacqueline Hollensteiner PhD Thesis DISCUSSION 

152 

 

In general, all finished B. thuringiensis genomes are highly variable in their genomes 

sizes and vary from 5.3 Mbp to 6.8 Mbp. Each genome includes a single chromosome 

with a size ranging from 5.21 Mbp to 6 Mbp and a number of extra-chromosomal 

elements (1 to 14 only finished genomes were considered; 

https://www.ncbi.nlm.nih.gov/genome/genomes/486?, accessed 13.12.2016; Table 1). 

Lawrence et al. in 2005 proposed that pathogens have common genome strategies 

which include continually rearranged genes, gene gain and gene loss in pathogen 

populations through ongoing adaptations to the host (Lawrence, 2005). This is also true 

for B. thuringiensis strains which show a high variability in the genome (Table 1). The 

chromosome structure of all nematicidal strains includes various mobile elements 

(phages, plasmids, and insertion elements) as potential vectors for HGT. 

Bacillus thuringiensis MYBT18246 has the biggest genome of our investigated strains 

with 6.75 Mbp, organized on one circular chromosome (5.87 Mbp) and eleven plasmids 

ranging from 6 kb to 150 kb. Bacillus thuringiensis MYBT18679 has the smallest 

genome, however it comprises a higher number of extra-chromosomal elements 

compared to B. thuringiensis MYBT18247. The variable genome sizes of 

B. thuringiensis strains (Table 1), including a highly flexible number of exchangeable 

extra-chromosomal elements supports the hypothesis that the genome evolution of 

B. thuringiensis includes a well balanced system of gene loss and gene acquisition 

which is an excellent way for the adaptation to multiple ecological niches (Lawrence, 

2005). Moreover, no significant genome reduction is observed within this species which 

is often described for organism which live at constant environmental conditions such as 

mycoplasma (Loguercio and Argôlo-Filho, 2015; Razin et al., 1998). In each of the 

nematicidal strains more than three different toxins were identified which contribute to 

their pathogenicity (Table 1). Bacillus thuringiensis MYBT18247 comprises three 

nematicidal cry toxin genes on three different plasmids. Notably, two genes of 

nematicidal Cry6 subfamily are located on two different plasmids: p172778 (Cry6Ba2) 

and p113275 (Cry6Ba3). Besides, a putative Cry21-like nematicidal toxin variant is 

located on a small cryptic plasmid p15092. However, the strain encodes two Cry6Ba 

toxins which belong to a currently small group of phylogenetically distinct Cry toxins 

for which a mode of action is not investigated yet (Figure 6) (Wei et al., 2003). This 

toxin belongs to a group of unique Cry toxins and could be promising in the creation of 

new transgenic crop pyramids also with regard to delay evolution of resistance in 

https://www.ncbi.nlm.nih.gov/genome/genomes/486
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nematodes (Carrière et al., 2015). Bacillus thuringiensis MYBT18679 encodes six 

toxins which cover each of the four known Cry toxin homology groups (Figure 6). 

Plasmid p22591 encodes the nematicidal three-domain toxins cry14Aa2 and cry21Aa3 

toxin genes. In addition, plasmid p15831 encodes cry34Aa5 (unrelated Cry toxin), 

cry35Aa5 (Bin-group toxin), and cry38Aa2 (Mtx-group toxin). The B. thuringiensis 

MYBT18679 genome comprises toxins against two different hosts, Nematodes and 

Coleoptera (Figure 4). It is known that Cry34 and Cry35 act as binary toxin, where Cry 

35 is only active in the presence of Cry34 and Cry34 alone shows a reduced biological 

activity against Coleoptera (Kelker et al., 2014). However, Cry34 itself is not related to 

other Cry toxins. Additionally, we identified the Mtx-group toxin Cry38 which is 

located together with Cry34/Cry35 in one operon. This operon organization has been 

observed in B. thuringiensis EG5899 but the biological activity of Cry38 and its role in 

toxicity is unknown (Baum et al., 2004; Rupar et al., 2000). Sheppard et al. 2016 could 

show that the B. thuringiensis MYBT18679 plasmid p22591 carrying the nematicidal 

toxins Cry21 and Cry14 frequently get lost in a bacterial population that is not 

challenged by a nematicidal host (Sheppard et al., 2016). This has not been observed for 

the smaller plasmid p15831 carrying the insecticidal toxins. This difference in plasmid 

stability could indicate that the strain B. thuringiensis MYBT18679 has recently 

undergone a host switch to nematodes and that the gained plasmid p22591 is not 

completely optimized for the strain. This could be the first example of how a host 

switch could take place but where the adaptation or the evolution is not finalized yet. 

Bacillus thuringiensis MYBT18246 comprises seven different toxins where notably 

three nematicidal three-domain toxin cry13 gene variants (Cry13Aa2, Cry13Ba1, 

Cry13Ab1) are located in the chromosome. Mostly, toxin genes in B. thuringiensis 

strains are located on plasmids indicating the importance of conjugative mobilized 

virulence factors (Palma et al., 2014). The importance of plasmids is reflected by four 

additional putative toxin genes of different toxin classes that reside on the plasmids 

p120510 (Vip-like toxin), p120416 (Cry-like toxin) and p109822 (two Bin-like toxins). 

Bacillus thuringiensis MYBT18246 is the only of our sequenced strains that encode a 

protein annotated as putative vegetative insecticidal toxin which point to insects as 

alternative host. However, in this thesis we could show that the three nematicidal Cry13 

toxins are encoded by the chromosome and notably each gene is associated with a 

single prophage region. This could reflect a non-plasmid way of gene-mobilization and 
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thus indicate an incidence of lysogenic conversion (Brüssow et al., 2004) in 

B. thuringiensis. The different toxin variants could be the result of adaptive evolution 

where the virulence factor was under positive selection by different host switch events 

which would result in several rounds of adaptation and counter-adaptation.  

In this study we investigated the genomes for δ-endotoxins as well as for additional 

potential virulence factors (Chapter II.1 &Chapter II.2). The research was focused on 

different types of toxins such as hemolysins and non-haemolytic enterotoxins which 

have been found to be encoded in the genomes of all nematicidal strains. These toxins 

have been described as important for the nutrient supply during infection by suppressing 

host immunity (Tran et al., 2013). Thuringiensin or β–exotoxins type II were not 

detected in any of the nematicidal strains. Thus these strains match the constraint for 

WHO recommended insect control agents. Besides, the genomes revealed the presence 

of many enzymes having toxicity effects against insects and nematodes such as 

phospholipase C, chitinases, camelysins, collagenases, metalloproteases, bacillolysins, 

and N-acyl homoserine lactonases. Especially, chitinases enable the degradation of 

chitin in the midgut peritrophic membrane of many insects (Sampson and Gooday, 

1998). Proteases such as camelysins, collagenases, and phospholipases were identified 

and may play an important role in either activating protoxins (Nisnevitch et al., 2010) 

destruction of the intestine of C. elegans (Peng et al., 2016) or in 

hydrolyzingphospholipids of host cell membranes (Hergenrother and Martin, 1997). 

The immune inhibitor A metalloprotease, bacillolysins and an N-acyl homoserine 

lactonase are suspicious for boosting the nematicidal or insecticidal activity, as well as 

overcoming the host immune system by cleaving host antibacterial peptides (Fedhila et 

al., 2002; Park et al., 2008; Raymond et al., 2010). Each strain comprise potential gene 

clusters for the production of secondary metabolites also used for intra-species specific 

competition which could be helpful to suppress the host gut microbiome which is part 

of the immune response and bacterial secondary metabolites such as bacteriocins and 

microcins are able to suppress other pathogenic microbes. In total, these findings are not 

uncommon for genomes of the whole B. thuringiensis species group. Taking together, 

the armory of virulence factors comprised in the nematicidal strains clearly underpins 

the fast evolution and adaptation to a broad spectrum of ecological niches and the 

variety of potential hosts therein. Combined with the absence of known pathogenicity 
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and virulence factors against humans, the strains represent interesting subjects for future 

research on their biocontrol potential. 

 

III.3 Key players in the Evolution of nematicidal Bacillus thuringiensis 

The question how B. thuringiensis evolves and which genetic mechanisms are the 

driving forces for niche adaptation and what induces the evolution of new toxins is still 

not fully understood. There are two major mechanisms which have an impact on the 

evolution of new pathogens including (i) indel driven genetic variation by long term 

adaptation and (ii) fast genetic recombination of genes acquired by horizontal gene 

transfer (Arber, 2014; Gogarten et al., 2002). The former includes local changes in the 

nucleotide sequence, such as insertions, deletions and substitutions where the selection 

of positive sequence modification is linked to the selective success of the encoding cell 

lines. Additionally, recombination events such as gene duplications, deletions, and 

inversion can lead to genetic variations. The latter gains a high number of opportunities 

if it includes foreign DNA acquired for instance by, transformation, trans-conjugation, 

and/or transduction. All these molecular mechanism are act in combination and are 

under strong natural selection (Arber, 2014). Moreover, mobile elements can confer 

additional genomic flexibility by transposon, and insertion element driven migration of 

genes between chromosomes, plasmids, bacteriophages, genomic islands, group I intron 

and group II intron elements (Werren, 2011).  

We could show in this study that the sequenced nematicidal strains are well equipped 

for genomic adaptations by mobile elements as well as for the exchange of genetic 

material between different strains. Table 1 shows the remarkable plasmid gene pool of 

the sequenced strains and for representative B. thuringiensis strains. The number of 

extra-chromosomal elements in the species B. thuringiensis is highly variable but all 

encode a variety of functions such as virulence and self-transfer capabilities for the 

distribution on species and inter-species level (Van der Auwera et al., 2007). 

Additionally, in the chromosome of each strain a high number of insertion sequences, 

transposases, transposons, and phages were identified (Chapter II.1 & Chapter II.2). The 

comparison of all closed B. thuringiensis genomes (Table 1) revealed that most of the 

insecticidal and nematicidal toxins reside on specific mobile extra-chromosomal 

elements. At a first glance, it looks that the number of plasmids is positively correlating 
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with the number of identified toxins which is a misleading conclusion. A more detailed 

analysis reveals that the toxin genes are distributed only on one to three specific 

plasmids in a strain. The other plasmids apparently do not contribute to the toxin-

equipment. However they carry a various number of genes contributing to genome 

fluidity including transposases, insertion sequences, transcriptional regulators and 

recombinases. Taking the variety and the different number of plasmids in 

B. thuringiensis strains into account, it gets obvious that plasmids are important 

exchangeable vehicles that are able to confer selective pathogenically and hostile 

environmentally relevant advantages for the adaption to new ecological niches and the 

evolution of new pathogenic weapons. Besides, the well known Cry Cyt, Vip, and Sip 

toxins most of the potential beneficial factors harbored on plasmids have been rarely 

studied and have not fully elucidated yet. However, bacteriocins, toxin-antitoxin 

systems, and mobile elements have been identified on transposable plasmids which 

support the advantage of plasmids in B. thuringiensis (Driss et al., 2011; Fguira et al., 

2014; Liu et al., 2008). 

Some of the mechanisms to maintain the plasmid based extra-chromosomal genetic 

information is not very effective and thus the genes can be also easily lost in a 

population (Sheppard et al., 2016). In B. thuringiensis MYBT18246 an alternative 

mechanism for maintenance and acquisition of virulence factors has evolved. We could 

show that potential virulence factors are either located on extra-chromosomal elements, 

often located adjacent to mobile elements allowing molecular genome flexibility but 

also in the chromosome. Three nematicidal Cry toxin variants are located in the 

chromosome in B. thuringiensis MYBT18246 adjacent to three prophage regions, 

respectively. Phages are known to contribute to the evolution of bacterial pathogens by 

lysogenic conversion (Brüssow et al., 2004). The location of phage regions in close 

proximity to virulence factors in the chromosome of B. thuringiensis MYBT18246 

could be a strong hint that phages are also important key factors in horizontal gene 

transfer in B. thuringiensis and consequently contribute to evolution. However, 

evolution is controlled as well by limiting mechanisms. Plasmid carriage has been 

identified as limiting factor for bacteria-phage co-evolution (Harrison et al., 2015b). 

Bacteriophages as well influence plasmid dynamics such as plasmid gain, loss or 

maintenance for instance by methylation guided restriction systems (Harrison et al., 

2015a). Moreover, bacterial restriction modification systems, which in many cases are 
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encoded by prophages, and the microbial immunity system (CRISPR/Cas) limit 

horizontal gene transfer in bacteria (Arber, 2014). In none of the nematicidal strains 

CRISPR repeats or cas genes were identified. In contrast specific restriction 

modifications such as N
6
-methyladenine (m6A) motifs, N

4
-methylcytosin (m4C) motifs, 

and putative motifs, where the identification of the methylation was not possible, were 

observed in all strains. Moreover, all strains revealed different modification and 

restriction pattern indicating the implementation of strains specific pattern guided 

evolutionary barriers for gene acquisition. Other B. thuringiensis strains as well as the 

majority of Bcsl group members seem to lack CRISPR/Cas systems as well 

(http://crispr.i2bc.paris-saclay.fr/crispr/ accessed 18.12.2016). In only single 

B. thuringiensis strains CRISPRs were detected and in the majority, only questionable 

structures are predicted, which indicates that in the B. thuringiensis species group and 

also for the whole Bcsl group the bacterial immunity by restriction is more important 

than the CRISPR/Cas system. This fits also to the high number of phages recognized in 

the B. thuringiensis chromosome. 

 

III.4 Phages in Bacillus thuringiensis and Bacillus licheniformis and 

their role in evolution 

The lack of CRISPR/Cas systems in B. thuringiensis as well as in B. licheniformis could 

be an explanation for the high number (up to 16) of potential prophages in these 

organisms (Chapter II.1 & Chapter II.2). Notably, in all sequenced nematicidal strains 

prophage regions or prophage-like regions were detected either in the chromosome as 

well as circular-state phages. Also in plasmids potential integrative phages were 

identified which seems to be common for B. thuringiensis (Kanda et al., 1989). The 

number of identified prophage or prophage-like regions varied in the nematicidal strain 

in the chromosome from 8 to 16 regions, supporting the importance of phages for the 

genome plasticity of these organisms. In particular, chromosome sequence alignment 

comparison with other B. thuringiensis revealed that differences are frequently 

insertions, deletions, DNA rearrangements. Notably, most prominent differences 

resulted from prophage regions indicating a dominant role of prophages for strain 

differentiation. Due to the modular nature of prophages those differences are mostly 

represented by distinct modules of phages such as head and tail structures which are 

http://crispr.i2bc.paris-saclay.fr/crispr/
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evolutionary conserved and not always represent completely new prophage regions. 

Moreover, prophages are transient vehicles in the bacterial chromosome and under 

decay which leads to defective phages or phage remnants (Brüssow et al., 2004). A 

broad spectrum of phages contributing to genome architectural changes has been 

observed for the Bcsl group and also for the B. thuringiensis species. For example the 

phage phIS3501 integrates into the chromosomal hylII gene in B. thuringiensis 

sv. israelensis ATCC35646, encoding haemolysin II, and thereby disrupts the gene and 

leads to loss of function (Moumen et al., 2012). The transducing phage TP-13 is able to 

convert sporulation in combination with crystal production to B. thuringiensis (Perlak et 

al., 1979). In addition, the temperate phage TP-21, identified in B. thuringiensis sv. 

kurstaki HD-1, is the only specialized transducing phage for Bcsl group with an 

additional plasmidal prophage state (Walter and Aronson, 1991). Furthermore, in 

B. thuringiensis MYBT18246 we identified 16 putative prophage-like regions. The high 

number of identified prophage regions is interesting because as it is known phages are 

under constant decay and only small amounts are fixed and do not accumulate to large 

numbers (Brüssow et al., 2004). However, this strain comprises an increased number of 

prophage-like regions, while three regions had nematicidal toxins located in close 

proximity, suggesting a selective advantage for the bacteria in the ecological niche. The 

determination of the pan-core genome of B. thuringiensis MYBT18246 using 

B. thuringiensis YBT-1518, B. thuringiensis CT-43, and B. thuringiensis Bt407 as 

reference revealed a core of 4,298 genes of shared gene families as well as 1242 genes 

specific for B. thuringiensis MYBT18246. The number of singletons is a bit “higher” 

compared to what is statistically proposed by (Fang et al., 2011). Singletons are 

basically important for supplementary biochemical pathways, selective advantages such 

as adaptation to different habitats, and antibiotic resistance (Vernikos et al., 2015). In 

B. thuringiensis MYBT18246 singletons are attributed to mobile elements and 

especially to prophage-like regions and hypothetical genes. Considering the toxic 

activity of Cry toxins adjacent to prophage regions, which could be described as 

“morons”, could provide an advantage to the host and indirect to the prophage by the 

propagation of the host bacterium (Brüssow et al., 2004). Other species groups of the 

genus Bacillus, including B. subtilis, B. pumilus, B. anthracis, and B. licheniformis, 

harbor prophages in their genomes. As mentioned prophages have an impact on the 

evolution of strains due to lysogenic conversion. Moreover, the induction of phages 
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which results in bacterial lysis is of great interest in the industry for strain design as well 

as for the stability of production processes (Hertel et al., 2015; Ho et al., 2016; Mahony 

et al., 2016). To address the activities of prophages in genomes a combinatory approach 

using genome- and next generation sequencing technology and wet lab activity tests for 

the activity evaluation of prophage regions was established (Chapter II.3). The approach 

was applied and evaluated using B. licheniformis DSM13, which comprises seven 

prophage-like regions. Deletion mutants where some prophage loci were deleted have 

been used as a reference system. In particular, we could show that three prophages-loci 

produced phage particles and are active after induction which could impact the usage in 

industrial production. Interestingly the phages competed for cellular resources since the 

particle production of the two less active loci dramatically increased after deletion of the 

more active phage-loci. The phage particles of the different loci have been visualized 

with TEM which revealed that in deed different particle types correlated each to a single 

genome locus. 

 

III.5 Evolution of Bacillus thuringiensis in a host 

To investigate how pathogenicity evolves under different selection regimes nematicidal 

B. thuringiensis strains and Caenorhabditis elegans have been used in a host-parasite 

co-evolution experiment. In total, 28 infection cycles have been followed using five 

distinct treatments favoring either host or pathogen evolution or both. The treatments 

were: (i) host control, (ii), host one-sided adaptation (iii) host-pathogen co-evolution, 

(iv) parasite one-sided adaptation, (v) pathogen control (Figure 8, Chapter II.4). 
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Figure 8. The five evolution treatments: (i) host control (grey) adapting to general laboratory conditions 

in the absence of the pathogen, (ii) host one-sided adaptation (blue) where the host adapted to the non-

evolving, ancestral pathogen taken from a frozen stock culture at each transfer, (iii) host–pathogen co-

evolution (red) during which both antagonists were continuously forced to co-evolve to each other, (iv) 

pathogen one-sided adaptation (green) where the pathogen adapted to the non-evolving, ancestral host 

population taken from a frozen stock culture at each transfer; and (v) pathogen control (grey) adapting to 

general laboratory conditions in the absence of the host (Masri et al. 2015). 

 

Especially, the maintenance of the host specific toxin genes has been shown to be under 

selective pressure. B. thuringiensis MYBT18679 was dominant to its competitors within 

a mixed infection and exhibited the most virulence against the host C. elegans. The 

phenotype has been pin-pointed at two specific toxin genes (Cry21Aa3 and Cry14Aa2 

located on the plasmid p22591). The high virulence was positively correlated with 

elevated copy numbers of the plasmid encoding the nematicidal toxins indicating a 

selective evolutional advantage for the nematicidal B. thuringiensis MYBT18679. 

Moreover, the maintenance of virulence factors under selection on a high level indicates 

that continuous co-evolution is distinct from unidirectional selection and that bacterial 

genomes are shaped by life history characteristics. Notably, the high virulence of 

B. thuringiensis MYBT18679 was fixed in all replicate populations in the co-evolution 

treatments but only for some in one-sided adaptation treatments highlighting the 

importance of evolutionary interaction with the host. Infection dynamics were observed 

in one-sided adaptation treatments, where the more virulent B. thuringiensis 

MYBT18679 was not dominant and in contrast the avirulent strain B. thuringiensis 

BT-22 showed up to same extents. The less virulent strains including 

B. thuringiensis MYBT18246 and B. thuringiensis MYBT18247 seem to have a 

different strategy to compete and persist in a host, profiting from the high virulence of 

B. thuringiensis MYBT18679 in the first infection phase. This is cost effective for those 
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strains, because they act in the second phase when the host is already weakened. 

Moreover, it could be a hint that those less virulent strains are better adapted to the 

specific host because killing of the host is contra productive for long-term persistence 

(Brzuszkiewicz et al., 2011). In contrast, the high virulent B. thuringiensis MYBT18679 

kills fast and due to the easily loss and increase of the virulence plasmid in a population 

could indicate that this plasmid was acquired a short while ago. However, considering 

that all these nematicidal strains are ingested as spore and enter the vegetative cycle in 

the host gut, we cannot explain the whole interplay of different B. thuringiensis strain in 

the host-gut microbiome.  

We conclude that co-evolution favors bacterial virulence while a persistent pathogenic 

lifestyle was selected by one-side adaptation (high infection load) or adaptation in the 

absence of a host (environmental persistence through biofilm formation). Lastly, the 

here reported study (Chapter II.4.) presents evidence that more than one infection and 

host-exploitation strategies have evolved in B. thuringiensis and that for the 

maintenance or for the evolution of high virulence a continuous co-evolution with a 

target host is essential. This indicates a wide spectrum of complex interaction 

possibilities of B. thuringiensis with various host-taxa or maybe even with kingdoms. 

 

III.6 Insights into the Ecology and biological potential of 

Bacillus thuringeinsis 

Bacillus thuringiensis is a cosmopolite which can be isolated worldwide from soil, plant 

and animal associated aerobic habitats. Obviously, the production of spores enables the 

invasion of soil, aquatic habitats, phylloplane, dust, insects, and feces of arid birds 

(Burges and Hurst, 1977; Donovan et al., 1988; Iriarte et al., 2000; Martin et al., 1989; 

Poopathi et al., 2014; Schnepf et al., 1998; Smith and Couche, 1991) (Figure 2). The 

question if the species can be assigned to a primary ecological niche and lifestyle is a 

challenge due to the ability to survive and grow in multiple ecological niches such as in 

a variety of different hosts including insects, nematodes, mites, ticks or in a variety of 

environments outside of a host, such as in soil, on leaf surfaces or in plant tissues 

(Argolo-Filho and Loguercio, 2014; Cangelosi et al., 2004; Erban et al., 2009; Guillem 

and Porcar, 2012; Hendriksen and Hansen, 2002; Schnepf et al., 1998). However 

different lifestyles have been proposed including: (i) B. thuringiensis as insect pathogen 
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and (ii) B. thuringiensis as saprophytic organism (iii) B. thuringiensis as environmental 

multi-host pathogen (Argolo-Filho and Loguercio, 2014; Loguercio and Argôlo-Filho, 

2015). How B. thuringiensis genomes reflect this enormous flexibility is a fascinating 

question as well as how such an armory of host-specific toxins against a broad range of 

host organism living in diverse habitats has been evolved. Consequently, how 

B. thuringiensis is able to adapt to or switch between several ecological niches, within 

and as well outside of a host organism? 

Within this thesis, the objective of one study was the determination and the comparison 

of the biological potential of natural sampled isolates from the genus Bacillus including 

B. thuringiensis and other Bcsl group members such as B. weihenstephanensis (Chapter 

II.5). For this purpose, a Bacillus strain collection was generated including 

approximately 260 new isolates sampled from tomato root-associated soil as primary 

ecological niche by using an enrichment method for B. thuringiensis. The strain 

collection was used as a first snap shot to investigate whether the classical isolates, 

which have been generated during the last eight decades to achieve biocontrol strains, 

are representative for strains of the species B. thuringiensis. The abundance of the 

genera within the root-associated bacterial community composition of tomato plants 

was determined based on the bacterial 16S rRNA amplicon sequencing. Moreover, 

twenty Bacillus isolates were selected for their phenotypic growth diversity on solid 

media and their genomes were sequenced. All isolates were tested for their anti-fungal 

effect against two different Verticillium species, against V. dahliae JR2 as natural 

tomato plant pathogen and V. longisporum 43 as foreign host plant pathogen, was 

determined. A phylogenetic analysis revealed that the 20 isolates cluster in 7 

B. thuringiensis and 13 B. weihenstephanensis strains. The dual cultivation assays 

showed a correlation between taxonomy and antagonistic activities. Strikingly, all 

B. thuringiensis strains exhibited an in vitro antifungal effect against tomato pathogen 

V. dahliae, while only limited antagonism was observed against the foreign 

phytopathogenic V. longisporum. Three B. weihenstephanensis isolates showing an 

invasive growth-type competed with both phytopathogenic fungi. The genome analysis 

of the 20 Bacillus strains revealed that strains with antifungal activity shared genes 

assigned to bacillibactin production and mycolytic chitinases, which are thus the most 

promising candidates for encoding the antifungal effect.  
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In conclusion, it could be shown that B. thuringiensis strains have anti-fungal effects on 

Verticillia and the produced genomic and physiological data provides the foundation for 

the identification and characterization of the active antifungal substance of 

B. thuringiensis. Moreover, the biocontrol efficiency must be determined in in planta 

experiments and must be also tested for other phytopathogens or also other kingdoms. 

For the first time a competing effect of B. weihenstephanensis strains as well as a 

rhizoid growth has been reported within this study. This indicates that members of the 

species B. weihenstephanensis as well may have the potential to be used as future 

biocontrol agents. However, this has to be investigated in future studies. 

 

III.7 The Bacillus cereus sensu lato group and the importance of the 

taxonomy of the environmental pathogen Bacillus thuringiensis 

In 2015 and 2016 the issue of the problematic Bacillus cereus sensu lato group 

phylogeny was highly reviewed showing the importance in this field of research (Liu et 

al., 2015; Okinaka et al., 2016; Wang and Ash, 2015). Obviously, it is of vital interest 

for the biotechnological application to differentiate between human safe members of the 

species complex such as B. thuringiensis from the lethal ones including B. anthracis. 

The increasing speed of technology development and the lowering costs of next- 

generation sequencing (NGS) results in a tremendous output of genomic data. As 

already described above, the experimental phylogenetic classification of new, as well as 

of previously classified, B. thuringiensis strains or of other Bcsl species strains is 

laborious and challenging (Chapter II.1-Chapter II.5). For the typing of new isolates we 

combined molecular MLST analysis as described by Priest et al. (Priest et al., 2004) and 

confirmed the assignments by the analysis of phenotypic, biochemical and pathogenic 

characteristics to avoid misclassifications. We could show that B. thuringiensis 

MYBT18246 and B. thuringiensis MYBT18247 which are less virulent compared to 

B. thuringiensis MYBT18679 cluster together in a phylogenetic subgroup and seem to 

be closer related (Chapter II.2, Chapter II.5). Bacillus thuringiensis MYBT18679 

clusters into a different subgroup comprising also B. cereus and B. anthracis strains, 

supporting the hypothesis that B. thuringiensis MYBT18679 newly gained the virulence 

plasmid for adapting to a new ecological niche, indicating a host switch. However, 

insufficient 16S rRNA analysis for phylogenetic classification of strains are still 
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commonly in use (Li et al., 2015; Liu et al., 2014b, 2014c). Researchers combine this 

insufficient genetic marker (insufficient in this species complex) with the defining 

phenotypic or pathogenic feature of the species group without taking the genetic 

background into account. There are multiple examples where it is shown that the pure 

pathogenic features are misleading (Li et al., 2015; Soufiane et al., 2013; Soufiane and 

Côté, 2010). Considering the plethora of extra-chromosomal elements of 

B. thuringiensis and those can be easily spread over the species groups or get lost in 

populations, the pure pathogenicity should not be the basis for phylogeny (Figure 9). 

For instance, the problem can be defined for the genome of B. cereus biovar anthracis 

(Klee et al., 2010). The genome comprises both virulence plasmids pXO1 and pXO2 

from B. anthracis and causes anthrax but contains a chromosome that sorts to B. cereus 

by the routinely used molecular phylogenetic markers. Should the strain still be 

classified as B. cereus or reclassified as B. anthracis? Klee et al. (Klee et al., 2010) 

decided to take simply all strain features into account for a correct classification leading 

to this strain description “B. cereus var. anthracis”. There are many more examples: (ii) 

changes a B. thuringiensis into a B. cereus if it loses the cry-toxin plasmid? Should it be 

reclassified as B. cereus? (Sheppard et al., 2013) (iii) should a natural B. thuringiensis 

strains which produce crystal toxins but grow at low temperatures such as the 

psychrophil B. weihenstephanensis species be considered as B. weihenstephanensis 

(Soufiane et al., 2013)?. We could show that our isolates exhibiting mycoid growth 

cluster more closely to B. weihenstephanensis than to B. mycoides or 

B. pseudomycoides. Moreover, the optimal growth range of those strains was lowered 

compared to B. thuringiensis but was not psychrophil as described for 

B. weihenstephanensis strains. Additionally, hemolysis was not observed for mycoid 

growing strains which are a feature of B. anthracis (Chapter II.5). Based on this 

combination of descriptive “intermediate” features the isolates may represent a new 

“intermediate” species that nevertheless cluster clearly distinct based on genetic features 

(MLST). This classification is supported by the study of Liu et al 2015. Liu et al. 2015 

suggested in their phylogenetic analysis of the Bcsl group, based on whole-genome 

sequence-based Genome BLAST Distance Phylogeny (GBDP) approach, four 

additional new species members, namely B. toyonensis (Jiménez et al., 2013), 

B. gaemokensis (Jung et al., 2010), B. manliponensis (Jung et al., 2011) and 

B. bingmayongensis (Liu et al., 2014a, 2015) (Figure 9). 
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Figure 9. Whole-genome phylogeny of 224 bacteria of the B. cereus group inferred using the latest 

GBDP version and rooted with B. subtilis ATCC 6051. Numbers above branches are greedy-with-

trimming pseudo-bootstrap33 support values from 100 replicates if larger than 50%. Leaves are colored 

according to their affiliation to clusters (i.e., Bacillus cereus groups, BCG). The three outer circles show 

whether or not the (i) cry locus, (ii) pXO1(-like) plasmid and/or the (iii) pXO2(-like) plasmid is found. 

Type strains are printed in bold font as well as marked by an asterisk (*). The tree was inferred using 

FastME48 and visualized using iTOL57. The figure was taken from (Liu et al., 2015). 
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As depicted in Figure 9, there are many strains that are classified to one species based 

on the genetic background but share other species specific features with a different Bscl 

species group member (virulence plasmids of B. anthracis, Cry-toxin plasmids of 

B. thuringiensis). Notably, several strains of the B. cereus group such as the designated 

B. cereus bv. anthracis carries the plasmids pXO1 and pXO2 and belong to a single 

chromosomal clade distinct from the B. anthracis clade (Antonation et al., 2016). 

Moreover, those strains seem to exhibit a unique genomic variation based on core 

chromosomal and plasmid SNP data and their evolution seems to be mostly driven by 

mutations arising in the context of a clonal lifestyle resulting in an more open pan-

genome which contradicts the idea of B. anthracis as a monophyletic species. However, 

genetic rearrangements were not considered and could strongly influence the results as 

we have shown that the members of the Bcsl comprise many mobile elements. In 

summary, Figure 9 shows the quandary of the Bcsl phylogeny which shows directly the 

contradiction of a genomic versus a pathogenic classification. Notably, all published 

reviews regarding exactly this topic (Liu et al., 2015; Okinaka et al., 2016; Wang and 

Ash, 2015) are again based on different classification methods. The overall question one 

must ask is: What exactly should be the GOLD-standard for classification? The 

presence of virulence factors for a specific species group? Or should the overall genetic 

background should be the basis for a classification?  

In conclusion, the plethora of different molecular and bioinformatic methods in 

combination with a lack of wet-lab information (phenotype determination, metabolic 

properties of strains) lead to an inefficient taxonomy for the whole Bcsl taxonomy. This 

is problematic considering the importance of Bcsl members for humans. A GOLD-

standard must be set for the species group and a reclassification must be performed for 

all strains available in databases. Moreover, 16S analysis should be avoided and not 

accepted for a phylogenetic classification in sequence databases or journals. In future, 

the available sequence data will increase and methods for taxonomic classification 

should be alignment free by using Genome-Blast Distance Phylogeny (GBDP) and 

Feature Frequency Profile (FFP). An additional advantage of these methods is that also 

unique genetic material (plasmids) is considered for the analysis which definitely plays 

a crucial role in taxonomy as well as in virulence. However, considering the need for a 

fast and cheap strain typing in laboratories MLST or MLSA represent still a valuable 

approach compared to whole genome sequencing. Finally for security reason the pure 
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taxonomic classification has to be complemented by a phenotypic investigation of 

pathology factors if new isolates shall be used in research or biotechnology. 
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CHAPTER IV SUMMARY AND CONCLUSION 
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IV.1 Summary 

Two different research topics of B. thuringiensis have been investigated in this thesis 

and are interdisciplinary linked: Genomics of B. thuringiensis and the Ecological 

importance of B. thuringiensis. Genomics allows following many evolutionary 

processes and key events in the evolution of bacteria and can be tracked down to the 

molecular level. But how these mechanisms influence the natural genetic variation and 

phenotypic traits in bacteria under a selective pressure is under debate. Our knowledge 

about the interplay of genetics and niche adaptation, host switches and evolution of 

organisms, especially with regard to interaction partners is still limited (Figure 10). The 

different molecular mechanisms of evolution as well as the full adaptive potential of 

B. thuringiensis are poorly understood. Bacillus thuringiensis is a good model organism 

for studying evolution because of its inhabitation of various ecological niches and 

specific hosts. Moreover, the armory of toxins produced by B. thuringiensis, their 

industrial usage and the opportunity to investigate complex lifestyle switches makes the 

organism to a perfect study model. Despite the increasing number of studies on the 

evolution of pathogens only a glimpse is known about single evolutionary mechanisms 

which partially contribute to “rapid evolution”. Additionally, how a given selection 

regime determines the various opportunities of B. thuringiensis as a species is unknown. 

The aim of this thesis was to gain insights in the emerging of successful new 

B. thuringiensis strains from the complex and diverse evolutionary puzzle of this 

species group by investigating the genomic equipment and their mechanisms behind. 
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Figure 10. Possible interaction scenarios of B. thuringiensis with the six kingdoms: Plantae, Fungi, Protista, Animalia, Archaea, and Bacteria. 
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In summary, the species B. thuringiensis is versatile, especially with respect to their 

genetics (Chapter II.1, Chapter II.2). Whole genomes of nematicidal B. thuringiensis 

strains were investigated with a focus on virulence factors, fitness factors, methylation 

pattern and metabolic properties. Moreover, mobile elements such as bacteriophages, IS 

elements and transposases were determined and characterized. Two strains, 

B. thuringiensis MYBT18246 and B. thuringiensis MYBT18247 encoded a plethora of 

virulence-, fitness factors and mobile elements including nematicidal toxins. In 

B. thuringiensis MYBT18246 three different nematicidal toxin genes (cry13Aa2, 

cry13Ba1 and cry13Ab1) were identified on the chromosome. In addition, four 

additional putative toxin genes were identified with low sequence similarity to other 

known toxins on plasmids. In B. thuringiensis MYBT18247 three cry toxin genes 

(cry6Ba2, cry6Ba3 and cry21-like) were identified on plasmids. In both strains 

additional virulence factors were identified which might contribute to host 

pathogenicity. In Chapter II.2, in B. thuringiensis MYBT18247 different toxins such as 

hemolysins and non-haemolytic enterotoxins were identified. Beside theses virulence 

factors as well fitness factors such as enzymes like chitinases, camelysins, collagenases, 

phospholipases, immune inhibitor A metalloproteases, bacillolysins and N-acyl 

homosoerine lactonase have been detected. All those fitness factors strengthen the 

pathogen in infectio and thus ultimately increase the pathogenicity B. thuringiensis 

against specific hosts. In addition factors targeting at competing bacteria especially, 

microcins, biosynthetic clusters including bacteriocins, siderophores, NRPS and terpene 

cluster which have been identified und thus support the hypothesis of a complex 

interplay of B. thuringiensis with hosts but also with other bacteria or other kingdoms. 

Comparative genomic analysis of B. thuringiensis strains, including 

B. thuringiensis MYBT18246 and B. thuringiensis MYBT18247 revealed that 

prophages are highly abundant in this species group. Moreover the analysis in Chapter 

II.1 showed that the B. thuringiensis MYBT18246 genome comprised a large number of 

mobile elements involved in genome plasticity including eleven plasmids and sixteen 

chromosomal prophages. The close proximity of the chromosomal nematocidal cry 

toxin genes to three distinct prophages regions indicated a contribution of phages in 

defining the host range of this strain. In addition, plasmids and prophages are important 

HGT elements indicating the importance of genetic exchange as driving force for the 

evolution of this pathogen and for pathogen/host adaptation.  
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The study described in Chapter II.3 presented a new next generation sequencing (NGS) 

method in combination with classical TEM- and gel-based methods for an in depth 

bacteriophages analysis. The method showed that in a host-genome multiple prophage 

infections are sequentially active and compete for the translational capacities of their 

host-bacteria, especially in Bacilli. In the test organism B. licheniformis DSM13 seven 

prophage- regions were identified. Induction experiments (Mitomycin C treatment) 

revealed the activity of three prophages and with the help of the sensitive NGS 

approach, read mappings enabled the assignment of active prophages to their genomic 

locations. The NGS approach can be used for strain optimization in biotechnological 

relevant strains, such as B. licheniformis DSM13, where a sufficient and especially 

stable production is needed. 

Co-evolution experiments described in Chapter II.4 was the first which investigated and 

dissects the phenotypic and genomic consequences of experimental co-evolution and 

one-sided adaptation of a host (C. elegans) and its parasite (B. thuringiensis). In 

particular, there is a selective advantage of nematicidal toxin genes correlated with their 

high copy number during the process of adaptation to the host und co-evolution 

conditions. In contrast, under one-sided adaptation the selective advantage of a high 

infection load correlated to the loss of killing activity by B. thuringiensis genotypes. In 

some populations it resulted in the complete extinction of pathogenic B. thuringiensis 

strains. This supports the hypothesis of wide-spread co-evolutionary interactions of 

B. thuringiensis and various host taxa under natural conditions where virulence has to 

be maintained (Chapter II.4) (Figure 10). Minor studies of B. thuringiensis interaction 

with other kingdoms than the well known interaction with Animalia include the 

kingdom of Protista (Manasherob et al., 1998), of Plantae, Bacteria and Archaea. In 

plants an endophytic lifestyle was observed, inhibition was detected against other 

bacteria as well as against Archaea (Praça Botelho et al., 2012; Salazar-Marroquín et al., 

2016; Yudina et al., 2004) demonstrating different ways of interaction and the 

uninvestigated full potential of B. thuringiensis.  

The ecological interaction types between biological partners such as competition, 

amensalism, exploitation, neutralism, commensalism, mutualism, or symbiosis in 

complex environments shared between animals, plants, fungi and B. thuringiensis has 

been rarely studied in detail. Despite the increasing studies on insecticidal and 

nematocidal toxins of B. thuringiensis because of their use in agriculture, the antifungal 
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potential has been observed but not intensively studied. Considering the evolutionary 

advantage of plant associated bacteria protecting their host organisms the second aim of 

this thesis was to investigate if there is an anti-fungal potential of plant associated 

B. thuringiensis strains and to determine their genomic relation to Bcsl group species 

(Chapter II.5). This was investigated using Solanum lycopersicum as host plant and two 

species of wilt causing phytopathogenic Verticillia.  

The study described in Chapter II.5 resulted in the expected identification of new 

isolated wildtype strains of B. thuringiensis and as well as isolates of another Bcsl group 

species B. weihenstephanensi. Twenty genomes of selected isolates were sequenced and 

the phylogeny was determined. The phylogenetic classification of new isolates was 

confirmed based on a combination of morphological, pathogenic, and physiological 

properties. The 20 isolates were assigned to 7 B. thuringiensis and 13 

B. weihenstephanensis strains. The anti-fungal potential of the strains were tested 

against two phytopathogenic fungi, namely Verticillium dahliae JR2 and 

Vertillium longisporum 43, which are either natural pathogens of Solanum lycopersicum 

or Brassicacea (oil seed rape), respectively. A dual cultivation assay revealed a 

correlation between taxonomy, morphology and antagonistic activities. All 

B. thuringiensis strains exhibited an in vitro antifungal effect against V. dahliae while 

only limited antagonism was observed against V. longisporum. Additionally, three 

B. weihenstephanensis isolates showed an invasive growth-type and competed 

apparently with both phytopathogenic fungi. The relation of the rhizoid growth and the 

mechanism of competition of B. weihenstephanensis strains have not been described 

previously. Genome analysis of all strains with antifungal activity encodes genes 

assigned to bacillibactin production and mycolytic chitinases. In summary, 

B. thuringiensis is not a standalone entity and for understanding the whole evolutionary 

process and the importance of B. thuringiensis in nature an overall holistic perception 

must be considered (Figure 10).The results provided in this thesis contribute to our 

understanding of the complex interplay of the environmental pathogen B. thuringiensis 

with the environment including multiple host organisms and the genetics contributing to 

this lifestyle. 



Jacqueline Hollensteiner PhD Thesis SUMMARY AND CONCLUSION 

174 

 

IV.2 Conclusion 

In conclusion, the evolution of B. thuringiensis is a multi-mechanism process influenced 

by variety of different parameters such as genomic plasticity, natural conditions and 

interaction partners including hosts, competitors or commensals.  

 The genomes of B. thuringiensis contain approximately 15% to 20% genetic 

material encode by genomic elements assigned to genome plasticity.  

 cry-toxins encoded by plasmids have been identified as actively selected features 

under different selection regimes. The effect of the genes has been confirmed by 

molecular reconstruction in mutant strains. 

 For the first time prophages have been identified as likely candidates for the 

mobilization of chromosomally encoded cry-toxin in B. thuringiensis. 

The second research topic demonstrated antifungal potential of B. thuringiensis 

wildtype strains against phytopathogenic Verticillium species and produced genomic 

and physiological data for the identification, purification and characterization of new 

active antifungal substances.  

 Exclusively, all B. thuringiensis isolates from the rhizosphere of 

Solanum lycopersicum inhibit the growth of the tested Verticillium species in a 

cry-toxin independent manner. 

 For the first time it has been shown that isolates of B. weihenstephanensis have 

an impact on the growth of Verticillium. The isolates clustered in a distinct 

phylogenetic subgroup of B. weihenstephanensis.  
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IV.3 Outlook 

In future, the different fields of research must be linked and especially a new standard 

must be set for a re-classification of the whole Bcsl group. Sequencing methods for 

taxonomic classification should be probably are alignment free such as Genome-Blast 

Distance Phylogeny (GBDP) and Feature Frequency Profile (FFP). An additional 

advantage of these methods is that also unique genetic material (plasmids) is considered 

for the analysis which definitely plays a crucial role in taxonomy. Secondly, due to the 

high amount of sequencing data and that many new putative virulence factors can be 

identified in co-evolution experiments a new problem arose due to the lack basic 

biological research because for most of the interesting candidate genes an in depth 

function or basic function is unknown. The existence of various toxins and unknown 

factors with lack of host-specificity is a problem that must be solved for drawing a 

comprehensive picture of B. thuringiensis ecology related to pathogenicity and 

relationships between microbes and their environment. The results provided in this 

thesis contribute to our understanding of the complex interplay of the environmental 

pathogen B. thuringiensis with the environment including multiple host organisms and 

the genetics contributing to this lifestyle. 
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