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ABSTRACT OF DISSERTATION  

CHARACTERIZING THE PYSIOLOGY AND GENETICS OF CONTACT 

DEPENDENT GROWTH INHIBITON SYSTEMS IN BURKHOLDERIA SPECIES 

 

Contact-dependent growth inhibition (CDI) systems mediate interbacterial 

competition. The genes encoding these systems are widespread among Gram-negative 

bacteria, including Burkholderia pathogens. CDI systems of Burkholderia species are 

composed of two-partner secretion pathway proteins and function to deliver the toxic C-

terminus of a polymorphic surface-exposed exoprotein BcpA (Burkholderia CDI protein 

A) to the cytoplasm of neighboring recipient bacteria upon cell-cell contact. Specific outer 

and inner membrane proteins facilitate BcpA translocation both out of the donor bacterium 

and into the recipient cell cytoplasm. Most Burkholderia species-specific CDI 

translocation factors in recipient cells are unknown. BcpA intoxication functions as a 

mechanism by which ‘non-kin’ and ‘kin’ bacteria are differentiated. Survival of ‘kin 

bacteria’ is, in part, dependent on the presence of a small cognate immunity protein, BcpI, 

in the recipient bacterium. BcpI acts in an allele-specific manner to protect against BcpA 

from a particular CDI encoding locus.  

Through this body of work, key components of both the donor and recipient 

bacteria are identified, adding further insight into the function of Burkholderia species-

specific CDI mechanisms. Findings are broken into three overarching results.  Utilizing 

Burkholderia dolosa as the primary model, comparisons of distinct CDI systems observed 

minimal differences in intoxication efficiency and secondary functions associated with 

CDI system proteins such as biofilm formation and motility. The pre-toxin region within 

the BcpA protein is demonstrated to be required for CDI of recipient cells. The final 

experiments identified proteins required in Burkholderia dolosa recipient cells for 

maximum intoxication by donor bacteria. Using transposon mutagenesis and whole 

genome sequencing approaches, CDI sensitivity candidate genes in quorum sensing 

regulation, stress response, metabolism, and lipopolysaccharide (LPS) structure and 

production genes were identified. Mutations in both the quorum sensing regulator and the 

LPS biosynthesis associated genes conferred resistance against both Burkholderia dolosa 

CDI system-1 and system-2. The other identified CDI candidates conferred partial 

protection against specific BcpA intoxication. All together this dissertation adds key 

information to the field, building a more robust understanding of the uniqueness of the 

Burkholderia CDI components and donor-recipient interactions. The spectrum of 

sensitivity each of the identified factors contributes to recipient susceptibility adds further 

insight into the complexity of the CDI mediated competition.  

 

KEYWORDS:  

Burkholderia species, Contact-dependent growth inhibition, kin-discrimination, 

interbacterial competition, translocation factors.  
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Chapter 1: Introduction 

1.1. Burkholderia Species  

The genus Burkholderia belongs to the Betaproteobacteria class within the phylum 

of the Proteobacteria (1).  Originally, Burkholderia strains were classified under the 

Pseudomonas genus (2, 3). The Burkholderia genus was identified and separated on the 

basis of 16S rRNA sequencing, DNA-DNA sequence homology, cellular lipid and fatty 

acid composition, and phenotypic characteristics (4, 5). The genus Burkholderia is diverse 

and consists of two clades, and further divided into multiple sub-clades (Figure 1.1) (6). 

The genus of Burkholderia, originally consisting of only seven species, now encompasses 

over 120 species (http://www.bacterio.net/Burkholderia.html) (4). Members of 

the Burkholderia genus include both pathogenic and non-pathogenic Gram-negative, non-

spore forming bacilli that are commonly found in soil but can occupy a diverse range of 

ecological niches (2, 3). Burkholderia species distribution is strongly affected by soil pH, 

allowing them a competitive advantage in microbial diverse acidic soils  (7, 8).  

1.1.1. Burkholderia cepacia complex  

The Burkholderia cepacia complex (Bcc) is a sub-clade that consists of 20 closely 

related but genetically distinct species that include opportunistic human and 

phytopathogens (Figure 1.1) (9). While the Bcc was initially recognized as an onion 

pathogen causing ‘sour skin onion rot’, Bcc members have also been associated with 

ecologically beneficial interactions with plants (10). Bcc species have also been found to 

degrade man-made and natural pollutants such as trichloroethylene (11–13).  

http://www.bacterio.net/burkholderia.html
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Bcc species are clinically significant pathogens due to the multidrug resistance 

exhibited in patients with compromised immune systems like those with cystic fibrosis 

(CF) and chronic granulomatous disease (CGD) (14–17).  

1.1.2. Bcc associated with cystic fibrosis infections. 

Cystic fibrosis (CF) is often the result of a mutation in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene and is found in approximately 1/2,500 

births in the United States. In the United States, CF occurs in 1/3,200 White Americans, 

1/1,000 Hispanic Americans, 1/10,500 Native Americans, 1/15,000 Black Americans, and 

1/3,000 Asian Americans. Mutation in the CFTR gene results in improper balance of the 

chloride ions in the liquid surface of many tissues. This chloride imbalance results in 

accumulation of dehydrated mucus, most often seen in the lungs and gastrointestinal tract 

(18). The mucus is high in nutrients and patients with CF have difficulty clearing the 

mucus, resulting in patients having chronically infected airways starting at an early age. 

The most common chronic bacterial infections for CF patients are Pseudomonas 

aeruginosa, Staphylococcus aureus, and Haemophilus influenzae (19). These chronic 

infections result in patients with CF experiencing bouts of lung function decline followed 

by prolonged courses of antibiotic treatments (18).  

Bcc members can also cause chronic infections in patients with CF, although less 

frequently than the above-mentioned bacteria. Bcc bacteria act as opportunistic pathogens 

often associated with infections in patients with CF, increasing morbidity and mortality 

(20, 21). Bcc infections vary between patients with CF, similar to other CF associated 

pathogens, with some patients presenting with asymptomatic and others with chronic 
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infections (22, 23). Approximately 3% of patients with CF will have a Bcc infection, 

prevalence increasing with age (23, 24) and 20% of those patients will have chronic 

infections resulting in rapid health deterioration, primarily driven by necrotizing 

pneumonia and septicemia (14, 25).  

Bcc organisms interact with epithelial cells through adherence and invasion, 

allowing them to evade host macrophages (26, 27). Many Bcc bacteria are capable of 

biofilm formation in vitro (28). Biofilms allow organisms to be protected from host 

defenses, heat, desiccation, and antibiotics (29). Member bacteria of Bcc have been shown 

to evade the actions of multiple antibiotic classes, partially responsible for the severity of 

CF infections (30–32). Burkholderia species have atypical lipopolysaccharide (LPS) 

structure, specifically in the lipid A domain, altering outer membrane permeability and 

play a role in antibiotic resistance (33). Other mechanisms utilized by Bcc members in 

antibiotic resistance includes efflux pumps and additional intrinsic resistance (34, 35). 

Persistent infections are maintained using additional virulence factors such as catalase, 

superoxide dismutase (36), quorum sensing (37, 38), siderophores (39, 40), and a type III 

secretion system (T3SS) (41).  

1.1.3. Bcc member - Burkholderia dolosa 

Burkholderia dolosa was identified as a member of Bcc in 2001 and named in 2004 

after genotyping methods improved. The newly described B. dolosa was responsible for 

infection incidences that were originally attributed to B. multivorans (42, 43). Although B. 

dolosa characterization did not occur until later, B. dolosa had been causing infections, 

most notably in an outbreak in Boston Children’s Hospital in 1998 (44, 45). B. dolosa is 
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not prevalent amongst the Bcc infections, representing less than 5% of Bcc isolates from 

606 patients with CF across the US (23). However, patients with CF that were infected 

with B. dolosa had accelerated decrease in lung function and reduced survival compared 

to other Bcc infections (45).  The exact reason that B. dolosa leads to rapid decline of 

patients with CF compared to other Bcc members remains unknown. B. dolosa was found 

in vitro to be comparable to opportunistic strains B. multivorans and B. cenocepacia in 

both invasion and biofilm formation (46).  

1.1.4. Burkholderia pseudomallei complex  

One of the other major phylogenetic group and sub-clade is the Burkholderia 

pseudomallei complex (BPC). BPC consists of Burkholderia pseudomallei and closely 

related phylogenetic relatives, such as Burkholderia mallei and Burkholderia thailandensis 

(Figure 1.1) (47). B. pseudomallei is the causative agent of the disease melioidosis and is 

considered a tier 1 select agent for bioterrorism by the U.S. Center for Disease Control and 

Prevention (CDC) (48). Melioidosis was first recognized in 1911, presenting with sepsis 

and can also include pneumonia and localized abscesses (49, 50). These symptoms are 

associated with acute melioidosis, making up about 85% of melioidosis cases (51). 

However, due to the nonspecific signs and symptoms, diagnosing melioidosis is 

challenging. Chronic melioidosis infections are comparatively rare but defined by the 

symptoms of melioidosis persisting for over 2 months (51). B. pseudomallei can infect 

healthy individuals in endemic areas such as Australia and countries in southeast Asia, in 

part due to repeated exposure (52). One major risk factor for chronic infection is diabetes 
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mellitus, with 23-60% of patients with B. pseudomallei infections having the preexisting 

condition (51).  

B. thailandensis are soil bacteria that are typically avirulent (53, 54). Over 85% of 

genes are conserved between B. pseudomallei and B. thailandensis. Most of the differences 

between the species are restricted to specific genomic islands (55). Unlike B. Pseudomallei, 

B. thailandensis is not a Bio-safety level (BSL)-3 pathogen, and, as a BSL-2 microbe, is 

often used as a model to study homologous genes to the pathogenic B. pseudomallei (56). 

Similar to B. pseudomallei, B. thailandensis can be found in the soil of tropical and 

subtropical regions (54).  

B. mallei causes the zoonotic infectious disease glanders, which primarily afflicts 

equines but can also infect humans. Unlike B. pseudomallei and B. thailandensis, B. 

mallei is a host-restricted pathogen and does not have an environmental reservoir (57). B. 

mallei has a genome that is approximately 20% smaller than that of B. pseudomallei but 

the genes retained have high sequence identity  (57, 58).  The genes that were lost are 

hypothesized to be critical for environmental survival while still retaining the B. 

pseudomallei gene orthologs necessary for host survival (58, 59).  

 

1.2. Toxin-antitoxin systems 

Bacteria encode ‘addiction’ genetic elements called toxin-antitoxin (TA) modules 

in which a secreted toxin inhibits cell growth, and a cognate antitoxin counteracts the toxin 

activity (60, 61). TA modules are abundant in bacterial genomes, often found on plasmids 

or other mobile genomic elements associated with horizontal transfer (62). The high 

number of TA modules results in high variability of the number and composition of 
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chromosomal TA loci (63). There are three major biological functions maintaining TA 

modules: post-segregational killing (64), abortive infection (65), and antibiotic resistance 

(66). TA modules are inherently kin discriminatory (67, 68). Maintaining TA modules are 

frequently called ‘addiction mechanisms’ because loss or mutation within the TA systems 

leads to incompatibility of merged colonies and results in a ‘winner’ and a ‘loser’ (69, 70). 

Additionally, in many TA modules, both the toxin and the antitoxin can be toxic to the cell 

resulting in an “all or nothing” phenotype (71). The number of TA loci often coincides 

with adaptation to hostile or dynamic environments in which horizonal gene transfer could 

happen at a higher rate (72, 73).  Therefore, due to the diverse environments that 

Burkholderia spp. inhabit, there is little surprise that there is a myriad of TA modules found 

within this genus.  

 

1.3. Bacterial Competition  

Bacteria are natively found in polymicrobial environments with limited nutrients 

and resources. Bacterial populations with similar nutrient requirements must compete for 

dominance in the environment. However, with continuous growth of a large singular 

population, depletion of nutrients becomes problematic. Competition and nutrient 

depletion give rise to mutations that allow a new population to adapt to a particular niche, 

maintained by negative frequency-dependent selection (74). Adaptations can result in 

variants specific to the environment. One example is the Pseudomonas fluorescens variant 

that over-produces extracellular polysaccharides (EPS) to form biofilms, allowing the 

biofilm to float on the air-liquid interface to improve access to oxygen (75, 76).  Mutations 

can also contribute to the evolution of competitive networks (74, 77). These competition 
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mechanisms are often strain-specific. However, they can have detrimental influence on 

other bacteria inhabiting the same environmental niches (78). 

1.3.1. Direct bacterial competition  

Bacteria have multiple mechanisms to compete with other microbes within their 

environment. This competition can either be direct or indirect (79–81). Indirect, such as 

exploitation competition, involves rapid utilization of limited resources without direct 

interaction between the competitors (80, 82). Direct competition, as in contest competition, 

involves direct antagonistic interactions between competitors resulting in a “winner” and a 

“loser” for appropriating resources (82).  Bacteria are constantly at war with various 

competitors and require ‘weapons’ for both direct and indirect competition to survive, 

thrive, and conquer new territory. These competitions are often beneficial for kin bacteria. 

1.3.2. Non-kin discrimination competition 

Theoretically, kin discrimination traits are due, in part, to kin selection (83, 84). 

Kin recognition, in the simplest of terms, is the means by which individuals identify others 

that are closely related in order to form a cooperative group (85, 86). Kin cooperation will 

be further discussed below (see section 1.5 of Introduction). The ability to discriminate kin 

from non-kin via competitive mechanisms results in the elimination of non-kin bacteria 

that would otherwise compete for the same environmental resources, resulting in a more 

isogenic population (87). The benefit of killing or inhibiting similar bacteria is the 

elimination of competition for the same nutrients and environmental resources (88, 89). 

The selection through kin discrimination can happen both broadly and narrowly at the 
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strain-specific level (90). Kin discrimination is often associated with greenbeard alleles 

(84, 91). Greenbeard genes allow phenotypic matching through three-part effects. The 

three components were first theorized by Dawkins and include: (i) a visible signal, (ii) the 

ability to recognize the signal in others, and (iii) the ability to direct altruistic behaviors to 

those expressing the signal (92, 93). Greenbeard genes can also allow for phenotypic 

matching of non-kin bacteria if the non-kin bacteria express similar greenbeard alleles as 

the antagonist bacterium (84, 94, 95). However, greenbeard cooperation will more 

effectively target bacteria with higher similarities in alleles, excluding those of phenotype 

matching alone (95, 96). The specific community-level distributions of kin-bacteria play 

major roles in polymicrobial infections and virulence of pathogens (97). Thus, bacteria 

have evolved numerous competition mechanisms to ensure kin will survive and thrive. 

1.3.3. Bacteriocins 

Bacteriocins are a diverse family of antimicrobial proteins defined by their 

relatively narrow spectrum of killing, specific to closely related bacteria. The most 

extensively studied bacteriocins are specific to Escherichia coli, known as colicins (98, 99) 

Bacteria can release bacteriocins through either transport systems or cell lysis (100–102). 

Once released into the environment, bacteriocins bind to specific cell surface receptors on 

target cells and kill through various mechanisms  (71). Binding to the outer membrane 

receptor is one of the means of specificity for target cell killing (103). Producer cells and 

kin are resistant to their own bacteriocins because of cognate immunity proteins they 

produce. Bacteriocins have a wide range of intoxication mechanisms, including pore 

formation in recipient cells, which leads to membrane permeabilization. Examples of pore-
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forming bacteriocins can be found in Lactococcus lactis (105) and Lactobacillus sakei 

(106), which produce the bacteriocins Nisin and Sakacin, respectively. Enterobacteriaceae 

species produce nuclease bacteriocins with a wide range of substrate specificity including 

DNA, 16S rRNA, and tRNA to digest nucleotides in recipient bacteria (99, 104). 

Bacteriocins that act against Gram-positive bacteria can inhibit peptidoglycan production, 

such as the klebicins produced by various Klebsiella species (107). Orthologs to 

bacteriocins are diverse and associated with bacterial delivery systems including type VI 

secretion and contact-dependent growth inhibition (discussed below).  

The mechanisms of import for bacteriocins into recipient cells can vary almost as 

much as the toxic activities. Bacteriocins require an outer membrane receptor on recipient 

cells for recognition, transport, and toxicity. Nisin, from Latococcus lactis, utilizes Lipid 

II as a receptor (105), sakacins are shown to use Mannose permease (108), and Gassericin 

A, produced by Lactobaccilus gasseri, uses ABC transporters as receptors (109). Many 

Enterobacteriaceae colicins and Pseudomonas aeruginosa pyocin utilize 

lipopolysaccharides (LPS) (110–112). 

  Bacteriocin systems are relatively simple and provide an effective means for 

dominating an environmental niche. Pseudomonas species are prolific producers with 

nearly all clinical and environmental P. aeruginosa samples producing bacteriocin-like 

toxins. Less is understood about the role of bacteriocins in Burkholderia species (113). 

Unlike other proteobacteria, very few bacteriocins have been identified and characterized 

in Burkholderia species (114–117).  Bacteriocin systems are simplistic, yet the spectrum 

of susceptible bacteria can be narrow or broad, depending on the bacteriocin, leading to the 
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potential to develop alternatives to clinical antibiotics currently in use (118, 119). To date 

the use of bacteriocins, often nisins, are restricted to plants and veterinarian settings (118).  

1.3.4. Contact-mediated competition  

Bacteria physically interact in high density populations (120). These direct 

interactions can be beneficial; facilitating the transfer of genetic information through 

plasmid exchange via conjunction (121, 120, 122). At the same time, high-density soil 

microbial environments often induce stress and competition mechanisms (121, 123, 124). 

Contact-mediated competition in bacteria utilizes membrane and cell envelope-embedded 

mechanisms to interact with competitors and ultimately alter the surrounding microbial 

environments (125).  

Gram-negative bacteria have been observed to use their own membrane to deliver 

insoluble toxins. Outer membrane exchange (OME) is contact dependent, requiring cells 

to share membrane components such as phospholipids and lipoproteins (126). OME has 

been primarily studied in Myxobacteria species. The only known components required for 

OME are found within the protein complex TraAB. TraAB proteins must be produced both 

in the donor and the recipient cells in order to facilitate successful OME (127). The 

mechanism for exchange involves transient outer membrane fusion catalyzed by the TraA 

receptor and an associated protein, TraB. The TraAB complex is located in the outer 

membrane and has a polymorphic domain that determines the selectivity of the target cells 

(128). Due to the narrow range of target bacteria, it is not surprising that OME is associated 

with kin discrimination (129). Kin-discrimination can either allow for cooperative or 

antagonistic behaviors dependent on how closely related the bacteria are. For 
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Myxobacteria, the SitAI complex acts as a toxin-antitoxin in OME kin verification (129). 

Homologs of these proteins have not been found in Burkholderia species. Burkholderia 

spp. and other Gram-negative bacteria have been observed to use outer membrane vesicles 

(OMV), like OME, to exchange genetic information, communicate, and immunomodulate. 

However, OMV is not cell-cell contact dependent. Additionally, OMV is also associated 

with bacterial pathogenicity (130). B. pseudomallei vaccines target OMV to inhibit lethal 

sepsis and glanders in various animal models (131, 132).  

Gram-negative bacteria in close proximity can utilize contact-dependent transport 

proteins via the type VI secretion system (T6SS) apparatus (133–135). The T6SS uses a 

contractile apparatus comprised of 13 core components that assemble in the membrane to 

facilitate the delivery of effectors through the penetration of the recipient cellular 

membrane (136–138). The structure of T6SS shares homology with bacteriophages. In 

both, effector proteins are shuttled through a syringe-like mechanism (138–141). There are 

two main complexes that make up the T6SS module: the membrane complex that anchors 

the module in the periplasm of the donor cell, and the tail complex that harbors a needle-

like apparatus encircled by the sheath structure. In the native state, the T6SS system is 

extended into the donor cell cytoplasm anchored by the periplasmic membrane. Upon 

receiving an unknown extracellular signal, the sheath that surrounds the tail complex will 

contract, resulting in the ejection of the needle-like complex across the target cell 

membrane, thereby delivering the effector proteins into the cell (138, 139, 141, 142). The 

disassembling of the sheath enables the reassembly of the T6SS module back into the 

native, extended state, after release of subunits (138).  



12 

 

Initially, the T6SS was thought to function directly in an anti-eukaryotic manner 

via delivery of effector proteins into the eukaryotic cells of a host organism (143). 

Burkholderia species utilize the T6SS, named T6SS-5 or cluster-1 T6SS, during bacterial-

host interactions in vivo (144, 145). The T6SS has been additionally established in  inter-

bacterial competition (133, 135, 146). Further studies demonstrate the T6SS function is 

extended to competitive actions against microbial fungi (143, 147). While the 13 core 

components of T6SS are conserved amongst protobacteria, the divergent functions of T6SS 

can be split into six sub-families, with much of the variability residing in the function of 

the effectors (148–150). Many of the effectors function in the periplasm of the target cell 

and act as a toxin through targeting the peptidoglycan cell wall, acting as a 

lipase/phospholipase, or forming pores in the membrane. The target of effector molecules 

limits the toxicity of T6SS to Gram-negative bacteria (148, 151–153). However, there are 

effectors which act in the cytoplasm as nucleases or degrade essential cytoplasmic 

cofactors (154, 155). 

The antibacterial nature of T6SS toxicity requires bacteria to encode a means of 

inhibiting self-intoxication (156, 157). Immunity proteins are as variable as the effectors 

themselves and are encoded adjacent to the gene encoding the cognate effector (150, 158).  

The immunity proteins reside in the compartment of the cell that is targeted by the effector 

and normally binds tightly to the effector to physically prevent toxicity (156). In general, 

the T6SS effector-immunity pairs are acquired via horizontal gene transfer as a means of 

bacterial ‘arms-race’ (159, 160). For specialized effectors, homologous recombination 

facilitates the exchange of the C-terminal effector domains and the downstream cognate 
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immunity encoding gene (161). These recombinant domains result in highly variable loci 

resulting in strain specific kin discrimination (162–164).   

T6SS is also associated with virulence and host interactions. Some of the most 

dramatic virulence phenotypes are associated with Burkholderia strains that contain T6SS 

(165–167, 56). In B. mallei, the T6SS is shown to be critical for virulence, intracellular 

growth, actin polymerization, and formation of multinucleated giant cells in vitro (167, 

144, 168). These results were further mimicked in members of Bcc, as B. cenocepacia 

T6SS is associated both with virulence in chronic lung infection in mouse models as well 

as bacterial-bacterial competition (169, 170).  

Additional secretion systems also act as specialized antibacterial mechanisms, 

including the type IV, type Vb, and type VII secretion systems (T4SS, T5SSb, and T7SS, 

respectively). Similar to T6SS, T4SS and T5SSb are widespread throughout Gram negative 

bacteria (171). However, T4SS-mediated interbacterial competition currently is 

characterized only in the Xanthomonas citri species (172, 173). The role of T4SS is better 

known for the movement of DNA either through conjunction, transformation, or effector 

translocation, which also can include delivery of additional substrates (174, 175). The 

T7SS carries out interbacterial competition in Gram-positive bacteria (176–178). T7SS 

secrete bacterial antagonists and toxic effectors into a competing bacterium. The full 

understanding of the T7SS mechanism is still underway as there are challenges in 

regulation and activation of the system under laboratory conditions (179). Of the contact-

dependent interbacterial secretion systems, T5SSb (also referred to as contact-dependent 

growth inhibition, or CDI) and the T6SS are the most well characterized (180).  
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1.4. Contact-Dependent Growth Inhibition  

Contact-dependent growth inhibition (CDI) systems consist of two-partner 

secretion (TPS) proteins (also called T5SSb proteins) employed by proteobacteria in 

interbacterial competition (181). TPS systems are characterized by a ‘TpsA’ exoprotein 

and a ‘TpsB’ partner transporter. The C-terminus of the ‘TpsA’ CDI associated exoprotein 

is delivered into a neighboring bacterium upon cell-to-cell contact (181, 182).  

CDI was first discovered in Escherichia coli isolate EC93, as EC93 outcompeted 

another E. coli strain (K12) upon cell-cell contact (181). Further investigations revealed 

genes predicted to encode CDI systems are widespread in proteobacteria and a key 

component of these systems are immunity proteins, which protect against CDI toxins (183, 

184).  

1.4.1. CDI Classification   

CDI systems fall into two broad classes: the E. coli-type systems and the 

Burkholderia-type systems. E. coli-type systems are usually seen in α-, β-, γ-

proteobacteria, whereas Burkholderia-type systems are limited to Burkholderia genus and 

closely related species (183, 184). Both CDI locus types are thought to be co-transcribed 

and expressed (181, 185). Classification between the two types is primarily dependent on 

the CDI locus arrangement. E. coli-type systems are encoded by cdiBAI loci (181), and 

Burkholderia-type systems are encoded by bcpAIOB loci (185). The genes are homologs 

with the exception bcpO. The bcpO genes are unique to the Burkholderia-type CDI system, 

although not all contain a bcpO in CDI-encoding loci (185, 187). Currently, the role of 

BcpO is still unknown. However, within the Burkholderia-type CDI systems can be further 
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divided into two classes, in part due to different amino acid sequences of BcpO.  Within 

class I, the BcpO proteins are predicted to be membrane-bound lipoproteins (185, 187). 

Class II BcpO may either not exist or encode an unknown, variable open reading frame 

(ORF). In both B. thailandensis and B. dolosa, class I BcpO has been implicated in CDI 

efficiency (Figure 1.2AB) (185, 188). 

1.4.2. CDI System Mechanism 

Despite their different loci organization, both E. coli-type and Burkholderia-type 

CDI systems function similarly. The transporter protein CdiB/BcpB forms a β-barrel in the 

outer membrane to allow to the translocation of the CdiA/BcpA exoprotein. CdiA/BcpA 

are large filamentous proteins that extend past the cell surface. The size of these proteins 

varies between ~180kDa (Moraxella species) to ~ 630kDa (Pseudomonas species) (Figure 

1.2C) (181, 189). Much of the CdiA/BcpA proteins are conserved as the N-terminus is 

made primarily of the structural filamentous hemagglutinin motif domains and repeats. The 

functional toxin domain is restricted to the C-terminus. The variation of the C-terminus 

follows a conserved amino acid motif, which also is differentially associated between E. 

coli-type (VENN motif) and Burkholderia-type (Nx(E/Q)LYN motif) (Figure 1.2AB). The 

diversity of the catalytic toxin domain in the C-terminus varies between genus and to 

distinct CDI systems within the same bacteria strain (183, 185). The function of the C-

terminal toxins is primarily predicted to function as nucleases, degrading either DNA or 

tRNA in the recipient cell (190). Although, one E. coli (EC93) CdiA toxin forms pores to 

disrupt the recipient cell proton gradient (191).  
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Immunity proteins CdiI/BcpI function to block autointoxication and protect kin 

bacteria from CDI-associated killing from their own kind. Due to the high level of 

variability in the C-terminus of CdiA/BcpA toxins, the immunities co-vary in an allele-

specific manner (Figure 1.2). The cognate CdiA-I/BcpA-I proteins form polymorphic 

toxin-antitoxin pairs (183, 185).  Chimeric CDI systems have been created by replacing 

both the variable CdiA/BcpA C-terminus region and the cognate CdiI/BcpI. The chimeric 

mutants still have functional CDI, the recipient cell susceptibility is dependent on the 

presence of the cognate CdiI/BcpI (183, 192, 193). Functional chimeric CdiA/I (or BcpA/I) 

mutants can be created by fusing the modular C-terminal CdiA/CdiI following the 

conserved pre-toxin motif (either VENN, or N(Q/E)LYN) (183, 184, 187, 192, 193). 

Limitations to creating these chimeras include creating chimeric BcpA toxins between 

classes and, even further for Burkholderia spp., between sub-classes (183, 187, 193, 194). 

Little is known about the regulation of CDI-encoding loci. E. coli strain EC93 is 

the first identified CDI system natively expressed under laboratory conditions (171, 184). 

Erwinia chrysanthemi EC16 strains express cdi genes specifically during plant-host 

colonization. The study focused on regulation of virA which is part of the predicted 

homologous CDI encoding loci (185). Regulation of B. thailandensis E264 strain was 

shown to regulate expression so that 1:1,000 bacteria express CDI systems in at high levels 

when under laboratory conditions (175).   In B. thailandensis quorum sensing system is 

associated with regulating expression of the CDI bcpAIOB operon (195). 

1.4.3. Function of mobile orphan domains  



17 

 

CDI loci often reside in mobile genomic islands, and genomic analyses suggest that 

cdiA-I/bcpA-I elements can be exchanged between different bacterial CDI systems (184). 

Regardless of the CDI locus type (E. coli vs Burkholderia), many contain open reading 

frames (ORFs). These ORFs are distinctly different from the Burkholderia-type class I 

hypothetical lipoprotein encoding bcpO orphan regions, containing two short ORFs that 

resemble C-terminal cdiA and cognate cdiI (in Burkholderia bcpA/bcpI) (185, 187). 

Predicted C-terminal toxin-immunity ORFs have been found by bioinformatics across CDI 

encoding species such as E. coli, Yersinia pseudotuberulosis, Burkholderia spp., and 

Neisseria meningitidis (184, 185, 187, 196).  

1.4.4. Recipient susceptibility factors  

Toxicity from BcpA is dependent on a variety of susceptibility factors in the 

recipient cell. The current model for translocation of the CDI toxin, using E. coli CDI 

system proteins, involves the toxin interacting with specific outer membrane receptors 

(OMR) on the recipient cell surface. To date, three E. coli OMR are identified, BamA, 

OmpC/OmpF complex, and Tsx (197–199). Genetic transposon mutagenesis was used to 

select mutants resistant to CDI of interest to identify these receptors. 

In addition to identifying OMR specific to E. coli, receptor studies illustrate the 

restrictive nature of CDI systems. Identification of E. coli EC93 CdiA- BamA binding site 

revealed a high level of sequence variability in the BamA domain compared to other CDI 

encoding E. coli. The variability in the amino acids sequence for the BamA binding site 

corelates with inability for EC93 CDI of other E. coli strains, restricting EC93 to 

intraspecies CDI (183, 199, 200). Similar restrictions were identified with OmpC/OmpF 
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complex and E. coli EC536 CdiA intoxication (198, 199). These data suggest the use of 

CDI systems in distinguishing ‘self’ from ‘non-self’ to promote kin interactions. OMR 

have yet to be identified for any bacterial species other than E. coli, including Burkholderia 

species’ CDI systems.  

Following binding to the OMR, BcpA is understood to then translocate through the 

periplasm and inner membrane. Using similar genetic screens as OMR, several inner 

membrane components have been identified in E.coli (191, 197, 198, 201). Data from E. 

coli show that membrane receptors can vary from strain to strain, adding an additional level 

of specificity in recipient cell susceptibility to individual CdiA/BcpA toxins. CdiA/BcpA 

translocation is not necessarily dependent on the function of translocation factors (197). 

Less is known about Burkholderia susceptibility factors and translocation of BcpA. 

B. pseudomallei 1026b is shown to require specific LPS structures and proteins encoded 

by BTH_I0359 and BTH_II0599 genes for BcpA translocation in B. thailandensis E264 

model bacteria (202). The functional relationship between LPS, BTH_I0359 and 

BTH_II0599 encoded proteins, and BcpA is still undetermined. Recent studies show the 

recipient cells for B. multivorans, CGD2M, require the cytoplasmic membrane proteins 

GltJK for entry of BcpA-2 into recipient cells (203). Similar to E. coli factors, sensitivity 

to CDI protein intoxication differs significantly between closely related species.   

  In addition to membrane specific proteins, some E. coli CDI systems can require 

cytoplasmic factors for recipient cell susceptibility. Identified factors include O-

acetylserine sulfhydrylase A (CysK), Elongation Factor Thermo-Unstable (EF-Tu), and the 

Elongation Factor Thermo-Stable (EF-Ts). CysK and EF-Tu/EF-Ts are associated with 

CdiA C-terminus tRNase activity (198, 204–206). Function of the outer membrane 
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receptors are not always necessary (197), however functional activity is thought to be 

required for cytoplasmic factors. The necessity of each intracellular factor is variable 

between E. coli strains, although the use of EF-Tu has been established between CdiA 

toxins with little similarity (205, 206). Currently, there are no identified cytoplasmic factors 

required for Burkholderia CDI systems. As many proteobacteria possess CDI systems with 

high variability between them, identification of additional recipient cell factors is 

anticipated. With each additional identified component, our understanding of the restrictive 

and targeted nature of CDI systems increases.  

1.4.5. Kin discrimination mediated by CDI.  

As part of their functions, CDI systems kill ‘non-kin’ bacteria, lacking the 

respective immunity protein. This results in ‘kin’ bacteria survival. One proposed benefit 

of killing non-kin, beyond nutrient competition, is to pre-establish self-segregation prior to 

biofilm formation and other beneficial community behaviors (187, 192). Mathematical 

modeling showed that in two mutually exclusive CDI expressing species, extinction of one 

of the species is always the result. In contrast, depending on the spatial separation of two 

different CDI expressing species, competing species can co-exist in species specific 

segregation patterns (207). Separation patterns are additionally affected by potency of the 

CDI loci encoded toxin, additional beneficial systems such as T6SS, and environmental 

advantages. Kin discrimination via solitary CDI in silico is dependent on contact time, 

effect of the toxin, and cost of CDI system expression. Further, donor cells do not have to 

kill the recipient, but require a reduction in the recipient growth to gain the kin-specific 

spatial environment (208). These studies demonstrate specific CDI toxin–immunity protein 
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control “self”/“non-self” discrimination in mixed bacterial populations. Kin recognition 

and segregation of outsiders through competition can then lead to single species 

community behavior, like biofilms (192, 209, 210).  

1.4.6. Genomic island mobility 

B. thailandensis E264 has been shown to utilize the CDI system both as a means of 

competition and as a means of intercellular interaction. E264 required the BcpAIOB 

proteins when mediating biofilm formation and is associated with additional phenotypes 

including pigmentation and Congo-Red binding. These community behaviors were 

dependent on the function of BcpA. Inactivation of BcpA C-terminal toxin via an amino 

acid mutation (E3064A to K3066A substitution - EKA) was defective in the associated 

cooperative behaviors (209, 210). CDI induced biofilm formation in E264 is independent 

of cell lysis and interbacterial killing for extracellular DNA (209). Instead, BcpAIOB 

induces global gene expression changes in recipient cells. RNA sequencing identified 

expression changes in genes encoding extracellular polysaccharide synthesis machinery 

and pilus proteins, both have been associated with structure and biofilm formation. This 

CDI system-mediated intercellular communication was termed contact-dependent 

signaling (CDS) (210). However, follow-up studies show that the CDS phenotype seen in 

B. thailandensis is due to large mobile genetic elements termed ‘mega circle’ that contain 

the bcpAIOB locus of B. thailandensis (196). Similar mechanisms have not been observed 

for other Burkholderia CDI systems (188, 193).  

1.4.7. CDI systems in other bacterial species  
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Over a hundred Pseudomonas species are predicted to have CDI encoding loci. 

Conserved CdiA pre-C-terminus motifs for Pseudomonas species vary and fall into five 

subclasses, one of which includes the E. coli-type VENN motif (211, 212). CDI 

competition is speculated to have an important role in shaping the population through 

competition and the variability of the C-terminal toxin sequences. In addition to 

interbacterial competition functions, the Pseudomonas CDI system is associated with 

virulence in cell culture, mouse models, and in acute and chronic infection models (213, 

214). Similar to B. thailandensis, Pseudomonas aeruginosa PA01, has been shown to 

utilize the CDI system in adhesion and biofilm formation (212), although not to bronchial 

epithelial cells (214).  

The bacterial symbiont, Xenorhabdus doucetiae, includes an additional gene, cdiC, 

in its E. coli-like CDI encoding locus.  The cdiC gene is co-transcribed with the other CDI 

genes (cdiBCAI) (215). The gene encodes for CdiC, the function of which is unknown, but 

has partial identity to E. coli HlyC, an acyltransferase (215, 216).  

In addition to bacterial competition, CDI systems have been associated with 

aggregation and bacterial virulence in Erwinia chrysanthemi EC16 (217), Xylella 

fastidiosa (218), and Xanthomonas axonopodis (219). In Neisseria meningitidis, hrpA 

mutants (cdiA homolog) were attenuated for intracellular survival in HeLa cells (220). 

Multiple Acinetobacter species have been found to contain functional CDI systems (194, 

221–223). A. baylyi ADPI found no correlation in biofilm or adhesion (222), however A. 

baumanni DSM30011 one of  the CDI systems were associated with repression of biofilm 

formation and host cell adhesion (194).    
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1.5. Bacterial cooperation and kin signaling 

Kin cell-to-cell recognition can set the foundation for beneficial interactions 

separate from others in a mixed microbial environment. Kin recognition and non-kin 

discrimination share many characteristics and often end with the same result of segregation 

or species overtaking the environmental niche. For this work, kin recognition will be 

centered on systems that exclude non-kin inadvertently.  

1.5.1. Kin communication by diffusible signals  

In addition to contact-dependent means of recognition, the use of quorum sensing is 

widespread in the microbial world as a means of communication through a diffusible 

signal. Quorum sensing allows bacteria to recognize both kin species and population 

density within their environment. Quorum sensing utilizes diffusible signals as 

autoinducers to regulate cooperative behaviors, such as bioluminescence, competence, 

virulence, motility, and biofilm formation  (224–226).  

A major class of quorum sensing systems in Gram-negative bacteria utilize acylated 

homoserine lactones (AHLs) as a signaling molecule. In comparison, Gram-positive 

bacteria frequently use oligopeptides as signaling molecules (224). Specificity in Gram-

negative quorum sensing is derived from the molecule receptor, where quorum sensing 

receptors bind cognate signaling molecule determined by various factors. In the case of 

AHLs, chemical structures vary depending on substitutions, saturation, and overall length 

of the acyl chains. These structural differences allow bacteria to recognize kin at the sub-

species level (224, 227).  
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Members of the Burkholderia genus often encode AHL-associated quorum sensing 

systems with homology to the LuxI/LuxR systems (39). The LuxI/LuxR quorum sensing 

system was first characterized in Vibrio fischeri to regulate bioluminescence (228). The 

Burkholderia LuxI/LuxR homologs are CepI/CepR in which CepI synthase regulates the 

production of the signaling molecule N-octanoyl homoserine lactone (C8-HSL). CepR is 

the transcriptional regulator that interacts with C8-HSL to modulate quorum sensing 

associated genes. Similar to other LuxI/LuxR quorum sensing systems, cepR regulates 

expression of various genes including cepI and itself (39).  Various Burkholderia strains 

encode multiple CepI/CepR systems which are associated with different and specific AHL 

molecules (39, 195, 229, 230). Quorum sensing regulation is associated with global gene 

expression changes. In B. thailandensis the CepR/CepI system homolog activates the 

expression of the CDI bcpAIOB operon, although it is unknow if the regulation is direct 

(195). 

1.5.2. Community outcomes  

Bacteria have been shown to interact in highly diverse communities, including 

formation of biofilms between different species and different Gram classes (231–233). 

Biofilms are commonly used as an indicator of community behaviors even though diversity 

of the makeup can include both inter- and intra-bacterial species. Perfect cooperation in 

biofilms is predicted when they contain a single strain with high genetic relatedness (234).   

Biofilms are defined as a 3D structure assembled by bacteria embedded in an 

extracellular matrix. Due to the 3D structure and lifestyle required for a biofilm, the 

assembled bacteria exist in a heterogeneous environment and bacteria in different regions 
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of a biofilm have different functions. The various groups within a biofilm present different 

traits (235, 236). Internal subpopulations of the assembled structure are protected from 

environmental stresses and are thought to be, in part, the reason biofilm infections are 

difficult to cure by antibiotic treatment (236–238). In fact, biofilm formation is 

hypothesized to play a role in Bcc multi-drug resistance and persistence of infection in 

patients with CF (239, 240).  
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1.6. Overall Hypothesis  

Primarily using the pathogenic bacteria species, B. dolosa, experiments will test the 

hypothesis that Burkholderia-type CDI requires; 1) BcpA functional regions for 

translocation from the donor cell to the recipient cell, and 2) CDI system-specific recipient 

cell susceptibility factors.  
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Figure 1.1.Major, unweighted, grouping of Burkholderia species. 
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Figure 1.1. Major, unweighted, grouping of Burkholderia species. 

Groups are organized based on the 16S rRNA-based phylogenetic tree. The species 

grouping is unweighted. Species most commonly associated with human infections are in 

bold. Bacterial species that contain CDI encoding strains referenced in this body of work 

are denoted with an asterisk (*). Acronyms used are Burkholderia cepacia complex 

members (Bcc), and Burkholderia pseudomallei complex members (BPC). The groupings 

are non-exhaustive lists. (193, 241, 242) 
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Figure 1.2. Model of contact-dependent system encoding loci and basic components 

donor and recipient cell components. 
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Figure 1.2: Model of contact-dependent system encoding loci and basic components 

donor and recipient cell components. 

A) The organization of E. coli-type and B) Burkholderia-type contact-dependent growth 

inhibition (CDI) encoding loci. Corresponding homologues genes are color-coordinated 

for comparison of locus organization between the two locus-types. The exoprotein toxin 

(cdiA/cpA) is divided into the filamentous N-terminal region (green) and the catalytically 

active, ~300aa, C-terminal domain (red). N -terminus and C-terminus are distinguished 

by the corresponding conserved amino acid sequences (E. coli-type, VENN; and 

Burkholderia-type, Nx(E/Q)LYN). C) The CDI+ donor cell native protein localization of 

the CDI two-partner secretion system (TPS). Proteins and specific domains are color 

coordinated with the corresponding Burkholderia-type genes. Outer membrane (OM) and 

inner membrane (IM) of the donor bacterium are in grey. D) The basic model for CDI. 

The C-terminus of an exoprotein toxin (BcpA/CdiA) of CDI+ donor bacteria is delivered 

into the cytoplasm of recipient/neighboring bacterium to then, typically, nuclease 

activities such as degrading DNA, tRNA, or RNA. Kin-bacteria produce an immunity 

protein (BcpI/CdiAI) that if present, will protect against BcpA-mediated growth 

inhibition. Adapted from Aoki et al., 2010; Anderson et al., 2012; Nikolakakis et al., 

2012; Ruhe et al., 2018 (183, 185, 187, 190). 
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Chapter 2: Methods 

 

2.1. Bacterial strains and culture conditions 

Burkholderia strains and E. coli strains used in this body of work are listed in 

appendix B and were cultured in low-salt (0.5% NaCl) Luria-Bertani medium (LSLB). 

Plasmids were maintained in Escherichia coli DH5α and delivered to B. dolosa using 

conjugation donor strain E. coli RHO3, a 2,6-diaminopimelic acid (DAP) auxotroph (243).  

For selection of Burkholderia strains, LSLB was supplemented with 250-500 μg/ml 

kanamycin, 50-125 μg/ml tetracycline, or 20 µg/ml chloramphenicol (Cm). E. coli strains 

were cultured in LSLB supplemented, where appropriate, with 100 μg/ml ampicillin, 50 

μg/ml kanamycin, 25 μg/ml tetracycline, or 200 μg/ml DAP (185, 188, 193).  

M63 minimal medium (110 mM KH2PO4, 200 mM K2HPO4, 75 mM (NH4)2SO4, 

16nM FeSO4) was supplemented with 1 mM MgSO4 and 0.2% glucose when noted (185, 

188, 193). 

 

2.2. Genetic manipulations  

Plasmids used are listed in Appendix C. Plasmids were verified by DNA 

sequencing (Eurofins Genomics or ACGT, Inc.) and bacterial mutant strains verified by 

PCR.  

In-frame deletion mutations were constructed by allelic exchange using plasmid 

pEXKm5 (243). PCR amplification of two fragments: one fragment ~500bp 5’ to the ORF 

(including the first three codons) and another ~500bp 3’ to the ORF (including the last 

three codons). Plasmids were constructed by either restriction-ligation or using Gibson 
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assembly (Appendix C). For plasmids constructed using restriction-ligation, fragments 

were joined by overlap PCR and cloned into pEXKm5 by restriction digestion. For 

plasmids constructed using Gibson assembly, Gibson assembly kit (Gibson Assembly® 

HiFi 1 Step Kit, Synthetic Genomics Inc.) was used to join the two fragments with 

linearized pEXKm5. Assembly was completed using Gibson Assembly® HiFi 1 Step Kit, 

Synthetic Genomics Inc. reagents, according to the manufacturer’s instructions. Plasmids 

were used for allelic exchange in either E264 strains or AU0158, as described (243). 

Gene disruption mutants were made by cloning 1Kb of the ORF into pEXKM5 

plasmid (243). Plasmids were mated in to integrate within the gene of interest. Gene 

disruptions were confirmed by DNA sequencing.     

Bacterial mutants were marked with antibiotic resistance cassettes by delivering 

pUC18Tmini-Tn-Kan (244) or pUCTet (185) to an attTn7 site within genome of either 

E264 or AU0158. Markers were delivered via triparental mating of E. coli RH03 with 

helper plasmid pTNS3 (245), as previously described. Successful delivery to an attTn7 site 

associated with BDAG_00405 (glmS-1) or BDAG_04221 (glmS-3) for AU0158 or 

BTH_I0288 (glmS-1) or BTH_II0348 (glmS-2) for E264 was confirmed by PCR (185, 188, 

246). 

To complement deletion or transposon mutants, the gene of interest was PCR-

amplified and cloned into an attTn7 site delivery plasmid. ORFs were cloned by restriction 

digestion into pUCS12 (185), 3’ to the strong, constitutive promoter, PS12 (Burkholderia 

thailandensis, E264, rpsL gene promoter), or into pUC (244).  

For complementation of kanamycin-resistant miniTn5 mutants, BDAG_00967, 

BDAG_00966, and a fragment containing both BDAG_00966 and BDAG_00967 in their 
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native orientation were PCR-amplified and cloned 3’ to pUCS12 in the tetracycline-

resistant backbone, pUCTet (185). All genes for complementation were delivered to attTn7 

sites in the genome of either E264 or AU0158 via triparental mating with helper plasmid 

pTNS3 as described (244, 245). 

 

2.3. Interbacterial competition assay 

Interbacterial competition assays were performed as previously described (185, 

187, 188) with modifications. Burkholderia strains carrying antibiotic resistance cassettes 

at attTn7 sites were cultured overnight without antibiotics and resuspended in sterile PBS 

to OD600 0.2 for B. thailandensis E264 strains or OD600 = 2 for B. dolosa AU0158 strains. 

Bacteria were mixed at a 1∶1 ratio, 20 µl of the mixture was plated on LSLB agar without 

antibiotic selection, and plates were incubated at 37°C for 24–26 h, unless otherwise 

indicated. The input ratio (donor:recipient) was determined by plating the co-culture 

inoculum on antibiotic plates. Bacteria were collected from co-cultures with a sterile loop, 

diluted in sterile PBS, and plated on LSLB with antibiotic selection to quantify each strain. 

The competitive index (CI) was calculated as the ratio of the donor strain to the recipient 

strain at 24 h divided by the input (donor:recipient) ratio.  

For bacterial competitions between tetracycline-resistant donor strains and 

recipient strains resistant to both kanamycin and tetracycline, donor strain CFUs were 

calculated by subtracting the recipient (kanamycin-resistant) CFUs from the total 

(tetracycline-resistant) CFUs prior to CI calculation. Two to three independent experiments 

with 3 biological replicates. 
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For competitions in liquid cultures, bacteria were cultured overnight, washed with 

PBS, and diluted to OD600 = 2 in fresh LSLB medium. Strains were mixed at a 1∶1 ratio 

(final volume of 2 ml) without antibiotic selection and cultured for 24 h at 37°C. Aliquots 

were taken at 0 h and 24 h, diluted in PBS, and plated on LSLB with antibiotic selection to 

determine the CFU per ml of each strain in the competition. At least two independent 

experiments were performed in triplicate. 

 

2.4. Motility assay 

Motility was separated into swimming (mimicking movement through liquid-like 

environments) and swarming (mimicking movement over surfaces, determined by the 

percent agar in the culture plates). Swimming motility was measured on 0.3% agar plates, 

and swarming motility was measured on 0.6% agar plates. Pipetted 20μL of 

overnight cultures at 0.2OD600 in the center of low-density TSB with 1% glucose. 

Growth from the confluent area of a freshly cultured plate was inoculated into the 

center of the swimming motility agar plates. Motility plates were then incubated at room 

temperature for 24h and 48h. The diameter of the colonial growth from the initial 

inoculation site was measured at 24h and 48h.  

 

2.5. Crystal-Violet staining assay 

Overnight cultures were diluted in TSB with 1% glucose and pipetted into wells of 

a 96-well PVC plate. Plates were incubated 48 hours at 37°C, in humid container. 

Unattached bacteria were washed with DI water. Biofilms were stained with 0.5% crystal 
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violet (CV) and excess stain was washed away and let to air dry. CV stain was solubilized 

with 33% acetic acid. The solution was transferred to a flat bottom plate, and then 

solubilized staining was quantified by measuring OD540 (247).  

 

2.6. Microscopy 

Static biofilms were setup with overnight cultures diluted into TSB with 1% 

glucose to have 0.02 OD600. Pipetted 400μL of diluted cultures into 4 wells of a 4-well 

glass chamber slide (Lab-Tek) and incubated for 48h at 37°C. At 24h spent media was 

removed and 400μL of fresh TSB with 1% glucose was added to each chamber. After 48h, 

non-adherent bacteria were removed by three washes with PBS. Following the washes, the 

biofilms were overlaid with 400µl PBS. Static biofilm for confocal imagining adapted from 

Schaefers et al., 2017 (247). Confocal laser scanning microscopy with a Leica SP8 using a 

20x objective lens was used to image slides. Collected Z stacks were processed with and 

quantified with COMSTAT program (248). 

 

2.7. Immunoblotting  

Bacteria were cultured overnight in LSLB, pelleted, and resuspended in 2× SDS 

PAGE loading buffer to OD600 = 50. For full length BcpA Western blots, samples were 

boiled and 10µl were loaded in the wells of a 5% SDS PAGE gel. 5% SDS-PAGE gels 

were run at 100V for 6 h. For BcpA banding comparison Western blot, 10µl of samples 

were loaded into the wells of 10-20% SDS-PAGE Tris-glycine gels (Invitrogen, TM.) 10-

20% SDS-PAGE gels were run for 1.5 h at 100V. Samples were then transferred to 

nitrocellulose and probed with Rabbit polyclonal αBcpA-CT (B. thailandensis E264 BcpA 
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C-terminal toxin) antibody at 4∶25,000 and fluorescent secondary goat-αrabbit IgG at 

1∶15,000. Images were acquired on a Li-Cor (Odyssey) with software Odyssey v3.0. or 

Bio-Rad ChemiDoc imaging system.  

 

2.8. Dot Blots  

Overnight cultures were washed in PBS and duplicate samples were resuspended 

to an OD600 of 4.0. One set of samples was boiled for 5m (lysate). Five microlitres of 

each sample (whole cells and lysate) were pipetted onto nitrocellulose and air-dried. 

Membranes were processed as described above, probed with αBcpA-CT (E264 BcpA C-

terminal toxin) at 1:1000 followed by secondary αRabbit antibody and detection as 

described with on a Li-Cor (Odyssey) with software Odyssey v3.0 (209). 

 

2.9. Transposon mutagenesis selection 

Random transposon mutagenesis of AU0158 Δbcp-1 Δbcp-2 double mutant was 

made by delivering pUT-miniTn5-Kn by conjugation (203, 249). The mating was 

collected, serially diluted in PBS, and plated on LSLB with 250 μg/ml kanamycin to select 

for transposon insertion mutants. Isolated colonies were pooled in LSLB with 15% glycerol 

for storage of the transposon mutant library at -80°C. 

For selection of CDI resistant mutants, sequential interbacterial competition assays 

were used (203). In brief, 20 µL of the transposon pool was inoculated into 25 ml LSLB 

with 250 µg/ml kanamycin and cultured overnight. Tetracycline-resistant donor strains 

Δbcp-1 or Δbcp-2 were cultured overnight in 2 ml LSLB with 50 µg/ml tetracycline. 

Cultures were pelleted via centrifugation at 15,000 × g for 5 min and resuspended in sterile 
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PBS to OD600=2. Inter-bacterial competition assays were performed as described below 

with the transposon pool (recipients) mixed 1:1 with either donor strain. Input ratios were 

determined by serially diluting the initial mixture and plating dilutions on antibiotic plates. 

For competitions, 20 µl of the mixture was spotted on LSLB agar (without antibiotics) in 

triplicate, air dried, and incubated at 37°C for 48 h. Co-cultures were collected with a sterile 

loop, serially diluted in sterile PBS and plated on antibiotic plates to determine the output 

competition ratios. Kanamycin-resistant recipient colonies were collected from output 

plates and pooled from all replicates in LSLB with 15% glycerol for storage. This output 

pool of transposon mutants was used to inoculate fresh LSLB (25 ml) and was re-competed 

against the appropriate donor strain in the next round of selection. In total, three rounds of 

competition selection were performed. 

 

2.10. Arbitrary PCR 

Transposon insertion sites of CDI-resistant mutants were determined using 

arbitrary PCR, as described (203, 250). Genomic DNA was extracted from transposon 

mutants and wild-type AU0158 strain (as a control) using the Wizard® Genomic DNA 

Purification system (Promega) according to the manufacturer’s protocol. Nested arbitrary-

primed PCR was performed using this genomic DNA as template with primers Arb1 

(arbitrary primer) and Tn3out (first round primer annealing to the 3’ end of the transposon). 

PCR products were treated with ExoSAP-IT™ PCR Product Cleanup Reagent (Applied 

Biosystems) and used as templates for the second, nested PCR reaction with primers Arb2 

and Tn3in. Second-round PCR products from transposon mutants were compared to the 

wild-type AU0158 negative control by agarose gel electrophoresis and treated with 
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ExoSAP-IT™. The transposon-chromosome junctions in the second-round PCR products 

were sequenced with primer Tn3seq and transposon-disrupted genes identified by BLAST 

analysis. 

 

2.11. Growth curves 

Overnight cultures were pelleted via centrifugation at 15,000 × g for 5 min and 

resuspended in sterile PBS. LSLB (25 ml) was inoculated to OD600 = 0.025. Cultures were 

grown at 37°C on a shaker for 24 h with periodic OD600 measurements. Two independent 

experiments were performed in duplicate.  

 

2.12. Auxotrophic growth cultures  

Bacterial cultures were grown overnight in LSLB at 37°C. Cultures were then 

washed in PBS and resuspended to an OD600= 2. Resuspended cultures then inoculated 2ml 

of M63 for OD600= 0.002. Selected cultures were then supplemented with L-histidine to = 

0.1mM. Cells were grown for an additional 24 h at 37°C and then imaged. Histidine 

auxotrophic growth assay adapted from Price, et al., 2018 (251). Two independent 

experiments were performed in duplicate.  

 

2.13. Whole genome re-sequencing 

Genomic DNA was extracted from transposon mutants and AU0158 Δbcp-1 Δbcp-

2 (as a control) using the Wizard® Genomic DNA Purification system (Promega) 

according to the manufacturer’s protocol. Whole genome sequencing was done using 
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services from two different companies, ACGT,Inc., and Microbial Genome Sequencing 

Center LLC (MiGS, LLC). In brief, DNA sequencing libraries were constructed as per 

manufacturer’s instructions (Illumina, Inc). The libraries were bar-coded with index tags. 

Libraries were sequenced using NextSeqTM 200 systems (Illumina, Inc) for MiGS, LLC 

and NextSeqTM 500 systems (Illumina, Inc) for ACGT, Inc. to generate reads. Reads were 

mapped against the National Center for Biotechnology Information (NCBI) genome 

database for Burkholderia dolosa AU0158 genomic chromosomes to identify unique 

mutations.  

Sequencing results are compiled in Appendix E. 

Whole Genome Sequencing performed at ACGT, Inc., 35 Waltz Drive, Wheeling, IL 

60090 USA.  

Whole Genome Sequencing performed at Microbial Genome Sequencing Center LLC, 355 

Fifth Avenue, Suite 810, Pittsburg, PA 15222 USA.  

 

2.14. LPS extraction and analysis  

Cells were cultured overnight in LSLB medium, and lipopolysaccharides (LPS) 

were extracted from pellets equivalent to OD600 of 2.0 per manufacturer's instructions using 

an LPS Extraction Kit (iNtRON Biotechnology). Extracted LPS was resuspended in 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer 

and equal amounts of LPS (equivalent to that extracted from OD600 of 0.5) were analyzed 

by SDS-PAGE on Novex 10-20% Tricine Gels (InvitrogenTM). The LPS was visualized 

using Molecular Probes' proprietary Pro-QTM Emerald 300 LPS Gel Stain Kit 

(InvitrogenTM), per manufactures instructions, on a Gel Doc EZ Imager (Bio-Rad). 
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2.15. β-galactosidase assays 

Mitomycin C (MMC) induced DNA damage assay - Reporter strains were grown 

overnight in LSLB at 37°C. Inoculate 2ml LSLB cultures with 20𝜇l of overnight cultures 

and incubate at 37°C for 4h. To the MMC treated samples add 20 𝜇l of 5𝜇g/ml MMC, then 

incubate at 37°C for an additional 2h. Dilute cultures into 1:10 Z+ buffer (15ml Z buffer 

(6mM Na2HPO4, 4mM NaH2PO4, 1mM KCl, 0.1mM MgSO4) + 40.5µlβ-mercaptoethanol 

(β-ME)). MMC DNA damage assay adapted from Ulrich R. L., et al., 2013 (252). 

BcpA induced DNA damage assay - From an overnight culture, spot 20𝜇l of reporter 

strains onto LSLB plate, air dry, and incubate at 37°C overnight. Harvest sports and 

resuspend in 1:10 Z+buffer (15ml Z buffer (6mM Na2HPO4, 4mM NaH2PO4, 1mM KCl, 

0.1mM MgSO4) + 40.5µl β-mercaptoethanol (β-ME)). 

Once reporter strains are diluted into Z+ buffer, 250µl of each culture were pipetted 

into a 96-well plate. The remaining 750µl of culture was treated with 10µl of 

0.1%SDS+50µl chloroform to permeabilize the cells. 250µl of diluted permeabilized cells 

(50:150 Z+ buffer) was then pipetted into remaining well in the 96-well plate. Using 

Molecular Devices SpectraMax 5M plate reader and SoftMax Pro software, endpoint of 

600λ was read on the non-permeabilized cell wells to determine the OD600. 50µl of ortho-

Nit (50µl of ortho-Nitrophenyl-β-galactoside (ONPG)) was then added to each of the 

permeabilized cell wells. β-galactosidase activity was determined by measuring 

colorimetric substrate production at 420λ 5m every 30s by SpectraMax plate reader. Miller 

units were then calculated using the reads from SoftMax software output data.  
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T= time in min. Pick a time point from OD420 run, that would be within linear range of 

OD420 vs. Time well was measured 

β-galactosidase assay controls include promoterless lacZ in the pUC backbone 

(promoterless-lacZ) and overexpression under the S12 constitutive promoter in pUCS12 

backbone (lacZON) (210). β-galactosidase assay protocol adapted from Garcia, E. C., et al., 

2016 (210) 

 

2.16. β-galactosidase co-cultures assay 

Reporter strains were cultured overnight in LSLB at 37°C, washed in PBS, and then 

resuspended to a 0.2OD600. For co-cultures between donor and recipients (marked with 

lacZ) were mixed at a 1:1 ratio and 20µl were spotted onto M63-Xgal plates. Plates were 

air-dried and incubated 24 h at 37°C, followed by an additional two days at room 

temperature and then imaged (210).  

 

2.17. Bioinformatics and statistics 

Burkholderia BcpA amino acid sequences are from the National Center for 

Biotechnology Information (NCBI) genome database. Amino acid sequencing either was 

of the BcpA proteins or BcpA through the BcpI protein sequences. Alignments were 

curated using the ClustalW alignment function in Geneious (v.6.1.8) (253). Protein 
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structure predictions were conducted using the Phyre2 online server (254). Native 

promoters were identified using Softberry BPROM Operon and Gene Finding in Bacteria 

2016 (255). Burkholderia homologs were identified using the NCBI BLASTP suite and 

the Burkholderia Genome Database (256). One-way ANOVA with Tukey tests were 

performed on all data sets. All statistics were performed with GraphPad Prism (v.6) (257). 
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Chapter 3: Optimization of assays to compare B. dolosa CDI system function.  

 

3.1. Summary  

B. dolosa expresses two CDI system-encoding loci under laboratory conditions 

(188). I hypothesized that each CDI system would have distinct differences in the ability 

to outcompete one another and to form biofilms. B. dolosa BcpA-1 is associated with a 

stronger CDI dependent killing against a CDI-sensitive mutants during independent 

studies. However, when Bcp-1 and Bcp-2 were in competition against one another, they 

remained near a 1:1 ratio indicating that neither were strong enough to outcompete the 

other. Competition outcomes between Bcp-1 and Bcp-2 could be affected by growing 

cultures in antibiotics prior to setting up competitions. Similar to other Burkholderia, 

AU0158 cannot perform CDI-dependent killing in liquid cultures. Furthermore, 

competitions restricted to solid media can continue for 24h to 48h with no significant 

change in the competitive index. There were no significant differences identified in biofilm 

formation between wild-type (WT) bacteria and the single mutants by either crystal violet 

staining or confocal imaging. The biofilm biomass calculated from confocal imaging 

identify that deletion of both bcpAIOB-1 (Δbcp-1) and bcpAIOB-2 (Δbcp-2) had a partial 

inhibition in biofilm formation compared to WT strains. Finally, constitutive production of 

either Bcp-1 or Bcp-2 resulted in significant inhibition in biofilm formation and swimming-

associated motility.  
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3.2. Introduction  

In addition to the two classes of CDI systems, Burkholderia-type and E. coli-type, 

each can be further broken down into sub-classes. Focusing on Burkholderia-type, the 

classes are separated into class I and class II. Class distinction is determined on three 

components; the amino acid sequence of BcpB, BcpO, and the conserved N-terminal 

region of BcpA. Within class I, the BcpO proteins contain a conserved C-terminus region 

with a variable region in the N-terminal signal sequence, typically ~20aa long (185, 187, 

192). The variable N-terminal signal sequence of BcpO correlates with the allele specific 

variability of BcpA C-terminus and BcpI (185, 192). These findings indicate that the class 

I BcpO proteins are most likely functionally identical. The bcpO genes in class II CDI-

systems have little to no similarity across the different alleles (185, 192).  

B. thailandensis and B. pseudomallei class I CDI systems of are the most well 

characterized for Burkholderia-type. Functional CDI system chimera was created by 

exchanging B. pseudomallei BcpA C-terminus and associated BcpI  with the corresponding 

genes in B. thailandensis; the chimeric system could still kill competing bacteria in a CDI 

dependent manner (185, 192). Similar studies have found that functional chimeric CdiA/I 

(or BcpA/I) mutants can be created by fusing the modular C-terminal CdiA/CdiI following 

the conserved pre-toxin motif (either VENN, or N(Q/E)LYN) (183, 184, 187, 192, 193). 

Functional chimeras seem to be restricted to BcpA C-terminus/BcpI from the same class 

(187, 193, 194).  

B. dolosa AU0158 contains three CDI system encoding loci, bcpAIOB-1 (bcp-1), 

bcpAIOB-2 (bcp-2), bcpAIOB-3 (bcp-3). The Bcp-1 system is a member of class I, and the 

variability regions have high amino acid identity to B. thailandensis E264 CDI proteins. 
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AU0158 Bcp-2 and Bcp-3 are both designated under class II. As expected from the 

definition for each class, the conserved regions of BcpA-2 and BcpA-3 are highly similar 

sharing an overall identity of 79.9%, while the variable C-termini share 19.9% identity. All 

three BcpA C-terminal toxins are predicted to be nucleases. Although the Bcp-3 CDI 

system can kill competing bacteria in a CDI-dependent manner, under laboratory 

conditions, this locus is not expressed. BcpA-1 was hypothesized to be more toxic than 

BcpA-2, determined by the competitive index measured for each donor strain when 

competed against a CDI-sensitive recipient. Although direct comparisons were not made 

(188). 

Many bacteria utilize CDI systems to aid in biofilm formation either directly or 

indirectly. Bacteria can utilize CDI to kill non-kin bacteria and then signal for community 

behaviors such as biofilm formation (192, 209, 210). B. thailandensis and Pseudomonas 

aeruginosa PA01, (209, 210, 212). In Acintobacter bamannii DSM30011 two identified 

CDI systems were found to (194). Clinical isolates of in vitro (247). The goal of this 

research was to determine if Bcp-1 or Bcp-2 play a role in B. dolosa AU0158 biofilm 

formation.  

 Due to the lack of expression of bcp-3 under laboratory conditions, comparisons 

were focused on the CDI-systems expressed by bcp-1 and bcp-2. As only one study has 

focused on B. dolosa CDI systems, further characterization Bcp-1 and Bcp-2 would be 

benificial to the understanding of these systems. Mathematical modeling of CDI systems 

predicted that one system will outcompete another and result in kin selection (207). I 

hypothesized that the competitive indices, motility, and biofilm formation will differ 

between B. dolosa AU0158 Bcp-1 and Bcp-2 systems.  
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3.3. Results 

3.3.1. B. dolosa CDI systems function similar to CDI systems of other 

Burkholderia species.  

 CDI systems in Burkholderia species function similar to their E. coli homologs 

(181, 185, 187). However, differences in the mechanisms of the CDI systems distinguish 

the bacterial species from one another. E. coli CDI can be carried out in liquid cultures and 

on solid media (185, 197). B. thailandensis (E264) had no growth inhibition in liquid 

cultures; competition was observed after 6h on solid media (192). Data for this observation 

were not shown (185, 192). As E264 BcpA and AU0158 BcpA-1 share 83.0% amino acid 

identity, it is likely similar environmental competition limitation would be seen. B. dolosa 

AU0158 produces two highly variable CDI systems. The N-terminus is conserved 

throughout Burkholderia species and yet BcpA-1 and BcpA-2 N-termini only share 38.7% 

amino acid identity (Figure 3.1A). The current model based on E. coli proposes the N-

terminus contains a domain that determines the strength of BcpA/CdiA and recipient cell 

receptor binding (190). To determine if Bcp CDI systems can intoxicate recipient cells in 

liquid and solid media, competitions with WT donor cells were competed against either 

Δbcp-1 or Δbcp-2 recipients with and without cognate bcpI. Bacterial competitions were 

conducted in triplicate with initial input ratios of 1:1 donor/recipient. Competitions were 

harvested, and the competitive index is calculated by antibiotically differentiating donor 

and recipient colony forming units (CFUs). 

In both competitions done in liquid cultures with WT bacteria co-cultured with 

either Δbcp-1 or Δbcp-2 recipients, no competition was observed with donor and recipient 

cells remaining at 1:1 ratio (Figure 3.1BC). On solid media WT strains outcompeted Δbcp-
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1 recipient by an average of 4.7 logs. Similar results were observed with WT bacteria 

outcompeting Δbcp-2 recipients by an average of 3.2 logs (Figure 3.1BC). WT bacteria 

remained near a 1:1 ratio with recipient cells expressing cognate immunity genes on solid 

media, as expected. These data indicate that AU0158 cannot carry out CDI competitions 

in liquid cultures for either Bcp-1 or Bcp-2 systems.  

 In previous studies Burkholderia competition assay protocols differ in the amount 

of time input co-cultures were incubated for prior to the competition harvest. Initial co-

culture incubation times range from 6h to 48h and with most incubating for 24h (185, 187, 

188, 192). To determine if B. dolosa AU0158 required 48h to carry out comparable 

competition outcomes, sets of input competition plates were incubated for 24h and 48h 

before harvest. Competitions using either Δbcp-1 or Δbcp-2 as donors were competed 

against WT, Δbcp-1, Δbcp-2, Δbcp-1Δbcp-2, and Δbcp-1Δbcp-2 expressing gfp (Δbcp-

1Δbcp-2+gfp) strains. The competitive index for both Δbcp-1 and Δbcp-2 donor 

competitions trends were similar (Figure 3.2AB). WT donor cells outcompeted both Δbcp-

1 and Δbcp-2 average of 2.7 logs and 1.7 logs respectively. There was no significant 

difference in competition output when left to incubate for 24h or 48h. The Δbcp-1 donor 

outcompeted Δbcp-1Δbcp-2, and Δbcp-1Δbcp-2+gfp by an average of 2.6 and 2.7 logs 

respectively. As with WT bacteria, there was no significant difference in the competitive 

index when left for 24h or 48h. Furthermore, expression of gfp in bacteria has been shown 

to alter growth and can result in a different phenotype than bacteria expressing an empty 

antibiotic-tagged vector alone (258). Our data suggests that in competition against BcpA-

1 toxins, the production of GFP in the recipient cell does not alter sensitivity (Figure 3.2A). 

Similar results were seen with BcpA-2 donor cells outcompeting Δbcp-1Δbcp-2 mutants 
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by 2.7 logs regardless of presence of GFP or being harvested at 24h or 48h (Figure 3.2B). 

These data support that AU0158 CDI occurs within 24h and additional incubation 

extending up to 48h does not change the competitive index for either BcpA-1 and BcpA-

2. Additionally, production of GFP in recipient cells does not seem to alter sensitivity to 

BcpA-1 or BcpA-2.  

3.3.2. Growth in antibiotic cultures prior to input competitions alter the 

competitive index.  

 To compare the extent to which individual a bcp locus can carry out CDI, WT donor 

cells were competed against Δbcp-1, Δbcp-2, and Δbcp-1Δbcp-2 mutants. WT bacteria 

produce both Bcp-1 and Bcp-2 CDI systems. Competing WT cells against individual locus 

deletion mutants indicate the competitive strength of each locus because the recipient 

single mutants will be producing one of the CDI systems including the protective cognate 

immunity and only be susceptible to CDI from the other BcpA toxin. There was no 

significant difference between the single mutants and their susceptibility, with WT bacteria 

outcompeting the Δbcp-1 mutant by 2.9 logs and Δbcp-2 mutant by 2.7 logs. When WT 

strain was competed against the double deletion mutant, Δbcp-1Δbcp-2, the WT strain 

outcompeted by an average of 4 logs. Taken together this data indicates that an individual 

BcpA is no stronger than the other in B. dolosa. Additionally, expression of both bcpI-1 

and bcp-2 CDI loci produce an additive phenotype nearly doubling the competitive index 

when competed against Δbcp-1Δbcp-2 (Figure 3.3A). 

Competition mathematical modeling of CDI indicate that one system will 

outcompete another and result in kin selection (207). Following this model, one of the CDI 
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systems should be more toxic than the other when competed against one another. 

Competitions were set up with single mutants competed against themselves, the other 

single mutant, Δbcp-1Δbcp-2, and Δbcp-1Δbcp-2 expressing either bcpI-1 or bcpI-2. As 

expected, when Δbcp-1 was competed against itself or Δbcp-1Δbcp-2 expressing bcpI-2, 

mutants remained at a near 1:1 ratio. When Δbcp-1 was competed against Δbcp-1Δbcp-2, 

Δbcp-1 outcompeted by an average of 2.3 logs. A small but significant increase in the 

competitive index was observed by Δbcp-1 out competing Δbcp-1Δbcp-2+bcpI-2 by an 

average of 2.8 logs (Figure 3.3B). These results are similar to what was observed when 

WT bacteria competed against Δbcp-2, indicating that the experimental setup is 

comparable to one another (Figure 3.3AB). Interestingly, when Δbcp-1 was competed 

against Δbcp-2, Δbcp-1 had a competitive index of 1.2 logs, indicating that BcpA-2 is the 

stronger toxin. However, when Δbcp-2 became the donor, BcpA-1 outcompeted BcpA-2 

by 2.6 logs (Figure 3.3C). These data were conflicting because the only difference between 

competitions were the antibiotic markers to identify donor from recipient. These results 

were further confirmed in a similar study Δbcp-1 against Δbcp-2 in conjunction with one 

another. Competitions were done in which the donor bacteria were tagged with tetracycline 

and recipients with kanamycin. In both cases tetracycline resistant donors Δbcp-1 and 

Δbcp-2 outcompeted the kanamycin recipients by 1.9 logs and 2.1 logs, respectively. There 

was no significant difference between Δbcp-1 marked with tetracycline competed against 

kanamycin marked Δbcp-2 from that of the reversed antibiotic resistance marked 

donor/recipient (Figure 3.3D). I hypothesized that the antibiotics the bacteria were grown 

overnight in, prior to competition input, effected the competitive index results.  
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To determine the extent to which supplementing overnight cultures with antibiotics 

influence the competitive index output, a similar experiment as described for Figure 3.3D 

was setup. Modification to the previous experiment included having one set of overnight 

cultures supplemented with antibiotics and the other set of cultures without antibiotics. As 

seen in the previous experiment, there were no significant difference between Δbcp-1 and 

Δbcp-2 tetracycline donors against the opposite with kanamycin (Figure 3.3E-left panel). 

There was a significant difference between competitions setup in antibiotics and 

competitions setup without antibiotics in the overnight cultures. When Δbcp-1 

(tetracycline) was competed against Δbcp-1 (kanamycin) from overnight cultures with 

antibiotics, Δbcp-1 (tetracycline) outcompeted Δbcp-1 (kanamycin) by an average of 0.91 

logs. However, when the same competition was setup without antibiotics in the overnight 

cultures Δbcp-1 (tetracycline) was outcompeted by Δbcp-1 (kanamycin) by an average of 

0.25 logs (p<0.001). Similar results are seen with the antibiotic markers swapped.  When 

Δbcp-2 (tetracycline) was competed against Δbcp-1 (kanamycin), from antibiotic 

supplemented cultures Δbcp-2 outcompeted Δbcp-1 by 0.95 logs and without antibiotics 

by 0.11 logs (p=0.0006) (Figure 3.3E). Taken together these data suggest that when donor 

cells resistant to tetracycline are grown in antibiotic media prior to competition, they are 

given a competitive advantage and that these results are specific to BcpA-1 against BcpA-

2 CDI competitions.    

3.3.3. Expression of a singular BcpA protein does not alter motility or biofilm 

formation.   
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 Gram-negative bacteria utilize CDI systems as means of kin cooperation in addition 

to direct non-kin killing. In many cases biofilm formation and motility regulation are 

inversely related (194, 207–209, 212). Motility can be broken down into swimming and 

swarming phenotypes. Swimming is associated with an individual bacterium in response 

to receiving a chemical signal, chemotaxis. Swarming is characterized by a social motility 

of bacteria to migrate above solid substrates in groups of tightly bound cells (259, 260). To 

determine the role of BcpA in B. dolosa, swimming and swarming assays were performed 

on Bcp mutants and diameter of the bacteria growth measured after 24h and 48h. 

Swimming plates of 0.3% of agar allow for bacteria to move freely from the initial position. 

Swarming is identified by the ability to move on 0.6% agar plates requiring the bacteria to 

adapt locomotion machinery to achieve a specialized form of flagellum-driven and surface-

adhering motility. Results found that neither presence nor absence of BcpA production 

under native expression altered swimming or swarming phenotypes, while overexpression 

of BcpA-1 diminished swimming phenotype. At 24h overexpression of BcpA resulted in a 

diameter less than half, at an average of 7.5mm compared to the average of native 

expressing bcp loci of 22.6mm in diameter (Figure 3.4A). BcpO in competition has shown 

to aid in BcpA CDI efficiency. However, BcpO does not play a role in altering motility as 

shown by ΔbcpO mutants having no significant difference in ability to swim than the BcpA 

differentially regulated mutants. Swarming was unaffected by differential expression of 

either BcpA-1, BcpA-2, or presence of BcpO both at 24h and 48h (Figure 3.4B).  

Biofilm formation often is inversely associated with swimming because biofilms 

require bacteria to adhere to a surface to develop the biofilm matrix. To determine if BcpA 

overexpression would inhibit biofilm formation as hypothesized, strains were grown to 
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allow for static biofilm formation. Using crystal violet staining to determine biomass, 

absorbance of crystal violet (at λ540) was measured and normalized to the inoculated free 

media blank. There were no significant differences in crystal violet absorbance comparing 

WT, Δbcp-1, Δbcp-2, and Δbcp-1Δbcp-2 strains (Figure 3.5). These results are consistent 

with the swimming assay trends as CDI systems did not seem to influence either ability 

(Figure 3.4A). However, overexpression of either bcp-1 or bcp-2 were recorded with an 

absorbance significantly lower than seen with WT bacteria. Absorbance associated with 

biomass average for WT strains were 2.12nm, Δbcp-1ON mutants were 1.53nm, and Δbcp-

2ON mutants were 1.18nm. There was no significant difference in absorbance measured 

between Δbcp-1 and Δbcp-2 strains under their native promoters (Figure 3.5). These data 

suggest that overexpression of either BcpA-1 or BcpA-2 inhibits both swimming motility 

and biofilm formation. Expression under native promoters or deletions for both BcpA-1 

and BcpA-2 did not alter biofilm formation or swimming motility.  

The previous experiments found no significant differences between BcpA-1 and 

BcpA-2 for motility or biofilm formation. Next, we asked if there would be architectural 

differences in the biofilms between the different CDI-system mutants. Using confocal 

microscopy to visualize the gfp-expressing mutants, Z-stacks of biofilms from WT, Δbcp-

1, Δbcp-2, and Δbcp-1Δbcp-2 bacteria were compiled. The structure of the B. dolosa 

biofilms were unique in comparison to the architecture of other Burkholderia species 

biofilms (192, 209, 239, 240, 261). A literature search found a study on B. dolosa biofilm 

formation and oxygen-sensing two component systems which included B. dolosa confocal 

biofilm images (247). Confocal microscopy of the B. dolosa biofilms in the reported study 

are consistent with the structures seen in our microscopy images. In the confocal Z-stack 
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images, there is a monolayer of cells that adhered to the slide which then would grow to 

form a mushroom-like biofilm. The biofilms have a small stalk connecting the monolayer 

to a larger cluster of cells forming at the ‘top of the mushroom’ (Figure 3.6A). Analysis 

software used to determine differences in structure had high variability between Z-stack of 

the same mutant and was not consistent between experiments (data not shown). Due to this 

limitation, quantitative structural differences in the biofilm formation of WT, Δbcp-1, 

Δbcp-2, and Δbcp-1Δbcp-2 strains could not be confidently determined. However, the 

software was able to quantify biomass from the confocal Z-stacks. WT, Δbcp-1 and Δbcp-

2 strains did not have any significant differences in biomass, measuring at an average of 

40.55 mm3, 31.16 mm3, and 28.28 mm3, respectively. I was able to determine that Δbcp-

1Δbcp-2 is partially inhibited in biofilm formation in comparison to WT bacteria with 

biomass averaging 19.46 mm3 (Figure 3.6B).  As confocal microscopy is more sensitive, 

small differences in biomass can be identified clearer than in crystal violet staining assays 

(262, 263). Taken together, these data suggest that biofilm formation is partially inhibited 

in the absence of both BcpA-1 and BcpA-2. Expression of at least one bcpAIOB encoding 

system is sufficient for equivalent WT levels of biofilm formation.  
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Figure 3.1. Determine differences of environmental limitations between class I and 

class II CDI systems. 
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Figure 3.1. Determine differences of environmental limitations between class I and 

class II CDI systems.  

A) Alignment of B. dolosa AU0158 CDI systems toxin, BcpA, and immunity, BcpI, amino 

acid sequences. Top) BcpA-BcpI from locus 1. Bottom) BcpA-BcpI from locus 2.  

Interbacterial competition assays between B) ∆bcp-1 and with cognate bcpI or C) ∆bcp-2 

and with cognate bcpI recipient bacteria. Symbols represent competitive index values from 

multiple (2) biological replicate and bars show the mean (n=5-6). Dashed line shows 

competitive index = 0 (1:1 ratio of donor to recipient). The competitive indices were 

calculated as (output donor CFU/recipient CFU) divided by (input donor CFU/recipient 

CFU). The open symbols represent competitions performed in liquid overnight co-cultures 

and the grey symbols represent competitions with co-cultures plated on solid media low 

salt-LB. A one-way ANOVA was used to report significance (ns; not significant, *; p<0.05, 

**; p<0.005, and ***; p<0.0005). 

A) Adapted from Perault and Cotter, 2018 (188)  
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Figure 3.2. Bacterial competitions co-cultured for 24h and 48h. 

Interbacterial competition assays between A) ∆bcp-1 or B) ∆bcp-2 donor bacteria and the 

indicated recipient bacteria; WT/AU0158, ∆bcp-1 ∆bcp-2, and ∆bcp-1 ∆bcp-2 expressing 

gfp-plasmid. Symbols represent competitive index values from experiment and bars show 

the mean (n=3). Experimental recipient mutants are colored to indicate the length of time 

co-culture competitions were incubated (24h are colored light grey and 48h are dark grey). 

Dashed line shows competitive index = 0 (1:1 ratio of donor to recipient). The competitive 

indices were calculated as described in Figure 1. A one-way ANOVA was used to report 

significance (ns; not significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 3.3.Influence of antibiotic supplemented input cultures on competitive index 

outcomes.  
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Figure 3.3. Influence of antibiotic supplemented input cultures on competitive index 

outcomes. 

Interbacterial competition assays between A) WT/AU0158, B) ∆bcp-1, or C) ∆bcp-2 donor 

bacteria and the indicated recipient bacteria; single locus deletions ∆bcp-1, ∆bcp-2, and 

∆bcp-1 ∆bcp-2. B, C) Recipient mutants additionally include ∆bcp-1 ∆bcp-2 expressing 

either cognate immunity genes, bcpI-1, or bcpI-2. Symbols represent competitive index 

values from multiple (2) biological replicate and bars show the mean (n=6). D) 

Interbacterial competition assays with each donor; WT/AU0158,  ∆bcp-1, or ∆bcp-2 

competed against recipient strains. Competitions using all three donor bacteria were carried 

simultaneously in each biological replicate. Symbols represent competitive index values 

from multiple (2) biological replicate and bars show the mean (n=6). Grey symbols 

represent the same co-culture with the donor, Tet, and recipient, Kan, strains reversed. E) 

Interbacterial competition assays with each donor;  ∆bcp-1, or ∆bcp-2 competed against 

recipient single CDI-system mutants with cognate immunity, ∆bcp-1, ∆bcp-2, ∆bcp-

1+bcpI-1, or ∆bcp-2+bcpI-2. Experimental recipient mutants are colored to indicate the 

donor competed against (∆bcp-1 are colored black and ∆bcp-2 are grey). Symbols represent 

competitive index values from one biological experiment and bars show the mean (n=3). 

Left) input cultures were supplemented with antibiotics, Right) input cultures did not have 

antibiotics. Dashed line shows competitive index = 0 (1:1 ratio of donor to recipient). The 

competitive indices were calculated as described in Figure 1. Input cultures were 

supplemented with 4µl of 125mg of Kan for recipient strains, and 2µl of 50mg of Tet 

antibiotics, unless otherwise stated. A one-way ANOVA was used to report significance 

(ns; not significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 3.4.Motility assay for swimming and swarming. 

Swimming motility measured the diameter of bacterial spread after A) 24 hours and, B) 48 

hours. Swarming motility measured the diameter of bacterial spread after A) 24 hours and, 

B) 48 hours. Each strain started from 20µl spot on the center of plate at 0hours. Data is of 

two biological replicates and bars show the mean (n=4). Overexpression via the S12 

constitutive promoter of bcp-1 locus is denoted as ‘ON’. A one-way ANOVA was used to 

report significance (ns; not significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 

  



59 

 

 

 

Figure 3.5. Influence of CDI-systems on B. dolosa biofilm formation. 

Crystal violet staining assay of B. dolosa for 48 h in TSB+1% glucose supplemented 

microtiter plates. Graph shows OD540λ values of Crystal violet bound cells normalized to 

the average measurement for the blanks (media alone wells). Data is of two biological 

replicate and bars show the mean (n=8). Overexpression via the S12 constitutive promoter 

of either bcp-1 or bcp-2 locus is denoted as ‘ON’. A one-way ANOVA was used to report 

significance (ns; not significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 3.6. Influence of CDI-systems on B. dolosa biofilm architecture. 

A) Confocal laser scanning microscopy of biofilm formation in chambered well by gfp 

constitutive expressed B. dolosa strains. Bacteria were grown for 48h in TSB+1% glucose 

cultures grown in three biological replicate and bars show the mean (n=2 from 2 

experimental replicates). In Z stack renderings cross-sections through the plane parallel to 

the coverslip (shown by large center image). Scale bars represent 20 μm. Images are 

representative. B) For each of the strains in (A), total biofilm mass was calculates using 

COMSTAT analysis of Z stacks collected. A one-way ANOVA was used to report 

significance (ns; not significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 
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3.4. Discussion  

Characterizing the similarities and differences in function of Burkholderia spp. CDI 

systems, particularly their role in bacterial motility and biofilm formation, allows us to 

identify and understand the influence Burkholderia spp. CDI systems. Much is unknown 

about CDI especially in Burkholderia-type systems. Most CDI findings are in B. 

thailandensis E264 or using chimeric C-terminal BcpA/BcpI of other Burkholderia 

species. The studies on characterizing CDI-systems in Burkholderia spp. are primarily 

focused on class I (185, 187, 209).  

Like other Burkholderia CDI systems, B. dolosa cannot perform CDI-associated 

killing in liquid cultures. This environmental limitation could be due to various means; I 

speculate that this is caused by the loss of a specific region in Burkholderia CDI systems 

that are present in E. coli CDI systems. These results are consistent with the current CdiA 

translocation model for E. coli. In this model, the CdiA protein is separated into functional 

regions and mutations are made to identify and characterize the function of each. Within 

the N-terminus of CdiA, there is a predicted outer membrane binding region and following 

is a region enriched for tyrosine (Y) and proline (P) and named YP region. In the Ruhe 

2018 model, the YP region is predicted to stabilize and strengthen the CdiA binding to the 

outer membrane receptor. When YP region was mutated, cell-to-cell interaction was low 

in liquid media, however when competition co-cultures were done on LB solid media, 

mutants were still able to carry out competitions (190). Burkholderia-type CDI systems 

lack the tyrosine-proline rich (YP) region relative to the predicted homologous domains 

between BcpA and CdiA. I suspect the absence of E. coli associated YP region is the reason 

Burkholderia-type CDI system competitions are restricted to solid media. An additional 
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possibility is that the sequence diversity of E. coli and Burkholderia result in a different 

BcpA translocation mechanism from that proposed for E. coli CdiA.  

Competitions by BcpA-1 and BcpA-2 maintained similar competitive index at 24h 

and 48h. B. thailandensis CDI appear starting at 6h and the competitive index continue to 

increase through time point until 24h (163). In a published study of B. dolosa competitions, 

co-cultures were incubated at 37°C for 48h. The reasoning for the prolonged incubation 

was not stated (165). Taken together, these suggest that B. dolosa competitions reach a max 

competitive index and maintain the ratio for at least 48h. Future studies can be performed 

to determine the rate of which B. dolosa CDI phenotypes are observed by harvesting 

competitions at time points between 0h to 48h and calculating the competitive index. I 

hypothesize that similar results would be seen as B. thailandensis E264 with CDI 

competition phenotypes starting far earlier than 24h.  

Further support for CDI competition phenotypes starting early on is that antibiotics 

alter the competitive index when Δbcp-1 is competed against Δbcp-2. Competitions with 

antibiotics were washed and resuspended to an OD600 = 2, as standard with competition 

setups. This setup would eliminate the majority of the antibiotics in the original overnight 

culture resulting in both donor and recipients at the same initial input ratio at 0h. Bacteria 

resistant to tetracycline and grown in tet-supplemented overnight cultures outcompeted 

bacteria resistant to kanamycin and grown in kan-supplemented media. I propose that the 

antibiotics altered the growth rate, resulting in tetracycline-associated bacteria to start with 

an initial competition advantage. As the advantage is associated with the overnight culture, 

I would expect that the bacteria will adapt to the new environment of the antibiotic-free 

LSLB plate and reach stationary phase of growth by the time competitions are harvested. I 
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suspect the phenotype of antibiotic-associated advantage cause the recipient (kanamycin) 

and donor (tetracycline) to reach exponential phase at different rates and the ratio from that 

early on stage allows for the donor bacteria to be in higher abundance and utilizes CDI to 

maintain the ratio throughout the competition. Tetracycline resistance is a beneficial in 

clinical settings, often antibiotic resistance is a tradeoff associated with fitness 

disadvantage (264). If growth rate is affected by antibiotics, growth curve could be 

performed, and differential rates measured.  

 Interestingly, the antibiotics-specific phenotype was most well exemplified when 

Δbcp-1 is competed against Δbcp-2. Recipient bacteria marked with kanamycin resistance 

and expressing bcpI cognate immunities remained at a 1:1 ratio with the donor bacteria 

regardless of the presence or absence of antibiotics in the overnight cultures. Similarly, 

competitions in antibiotics against in which donor is competing against itself also remain 

at a near 0 competitive index. Taken together these results can indicate that the antibiotic 

advantage observed is specific to CDI against non-kin bacteria.  Tetracycline provided and 

advantage while kanamycin has minimal effect on bacterial competition outcomes (E. C. 

Garcia, data not shown).  

Future experiments aimed at identifying the benefits of antibiotic cultures on CDI 

associated competitive index outcomes. Competitions started from antibiotic supplemented 

cultures and from antibiotic-free cultures are setup at different input ratios. Competitions 

are harvested and the competitive index is calculated. From our data, the antibiotic 

advantage in the donor results outcompeting recipient by 1 log. Starting antibiotic 

advantage donor to recipient at 1:10 ratio, I would expect the result to be a competitive 

index of 0. If the donor still outcompetes the recipient, could indicate that the antibiotics 
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are influencing the toxicity of BcpA and not growth rate. If the recipient outcompetes the 

antibiotic advantage donor, then the benefits are insufficient to alter the benefits of higher 

input ratio.  

In competitions without antibiotics in culture media, Δbcp-1 remained near 1:1 

ratio to Δbcp-2. Mathematical modeling proposes in two well-mixed mutually exclusive 

CDI expressing species, competition will always lead to a singular winner (207). However, 

these competiotions are not considered ‘well mixed’. Additionally, the modeling does state 

that extinction is also altered by growth-inhibition trade offs and initial conditions. The 

model also takes into consideration generation of initial bacteria out to 104, thus is more an 

evolutionary result instead of our snapshot (207). Bcc isolates have a doubling time ranging 

between 4.4 to 11h per generation (265). Assuming B. dolosa has a doubling time on the 

shorter period, our data would capture results from 5-6 generations during a 24h harvest. 

Although our data also suggest that ratios do not change significantly between 24h and 48h 

in B. dolosa, that still would encompass 10-12 generations. A caveat is that growth for any 

of the CDI mutants has not been measured in this study or in previous B. dolosa CDI 

literature. To determine the fittest Bcp, Δbcp-1 and Δbcp-2 competitions would require 

incubation from 1:1 input for closer to a week. The output could still have coexistence of 

Δbcp-1 and Δbcp-2 based on the variables including special differentiating and the tradeoff 

between inhibition strength and metabolic cost (207). 

Biofilm formation often is inversely associated with swimming phenotypes. Our 

data suggests that overexpression of either CDI system inhibits both. The inverse 

correlation often associated with biofilm formation and swimming is due to swimming 

being associated with bacteria in planktonic phase and biofilms require bacteria to adhere 
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to a surface and then develop the biofilm matrix (194, 207–209, 212). As both functions 

are inhibited, I would hypothesize that the CDI systems are not altering the bacterial phase 

but instead alter the cell structure. Electron microscopy has been used to image the 

alterations to the cell surface and visualize CDI-system cell-to-cell interactions (190). I 

propose that electron microscopy can similarly be used in B. dolosa to identify if the cell 

surface is altered in overexpression of either CDI system. A potential alteration in 

overexpression of the CDI systems could occur in the production and structure of the 

lipopolysaccharides (LPS) or in exopolysaccharides. In B. cenocepacia isolate from 

patients, biofilm formation correlated with the amount of exopolysaccharide produced. O-

antigen polysaccharide also were shown to contribute to variability in motility, although 

the motility observed was restricted to swarming (266). Visualization of polysaccharides 

can be observed with silver staining methods (267) and lipopolysaccharide staining kits 

following LPS extraction described in Chapter 2.13.  

The structure of the B. dolosa biofilms are unique in comparison to confocal 

microscopy of other Burkholderia species biofilms (192, 209, 210). Previous research on 

B. dolosa biofilm formation and oxygen-sensing two component systems characterized 

similar biofilm structures as done in this study (247). B. dolosa biofilm formation in our 

study and characterized in the Schaefers et al., 2017 study observe dome-like structures in 

biofilms formed by WT bacteria (247). The similar bulbous biofilm structures are 

consistent in bcp deletion mutants and support that CDI systems do not alter biofilm 

structure in B. dolosa. B. thailandensis CDI systems can carry out CDI-dependent 

competition in biofilms. Biofilm formation in B. thailandensis is dependent on the 

functional toxicity of BcpA (209). As deletion of either bcp-1 or bcp-2 did not alter the 
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biomass calculated from confocal images, and double deletion for both bcp-1 and bcp-2 

had a small defect in biomass, I can assume that the function of CDI is minimally necessary 

for B. dolosa biofilm formation. Confirming that CDI toxin activity is not required in B. 

dolosa biofilm formation, inactivating the functional C-terminal toxin domain of BcpA-1 

and BcpA-2 and imaging biofilms with confocal microscopy will indicate if the biomass is 

altered in comparison to WT biomass. 

Burkholderia CDI alters the spatial organization of biofilms in a kin-discriminatory 

manner. B. thailandensis E264 BcpA chimeras of B. pseudomallei C-terminal toxins where 

cocultured with WT B. thailandensis at 1:1 ratio and biofilms after 48hr remained at similar 

ratios. However, the biofilms resulted in independent patches of kin-CDI expressing 

species, indicating kin discrimination. When I co-cultured WT AU0158 strain with mutants 

producing a single Bcp system, I expected either similar kin-discrimination phenotype or 

WT bacteria outcompeting the single mutants. Neither predicted outcome occurred and as 

WT+rfp mutants seemed to remain at a similar ratio to the gfp expressing WT strains, and 

Δbcp-1 or Δbcp-2 mutants (Appendix H). These results could indicate that CDI is not 

functional in B. dolosa biofilms. An additional reason could be that protection against one 

of the BcpA toxins is sufficient for both WT bacterial CDI protection and for the mutant 

to be considered kin. Biofilm co-culture experiments should be further repeated and 

additional mixtures included. Co-culturing WT bacteria with Δbcp-1Δbcp-2 mutants would 

indicate if CDI occurs in B. dolosa biofilms. If CDI is functional in B. dolosa biofilms, I 

would expect to see more WT bacteria than Δbcp-1Δbcp-2. However, if B. dolosa CDI 

systems are not functional for competition but still play a role in kin-discrimination, I 

would expect to see patches of WT cells separate from Δbcp-1Δbcp-2 mutants.  Our 
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competition on low salt LB indicate that neither BcpA-1 or BcpA-2 is sufficient to 

outcompete one another without an initial advantage. I would expect that ratios would 

remain similar in biofilms as observed after competition. As our data indicate that there is 

no significant difference in the biofilm formation associated with locus-1 or locus-2. If 

competitions remain with similar phenotypes in biofilms, I can also identify kin 

discrimination in B. dolosa. If kin-discrimination is occurring via CDI-system regulation, 

I would expect to see patchwork biofilms of Δbcp-1 separate from the biofilms formed by 

Δbcp-2.  

In this chapter, I identified that B. dolosa BcpA-1 is associated with a stronger CDI 

dependent killing. However, the increased toxicity of Bcp-1 was insufficient to outcompete 

Bcp-2 mutants. Competition outcomes between BcpA-1 and BcpA-2 could be altered with 

antibiotic-advantage associated with growing donors in tetracycline prior to coculturing 

inputs for competitions. I determined that AU0158 cannot perform CDI-dependent killing 

in liquid cultures as predicted using the E. coli proposed function of the YP region that is 

absent in Burkholderia BcpA sequence. The competitive index for B. dolosa competitions 

is not affected by incubating competitions between 24 to 48h indicating that CDI results 

occur prior to 24h and remain consistent over long periods of time. Finally, I determined 

that CDI systems have a small effect on biofilm formation only seen in Δbcp-1Δbcp-

2although overexpression of either CDI encoding locus inhibits swimming motility and 

biofilm formation, phenotypes that are often inversely related. 
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Chapter 4: Functional BcpA requires the pre-toxin region. 

4.1. Summary  

BcpA proteins amongst the identified Burkholderia CDI systems follow similar 

domain architecture.  In the BcpA protein is an uncharacterized domain upstream of the C-

terminal toxin with the conserved sequence motif (Nx(E/Q)LYN) referred to as the pre-

toxin region. The pre-toxin region, aside from the variable C-terminal toxin, has high 

variability between subclasses of Burkholderia spp. BcpA proteins within the same 

subclasses have well conserved pre-toxin region amino acid sequences. Following the same 

proposed model for E. coli CdiA translocation, in Burkholderia CDI, the pre-toxin region 

and the FHA-2 domain is associated with C-terminal toxin processing once inside the 

recipient cell. Our data indicated that deletion of the pre-toxin region is lethal in B. 

thailandensis E264, although the deletion is tolerated in the highly similar BcpA-1 

produced in B. dolosa AU0158.  Deletion of the pre-toxin region and subsequential smaller 

deletion mutants cannot carry out BcpA-1 mediated CDI. The inhibition of CDI is 

suspected to be due to the alteration in BcpA translocation as the protein is still made in 

the donor cell. Using αBcpA C-terminal toxin (αBcpA-CT), banding patterns of BcpA and 

pre-toxin region mutants can be compared. Multiple differences are observed in the BcpA-

1 banding patterns between WT bacteria and the pre-toxin subdomain mutants. Although 

further identification and interpretation of the unique bands could not be done at this time, 

future experiments will be aimed at tracking BcpA in the donor cell and translocation into 

the recipient cells.  



69 

 

4.2. Introduction  

The translocation of CdiA/BcpA is proposed to be a multi-step process that is 

dependent on domains of the toxin protein and required components produced by the 

recipient cells (190, 268). Although CdiA/BcpA proteins are heterogeneous, with size and 

sequence variability between genus and species, CdiA/BcpA proteins share the same 

general domain architecture (189).  

CdiA/BcpA proteins are structurally broken into two large parts: the N-terminus 

and the C-terminus. The C-terminus refers to the catalytic toxin domain and is 

distinguished by succeeding the conserved sequence motif: Nx(E/Q)LYN in Burkholderia-

type and VENN in E. coli-type (189). The conserved sequence motifs establish what is 

considered the N-terminus, upstream of the motif, and the C-terminus, downstream of the 

motif relative to the conserved sequence.  

The BcpA N-terminus starts with two transport domains, the first is a signal 

sequence that directs BcpA to the Sec complex for secretion into the donor cell periplasm. 

Following the Sec-signal sequence is the conserved two-partner secretion (TPS) domain 

for toxin export across the outer membrane via the beta-barrel protein, CdiB/BcpB (Figure 

4.1AB). The majority of the N-terminus is comprised of FHA-1 hemagglutinin repeat 

motifs. FHA was identified in Bordetella species as filamentous hemagglutinin (FHA) and 

associated with bacterial adhesion (269). The structure of FHA motifs is characterized by 

β-helices that can elongate during forced extension (270, 271). CdiA/BcpA includes an 

additional FHA-2 domain near the end of the N-terminus whose structure-function is 

unknown. Separating the two FHA-1 domains in CdiA is the predicted outer membrane 

receptor (OMR) binding region (OMR-BR) (Figure 4.1A). The OMR-BR has variability 
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between CdiA homologs, and the variability is associated with discerning receptor 

specificity. In E. coli three OMR have been identified and correlate to the three OMR-BR, 

BamA, OmpC/OmpF, and Tsx (197–199). The predicted OMR-BR in Burkholderia BcpA 

proteins have high variability, indicating OMRs may vary between different CDI-systems. 

Following the FHA-2 domain is an uncharacterized pre-toxin region. In Burkholderia 

species, the pre-toxin region contains variability between the class I and class II. However, 

pre-toxin regions are relatively conserved across CDI-systems within the same subclass 

(Figure 4.1A) (185, 187). The variability in toxin sequences and function are described 

extensively in Chapter 1.3. In brief the C-terminal toxins differ significantly from CDI 

system to system even within a single strain.  C-terminal toxins typically function as 

nucleases, although there has been one identified CdiA associated with pore formation in 

recipient cells. Allele specific immunity proteins are produced to prevent self-inhibition 

and distinguish kin from non-kin bacteria (181, 185, 187).  

In both E. coli and Burkholderia, CdiA/BcpA have been shown to be modular, i.e. 

the C-terminal toxin, with the associated cognate immunity, function independently and 

are interchangeable (183, 184, 187, 192). However, within Burkholderia, the modularity 

of BcpA C-termini is restricted to specific groups. Functioning chimeric BcpA proteins 

were restricted to within the same subclass, either class I or class II. Cross-class chimeric 

strains could not carry out CDI. The majority of the N-terminus, up to the LYN conserved 

sequence, are highly similar (192). As the pre-toxin domain similarities are also restricted 

to subclasses, we hypothesize that the pre-toxin region plays a role in the modular 

restrictions of BcpA C-terminal toxins. 
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The original proposed mechanism for CdiA/BcpA translocation was modeled as a 

“toxin-on-a-stick”, referring to the filamentous N-terminus extending beyond the cell 

surface, exposing the C-terminal toxin extracellularly (272). The current model proposed 

by Ruhe et al., 2018, characterizes that the CdiA C-terminal toxin remains in the donor cell 

periplasm, while the filamentous regions expose the OMR binding region extracellularly. 

Upon binding to the OMR, FHA β-helices extend and trigger transfer of the toxin to the 

recipient cell. Once in the cell, the C-terminus is thought to be cleaved and transported into 

the cytoplasm using the recipient cell inner membrane receptor (IMR) (Figure 4.1B) (190). 

The role of CdiA/BcpA pre-toxin region remains ambiguous, although the 

predicted location suggests it could play a role in release of the toxin from the donor cell 

during transport into the recipient bacteria. The current model predicts that the pre-toxin 

region remains in the periplasm with the FHA-2 and C-terminal toxin until transported into 

the recipient cell (Figure 4.1B). In E. coli CdiA, mutations in the FHA-2 domain and pre-

toxin region inhibited the toxin delivery, but did not alter OMR triggered export. Additional 

data suggests that the pre-toxin region and the C-terminal toxin domain are both transferred 

into the recipient cell (190).  

The proposed CdiA translocation mechanism was created using E. coli as the model 

system. Although many of the domains and architectural regions remain similar between 

CdiA and BcpA, the systems themselves have been shown to be unique in their function 

and mechanism (183, 185, 187). The pre-toxin region in Burkholderia-type class I contain 

high similarity, and thus likely use the domain in a similar mechanism. I hypothesize that 

the pre-toxin is involved in regulating BcpA release or processing. This study created pre-
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toxin region mutants in AU0158 Bd-BcpA-1 to determine the function of the pre-toxin 

region.  

4.3. Results  

4.3.1. Deletion of the pre-toxin region is toxic in B. thailandensis. 

To understand the function of the pre-toxin region in Burkholderia species, B. 

thailandensis E264 was used as it has the most well-defined CDI system. Initial 

experiments attempted to delete 300aa that began within the FHA-2 and spanned up to the 

conserved sequence motif, Nx(E/Q)LYN of BcpA. In-frame chromosomal deletions are 

made by creating plasmids that include 500bp upstream of the intended deletion sequence 

and fused with 500bp downstream of the area of interest. The plasmid is then reversibly 

integrated into the chromosome via homologous recombination. Using counter selection to 

induce allelic loop-outs, PCR screens were used to identify colonies with the desired region 

deleted. Frequency of incorporation of the deletion allele vs wild-type (WT) allele is 50:50. 

This method of creating chromosomal deletions was attempted in WT E264. After 

screening 111 colonies from separate integration mutants, none were found to have lost the 

intended 300aa pre-toxin region, resulting in loop-outs reverting back to WT allele (Table 

5.1). To determine if the deletion of the domain is only lethal if the protein is trafficked to 

the donor periplasm, the same 300aa deletion was then attempted in a Bt-BcpA mutant that 

did not contain the Sec-signal sequence, Bt-bcpAΔSecSS. The Sec-signal sequence in 

Burkholderia BcpA is associated with trafficking the unfolded BcpA into the periplasm of 

the donor cell prior to toxin translocation. Screening colonies from one integration of the 

homology plasmid, 2 of the 3 had the deletion of the pre-toxin region (Table 4.1). These 
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results indicate that deletion of the BcpA pre-toxin region is lethal in B. thailandensis if 

trafficked to the donor periplasm. However, production of E264-BcpA in the Bt-

bcpAΔSecSS or Bt-bcpAΔSecSSΔ300aa mutants was not confirmed.  

4.3.2. Antibodies against E264 BcpA C-terminal toxin cross react with the C-

terminal toxin of AU0158.  

B. thailandensis BcpA E264 has 83.3% identity with the BcpA-1 of B. dolosa 

AU0158. The identity is similar enough that E264 BcpI has been shown to protect against 

BcpA-1 of AU0158 in CDI competitions (188). Although the BcpA toxins for each species 

are similar in sequence, would polyclonal antibodies raised against the E264 C-terminal 

toxin (αBcpA-CT) cross-react with AU0158 Bd-BcpA-1? Using whole cell lysate and 

Western blot techniques, αBcpA-CT antibodies were confirmed to be cross-reactive 

against Bd-BcpA C-terminal toxin (Figure 4.2 and Figure 4.3B). E264 with Bt-bcpA under 

a constitutive promoter, Bt-bcpA under its native promoter and in AU0158 with Bd-bcp-1 

under a constitutive promoter, all three lanes have a band running above 250kD. The 

expected weight of BcpA in E264 is 314.6kD and for AU0158 is 374.96kD. Additionally, 

there are no bands observed in the Bt-Δbcp lane. Furthermore, Bt-BcpA bands have higher 

intensity under the constitutive promoter, Bt-bcpON, compared to Bt-bcp under the native 

promoter (WT). Similar intensity in BcpA bands were seen with the AU0158 under the 

same constitutive promoter, Bd-bcp-1ON and the E264 Bt-bcpAON (Figure 4.2). 

4.3.3. Deletion of the pre-toxin region is not lethal in B. dolosa BcpA-1. 
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Due to the similarity, the truncation of the pre-toxin region in AU0158 Bd-BcpA 

would hypothetically be lethal as was seen in the WT Bt-BcpA (Figure 4.3A). Using the 

same method for in-frame chromosomal deletions, 2 of 5 colonies in AU0158 had 500aa 

deletion incompasing the pre-toxin subdomain region deleted in Bd-bcpA-1 (Table 1). 

These results suggest that the pre-toxin deletion alters the mutant’s toxicity differently in 

donor Burkholderia. As the size of the deletion are different for B. thialandensis and B. 

dolosa, 500aa and 300aa respectivly, this could be associated with the difference in survival 

of the mutants. Another possibility is that the periplasmic trafficking within a donor cell is 

different between B. dolosa BcpA-1 and B. thailandensis BcpA. The lethality of the 

deletion could be due to B. thailandensis E264 being more sensitive to periplasmic stress.  

4.3.4. Deletion of the pre-toxin region inhibits CDI but not BcpA production.  

To test that the tolerance of the 500aa region deletion (Bd-BcpAΔsubdomain1) 

(Figure 4.3A) was not due to lack of protein production, the presence of the truncated Bd-

BcpA protein was confirmed via Western blot assays. Using whole cell lysate and 

antibodies against the Bt-BcpA C-terminus, a band was observed for Bd-Bcp-1 at about 

200kD and for the Bd-BcpAΔsubdomain1 just below 150kD. Although the expected 

molecular weight of Bd-BcpA-1 is predicted to be 374.96kD and Bd-BcpAΔsubdomain1 

at 318.13kD, the size difference of 57kD does correlate with the distance between the bands 

on the blot. Further support that the bands are Bd-BcpA is that no band near that size is 

seen in the negative control lysate from Bd-Δbcp-1 (Figure 4.3B).  

Burkholderia have been shown to express bcpAIOB loci differently throughout the 

growth phase, with higher expression during stationary phase. CDI can only be carried out 
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on solid media (185, 187, 192). To compare the expression of BcpA from bacteria grown 

and collected in different environments, liquid cultures and from plates, bacteria for both 

environments were collected and brought to the same OD600 before cell lysis and loading 

the wells. There was a faint band in the Bd-BcpA well from the liquid cultures at the 200kD, 

same size as Bd-BcpA grown on solid media. However, the intensity of the bands is 

significantly higher when bacteria were collected from plates instead of cultures. There 

was no band observed in the Bd-BcpAΔsubdomain1 liquid culture lane. These results 

indicate that there is a higher production of BcpA-1 when bacteria are grown on solid media 

compared to liquid cultures (Figure 4.3B). These results are intriguing as in both cases 

wild-type Bd-bcp-1 locus and the locus containing the Bd-bcpAΔsubdomain-1 loci were 

under a constitutive promoter, although transcription and translation do not always 

correlate.  

The 500aa deletion, bcpAΔsubdomain-1, removes both the pre-toxin region and a 

portion of the FHA-2 domain. Comparing our results to the E. coli model indicate that the 

FHA-2 and pre-toxin region are both required for translocation into the recipient cell but 

not in donor cell trafficking (190). To specifically understand the function of the pre-toxin 

region, three sequential deletions were attempted. Bd-bcpAΔsubdomain-2 deletion spans 

only the 100aa pre-toxin domain, Bd-bcpAΔsubdomain-3 deletion spans the first half of 

the pre-toxin region and Bd-bcpAΔsubdomain-4 deletion spans the latter half (Figure 

4.3A). The plasmid required for homologous recombination to delete Bd-

bcpAΔsubdomain-4 could not be constructed thus this mutant was not made.  

Next the pre-toxin subdomain deletion mutants were tested for CDI function 

through bacterial competition assays. The Bd-BcpA subdomain deletion mutants and WT 
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BcpA producing bacteria were competed against susceptible Bd-Δbcp-1. As described in 

previous chapters, bacterial competitions are conducted in triplicate with initial input ratios 

of 1:1 donor/recipient. Competitions are harvested, and the competitive index is calculated 

by differentiating donor and recipient CFUs via antibiotic resistance. In competitions WT 

BcpA outcompetes Bd-Δbcp-1 by an average of 1. 75 logs. Deletion of any of the pre-toxin 

subdomains result in the competitive index remaining near zero, indicating that the domain 

deletion mutants are incapable of carrying out CDI using BcpA-1 (Figure 4.3C). The 

subdomain deletions were made in WT AU0158 background. As the interplay between the 

two CDI systems produced by B. dolosa are not fully understood, the function for Bd-Bcp-

2 CDI system was tested. B. dolosa, competitions were setup with the subdomain donors 

competed against Bd-Δbcp-1ΔbcpA-2 mutants. The Bd-Δbcp-1ΔbcpA-2 mutants are 

susceptible to both intoxication by Bd-BcpA-1 and Bd-BcpA-2. There was no significant 

difference in the competitive index of any of the donor strains containing the subdomain 

deletions from WT Bcpa-2 producing bacteria (Figure 4.3D). This indicates that BcpA-2 

remains functionable even though BcpA-1 is not.  

4.3.5. There are differential banding patterns associated with BcpA pre-toxin 

subdomain deletions compared to wild-type BcpA.  

The banding patterns of BcpA were compared between the subdomain mutants and 

WT BcpA as to suggest where in the BcpA translocation process the pre-toxin region 

mutants disrupt. Using Western blot assays, whole cell lysate was collected from each 

strain and blotted against BcpA C-terminus. As CDI for both E264 and AU0158 cannot 

occur in liquid media, those lanes were used as controls for BcpA translocation, all other 
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strains were grown on solid media. The caveat is BcpA bands in this assay cannot be 

distinguished between BcpA in donor cells from that of recipient. The whole cell lysate 

was probed for the BcpA C-terminus (Figure 4.4A). Using ImageJ software, each lane was 

analyzed, and banding patterns were plotted with X-axis referring to the length of the gel 

and Y-axis referring to intensity of the bands (Figure 4.4B). 

In all wells with lysate from BcpA producing bacteria, a band >250kD was 

observed (Figure 4.4A, B- lane 1-4). That top band is consistent with full length BcpA, 

respective to each BcpA truncation mutants. Furthermore, the top band in the well for Bd-

ΔSubdomain-1 was shifted down, which would be consistent with the deletion of 500aa 

Bd-BcpA (Figure 4.4A, B- lane 4&6). As observed in figure 4.3, the intensity of BcpA is 

stronger in the lanes that the bacteria were collected from plates instead of liquid cultures 

(Figure 4.4A, B- lane 1-4). Using lane 5, Bd-Δbcp-1, as a BcpA-1 negative control, three 

bands were identified and consistently seen in all loaded wells, indicating that these are 

cross reactive bands. As these bands are not associated with BcpA, they can be used as 

internal loading control (Figure 4.4A, B).  

The banding pattern analysis of the BcpAΔsubdomain-1 (blue), BcpAΔsubdomain-

2 (orange), and BcpAΔsubdomain-3 (green) mutants were overlayed on WT bd-BcpA 

analysis (Black). Compared to WT Bd-BcpA, all of the subdomain mutants had loss of a 

band at ~37kD and ~75kD. Additionally, WT Bd-BcpA has a band at 100kD which seems 

to be shifted to 90kD in the subdomain mutants (Figure 4.4A,C). Additional replicates 

experimental Western blots using the same protocol can be found in Appendix D Taken 

together the only definitive statement from these data is that the banding patterns associated 
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with BcpA differ from E264 BcpA and AU0158 BcpA-1, as well as AU0158 BcpA-1 bands 

differ from the subdomain mutants. 
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Figure 4.1.Model for BcpA topology and toxin translocation.  
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Figure 4.1. Model for BcpA topology and toxin translocation. 

(A) The architecture of Burkholderia spp. BcpA protein. SS (black) refers to Sec-signal 

sequence. TPS (orange) refers to two-partner secretion signal. FHA-1 and 2 (green) refer 

to filamentous domains. Pre-Toxin (blue) refers to uncharacterized region before the C-

terminal toxin. Toxin (red) refers to the catalytic C-terminal variable toxin. (B) Model of 

BcpA surface topology. Receptor recognition triggers translocation of the C-terminal half 

of BcpA. Once transferred into the target-cell periplasm, the BcpA C-terminal toxin is 

cleaved and trafficked to the recipient cell cytoplasm.  

Figure adapted from Ruhe, Z. C. et al., 2018 (190). 
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Table 4.1. Deletion of the pre-toxin region is lethal in E264 wild-type bcpA. 

In-frame chromosomal deletions efficiency of homologous recombination loop out of 

deletions containing the BcpA pre-toxin region.  

 

 

  

Burkholderia strain Δpre-toxin region BcpA 

colonies / total colonies 

Loop out expectancy 50% 

B. thailandensis (E264) 0/111 colonies 0% 

B. thailandensis (E264) ΔSec-signal sequence  2/3 colonies 66.7% 

B. dolosa (AU0158) 2/5 colonies 40% 
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Figure 4.2. E264 αBcpA C-terminus antibody is cross reactive with AU0158 BcpA-1. 

Western blot of whole cell lysate of B. thailandensis E264 and B. dolosa AU0158. 

Constitutively (ON) expressing E264 bcpAIOB (Bt-bcpON) and AUO bcpAIOB locus 1 (Bd-

bcp-1ON). E264 expressing the bcpAIOB locus under the naive promoter is denoted as Bt-

bcpWT, and deletion of the E264 bcpAIOB locus is denoted as Bt-Δbcp. Prior to cell lysis, 

cultures were standardized to the same OD600. Membrane probed with αBcpA C-terminal 

primary antibodies and fluorescent αRabbit secondary antibodies.  
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Figure 4.3. Deletion of pre-toxin subdomains inhibit BcpA-1 intoxication but are 

translated.  
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Figure 4.3. Deletion of pre-toxin subdomains inhibit BcpA-1 intoxication but are 

translated.  

(A) The location of the subdomain deletions within Burkholderia dolosa BcpA protein. 

The 3 subdomain deletions within the Pre-toxin region (blue) refers to in frame deletions 

within the uncharacterized domain before the C-terminal toxin. Toxin (red) refers to the 

catalytic C-terminal variable toxin. (B) Western blot of whole cell lysate of B. dolosa 

(AU0158) strains, all mutants were constitutively expressing Bd-bcpAIOB locus 1 with 

wild-type BcpA-1, the BcpAsubdomain-1 domain deletion, or deletion of the locus 

bcpAIOB-1. Prior to cell lysis, cultures were standardized to the same OD600. Membrane 

probed with αBt-BcpA C-terminal (αBcpA-CT) primary antibodies and fluorescent 

αRabbit secondary antibodies. Orange triangles indicate full length BcpA bands. (C) CDI 

mediated competition assay of AU0158 strains. Bd-Δbcp-1 (recipient) co-cultured at 1:1 

ratio with either wild-type Bd-bcp-1 or the subdomain deletions mutants. (D) CDI mediated 

competition assay of AU0158 strains. Bd-Δbcp-1Δbcp-2 (recipient) co-cultured at 1:1 ratio 

with either wild-type Bd-bcp-1 or the subdomain deletion mutants. 

(*, P<0.01; **, P<0.001; ***, P<0.0001; ns, not significant).  

A) Adapted from Ruhe, Z. C. et al., 2018 (190). 
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Figure 4.4. Banding patterns between pre-toxin region deletions mutants vary from 

wild-type BcpA-1.  
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Figure 4.4: Banding patterns between pre-toxin region deletions mutants vary from 

wild-type BcpA-1. 

(A) Western blot of whole cell lysate of B. thailandensis (E264) and B. dolosa 

(AU0158) constitutively expressing E264 Bt-bcpAIOB or AU0158 Bd-bcpAIOB-1 locus. 

Whole cell lysis were collected from either liquid cultures, left, or harvested from plates, 

right. Constitutive expression of the AU0158 Bd-BcpA subdomain-1, subdomain-2, and 

subdomain-3 deletions were harvested from plates. The deletion of the locus Bd-bcp-1 was 

used as the negative antibody control. Prior to cell lysis, cultures were standardized to the 

same OD600. Membrane probed with αBcpA C-terminal primary antibodies and fluorescent 

αRabbit secondary antibodies. (B) ImageJ software gel lane analysis of each lane and 

plotted the banding patterns with X-axis referring to the length of the gel and Y-axis 

referring to intensity of the bands. (C) Overlay of the ImageJ band plots of wild-type 

AU0158 BcpA-1 (black), BcpA subdomain-1 (blue), subdomain-2 (orange), subdomain-3 

(green).  
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4.4. Discussion  

Deletion of the pre-toxin region in B. dolosa that encompasses part of the FHA-2 

domain, and smaller deletion mutants of the pre-toxin domain all result in AU0158 

BcpA-1 inability to carrying out CDI-associated competition. The E. coli CdiA 

trafficking model suggests that both the FHA-2 and the pre-toxin region pass through the 

donor cell membranes into the recipient cell outer membrane and are hypothesized to 

specifically aid in transport of the C-terminal toxin into the cytoplasm.  

Our data show that the deletion of the pre-toxin region in AU0158 does not inhibit 

production of BcpA-1 but remains incapable of CDI. These results are consistent with our 

understanding of CdiA/BcpA translocation. At this time, I cannot determine where in the 

trafficking process loss of the pre-toxin region obstructs carryout CDI.  

The requirements for BcpA translocation, assuming the C-terminal toxin activity 

is dependent on localization to the cytoplasm of the recipient cell, are that the protein 

must 1.) be produced, 2) trafficked into the periplasm of the donor cell, 3) pass through 

the outer membrane of the donor cell, 4) cross through the inner membrane of the 

recipient cell, and 5) be exported into the cytoplasm from the recipient cell periplasm. 

Where in the trafficking process the pre-toxin region impedes functional CDI cannot be 

determined. The lethality of the pre-toxin region in E264 suggests there to be a function 

in the donor.  

The differential banding patterns I observe in AU0158 BcpA-1 compared to the 

multiple pre-toxin region mutants can be the result of altered trafficking, both in the 

donor and to the recipient cell, or degradation and instability of the BcpA protein. I 

hypothesize that there is a mixture of both. The different banding results cannot be 
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distinguished as to where in the BcpA trafficking process the BcpA fragments correlate 

to.  

Currently, the membrane receptors in the recipient cells required for BcpA 

translocation remain unknown in Burkholderia species. Thus, determining donor from 

recipient from whole cell lysate cannot be done. If the OMR of the recipient cells were 

identified and deletion mutants created, the BcpA banding patterns in ΔOMR mutants 

could only come from either BcpA degradation or donor cell BcpA processing. Banding 

patterns specific to the donor could indicate if loss of the pre-toxin region plays a role in 

BcpA stability or donor cell trafficking.  

Support that the current Western blot may be capturing both BcpA in the donor in 

addition to the recipient is that there are AU0158 specific bands at about 37kD and 75kD 

only found in WT Bd-Bcp collected from solid media (Figure 4.4). These bands, based on 

size, are predicted to correspond to the catalytic toxin (37kD) and the pre-toxin variable 

region through the toxin domain (75kD). The band at 37kD of the catalytic toxin is 

hypothesized to be cleaved during BcpA translocation into the cytoplasm of the recipient 

cell. The band at 75kD encompassing the pre-toxin region and toxin domain is 

hypothesized to be the intermediate cleavage in the recipient cell periplasm prior to final 

translocation into cytoplasm. Future studies will be aimed at identifying the sequence of 

the 37kD and 75kD bands through mass spectrometry to confirm our hypothesis. If the 

sequence does confirm that 37kD is the catalytic C-terminal toxin and the 75kD band is 

the pre-toxin and toxin, then it further supports that the pre-toxin region plays a role in C-

terminal toxin cleavage required for CDI. 



89 

 

Both the WT BcpA of E264 and AU0158 under constitutive promoters were 

compared to bacteria collected from solid or liquid cultures (Figure 4.3A& Figure 4.4A). 

As the promoters for all the over expression mutants are the same, the differences in BcpA 

production between the two environments are surprising. These results could indicate that 

the constitutive promoter is altered when bacteria are grown in different environments, 

although the nutrients remain consistent, or that the BcpA protein is being degraded or 

unstable in bacteria growing in liquid cultures compared to solid media. To determine if 

the constitutive promoter expression is altered in liquid compared to solid media, lacZ 

mutants of BcpA can be made for use in a β-galactosidase activity assay to measure lacZ 

expression. LacZ production can then be compared from the bacteria collected from liquid 

cultures to that collected from solid cultures, both of which bcpA-lacZ was under the same 

constitutive promoter. These results would support that the constitutive promoter is altered 

under the different types of bacterial growth environments. If the production of LacZ 

remains similar under the constitutive promoter in bacteria from solid and liquid, then the 

difference in BcpA production observed in the Western blots may be associated with BcpA 

protein being degraded or unstable in bacteria growing in liquid cultures compared to solid 

media. 

Staying under the assumption that E. coli model of CdiA trafficking is similar to 

the trafficking of BcpA in Burkholderia, I hypothesize that in addition to export of the C-

terminal toxin into the cytoplasm of the recipient cell, the pre-toxin region plays an 

additional role in trafficking within the donor cell. 
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Chapter 5: Transposon mutagenesis used to identify genes associated with CDI 

susceptibility.  

5.1. Summary  

To identify genes associated with CDI susceptibility in B. dolosa recipient cells, 

transposon mutagenesis selection approaches were used to enrich for CDI-resistant 

mutants. Loss of the quorum sensing pathway receptor, CepR, resulted in protection against 

both BcpA-1 and BcpA-2 associated CDI. Transposon insertions in regulatory and 

metabolic genes conferred resistance to both BcpA-1 and BcpA-2 toxins. However, 

deletion of the same identified genes provided only partial protection from BcpA-1 alone. 

Using whole genome sequencing, additional mutations were identified in the transposon 

mutants. Mutations identified were in the same locus encoding for proteins used in 

lipopolysaccharide production and structure regulation. Disruptions in the LPS regulation 

genes are sufficient for full protection from both CDI systems produced in B. dolosa 

AU0158. These findings provide insight into the complexity of CDI sensitivity. 

 

5.2. Introduction 

Toxicity from BcpA is dependent on a variety of susceptibility factors required in 

the recipient cell. The current model for translocation of the CDI toxin, using E. coli CDI 

system proteins, involves the toxin interacting with specific outer membrane receptors on 

the recipient cell surface (197, 268). Further translocation of the C-terminal toxin into the 

cytoplasm requires periplasmic associated receptors (191, 197, 198, 201). Data from E. 

coli show that membrane receptors can vary from strain to strain leading to specificity in 
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which bacteria are susceptible to each individual toxin. CDI toxins use of these receptors 

does not always require function of said proteins (197).  

Less is known about Burkholderia susceptibility factors and translocation of BcpA. 

Recent studies show the recipient cells for B. multivorans, CGD2M, requires gltJK in CDI 

sensitivity (203).  Burkholderia pseudomallei 1026b chimeric BcpA is shown to require 

specific LPS structures for BcpA translocation as well as proteins encoded by B. 

thailandensis genes: BTH_10359, BTH_110599, and BTH_10986. The identified genes 

are specific to susceptibility to 1026b C-terminus and CDI via B. thailandensis E264 was 

not altered (202). Similarly, to E. coli factors, sensitivity to CDI protein intoxication differ 

significantly between closely related species. In addition to membrane specific proteins, 

some E. coli CDI systems can require specific cytoplasmic proteins for susceptibility in 

recipient cells. Examples of which include O-acetylserine sulfhydrylase A (CysK), 

Elongation Factor Thermo-Unstable (EF-Tu), and the Elongation Factor Thermo-Stable 

(EF-Ts), each associated with tRNase activity of the CDI toxin. The necessity for the 

intracellular factors varies amongst E.coli strains (205, 206, 273). There has yet, to our 

knowledge, been cytoplasmic factors identified for Burkholderia CDI systems.  

Previous studies indicate that recipient cell CDI sensitivity factors differ between 

species and toxin variants. To identify genes associated with CDI susceptibility in B. dolosa 

recipient cells, transposon mutagenesis selection was used to enrich for CDI-resistant 

mutants to either BcpA-1 or BcpA-2. Transposon insertions in regulatory and metabolic 

genes conferred with resistance to both BcpA-1 and BcpA-2 toxins. Deletion of the 

candidate genes showed that deletion of hisD, cspD, or cepR provided partial, but 

significant protection from either BcpA-1 or BcpA-2 intoxication. Additional mutations 



92 

 

were identified by whole genome sequencing. Mutations identified were in gene predicted 

to encode for proteins associated with LPS biosynthesis. Disruptions to LPS resulted in 

resistance to both B. dolosa CDI systems. Overall, our findings provide insight into the 

complexity of CDI sensitivity and suggest that alterations to recipient cell metabolism and 

regulatory networks may nonspecifically impact CDI in Burkholderia spp.. 

 

5.3. Results 

5.3.1. Selection of Burkholderia dolosa mutants resistant to CDI system-1 or 

CDI system-2.  

B. dolosa strain AU0158 encodes three distinct CDI systems, two of which mediate 

CDI under conditions of native gene expression in the laboratory (188). To understand the 

mechanism of Burkholderia CDI system toxin import, we sought to identify recipient cell 

factors necessary for susceptibility to the two active B. dolosa CDI systems. B. dolosa 

mutants lacking both CDI system-1 and CDI system-2 (Δbcp-1 Δbcp-2) were subjected to 

random mutagenesis using a miniTn5-based transposon. Isolated transposon mutants were 

pooled and competed against B. dolosa donor cells that contained either CDI system-1 

(Δbcp-2) or CDI system-2 (Δbcp-1) (Figure 5.1A,B). Output recipient CFUs were pooled 

and re-competed against the appropriate donor bacteria. CDI-resistant transposon mutants 

were enriched through three rounds of competitions, at which point the competitive indices 

of each transposon mutant pool were either not significantly different (Figure 5.1A), or 

more resistant than recipients expressing cognate bcpI (Figure 5.1B). Individual CDI-

resistant colonies (n=16) were randomly selected from the pool of resistant mutants and 

individually competed against the appropriate donor bacteria (Figure 5.1C,D). All 
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competed colonies had an average log10 competitive index of ≤0.4, indicating that they 

were not outcompeted by the CDI+ donor strain.  

Transposon insertion sites were identified from nine resistant clones using nested 

arbitrary PCR and sequencing across the transposon-chromosome junction. Only one 

unique transposon insertion site was identified, in gene BDAG_00967, from individual 

colonies collected from the mutant pool resistant to CDI system-2 (Table 5.1). Surprisingly, 

a mutant with an identical transposon insertion in BDAG_00967 (likely clones) was also 

isolated from the CDI system-1 resistant pool. Transposon disruptions in three additional 

genes, BDAG_02644 (cspD), BDAG_02714 (hisD), and BDAG_03544 (cepR), were also 

identified from the pool of CFUs resistant to CDI system-1 (Table 5.1). For all of the 

identified mutants, the Tn5 disruptions occur close to the 5’ end. Disruptions early in the 

gene typically will cause domains to be impacted creating a nonfunctional gene (Figure 

5.2). Two of the Tn5 disrupted genes, BDAG_02644 (cspD) and BDAG_03544 (cepR), 

are predicted to be isolated within their own locus and would not likely disrupt any other 

genes (Figure 5.2 A,B). BDAG_02714 (hisD) and BDAG_00967 are in loci that contain 

additional downstream genes (Figure 5.2 C,D). Potentially, the CDI resistance observed in 

competition may not be due to the gene disrupted for hisD or BDAG_00967, but instead 

due to a polar effect on the other genes in the locus.  

Transposon mutants were selected for resistance against only one B. dolosa CDI 

system, but the recovery of BDAG_00967::miniTn5 from both selection pools indicated 

that this mutant was resistant to both CDI system-1 and CDI system-2. To determine 

whether the remaining mutants were specifically or generally resistant to B. dolosa CDI 

systems, individual mutants were competed against both Δbcp-1 and Δbcp-2 mutant donor 
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bacteria. Mutants Tn2-2 and Tn2-3 (hisD:miniTn5) and Tn2-7 (cspD:miniTn5) were not 

outcompeted by either donor type, suggesting that the resistance conferred by these 

disruptions generally protects from CDI and is not specific to a particular BcpA variant 

(Figure 5.3). By contrast, mutant Tn2-8 (cepR:miniTn5) was outcompeted by Δbcp-1 

donor bacteria that deploy CDI system-2, although not to the same degree as the Δbcp-1 

Δbcp-2 parent strain, suggesting that the mutation in Tn2-8 confers greater resistance 

against CDI system-1. 

5.3.2. Deletion of candidate genes does not alter B. dolosa growth. 

 To determine the roles of the four candidate genes identified from the transposon 

selection, chromosomal deletions were made by allelic exchange in the parental Δbcp-1 

Δbcp-2 mutant lacking both CDI system-1 and CDI system-2. Interbacterial competition 

assay used to measure CDI assumes that donor and recipient bacteria have similar growth 

rates. Confirmation that competition phenotypes for the Tn5 identified gene deletion 

mutants are due to CDI and not alterations to the growth rate, growth curves for each 

chromosomal deletion mutant were plotted by growing in low-salt LB duplicate cultures 

and measuring optical density at λ600 (OD600) at various time points, taken ~ every 90m, 

until 24 h. There was no significant difference between liquid growth for any of the Tn5 

associated deletion mutants (ΔcepR, ΔcspD, ΔhisD, Δ00967) compared to the parental 

Δbcp-1 Δbcp-2 mutant (Figure 5.4).  

5.3.3. Quorum sensing regulator CepR influences CDI efficiency. 
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Transposon mutagenesis screening identified Tn2-8 with disruption in cepR (Table 

5.1). The gene, cepR, encodes for the cytoplasmic receptor, CepR. The quorum system 

CepI/CepR, synthesizes and responds to the autoinducer N-octanoyl L-homoserine lactone 

(C8-AHL) via the CepI synthase and CepR receptor, respectively. Quorum sensing is a 

global gene regulator in Bcc members and has been demonstrated to control virulence in 

various eukaryotic models (39, 40, 229, 274). One of the CepR/CepI system homologs in 

B. thailandensis activates the expression of the bcpAIOB CDI operon, although it is 

unknow if the regulation is direct (195). There is still much unknown about the role of 

quorum sensing in regard to CDI systems. 

Initial competition of Tn 2-8 (cepR::miniTn5) were resistant against Δbcp-1 and 

had comparably less resistance to Δbcp-2 donors (Figure 5.3). To determine the role CepR 

plays in differential CDI system susceptibility, competitions were performed using the 

cepR deletion mutant made in the parental Δbcp-1 Δbcp-2 background (ΔcepR). Initial 

competitions against both Δbcp-1 or Δbcp-2 donors had large variability in ΔcepR 

competitive index outcomes between experimental replicates (data not shown).  

Variability in the previous cepR mutant competitions were due to initial input 

cultures at differential points within stationary growth phase. Co-culture competitions in 

which recipient input bacteria were started with cultures from mid-log phase (6 h), early 

stationary (11 h), and late stationary (24 h) against donors from overnight cultures (17 h). 

At 6 h, all donor cells were resistant against CDI from system-1 and system-2. The recipient 

mutant, ΔcepR, at 11 h was as resistant as the complemented immunity strain, Δbcp-1 

Δbcp-2 +bcpI-1 or Δbcp-1 Δbcp-2+bcpI-2. In both cases the parental strain, Δbcp-1 Δbcp-

2, was out-competed by both BcpA-1 and BcpA-2 producing donor cells. However, 24 h 
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the recipient ΔcepR mutant did not significant difference in sensitivity from the Δbcp-1 

Δbcp-2 parent, with both mutants being out competed by BcpA-1 by ~ 2.5 logs and BcpA-

2 by ~3 logs (Figure 5.5). Altering the growth phase for recipient cells compared to the 

donor cells influenced the outcome of competition significantly allowing the cells from 

earlier growth phases to have advantage over the ‘older’ competing cells.  

Limiting the external variability of differential stationary phase growth of recipient 

to donor bacteria, all cultures were inoculated and grown for 24h. The outcomes of the 

bacterial competitions observed ΔcepR mutants had significantly more protections against 

both BcpA-1 and BcpA-2 CDI compared to the parental strain (Figure 5.6 A,B). 

Competitive indices of ΔcepR, on average, were 0.6 logs and 0.7 logs more resistant against 

CDI from system-1 and system-2 than Δbcp-1 Δbcp-2. Complementing with the cepR 

expressing plasmid, sensitivity was restored (Figure 5.6 AB).To compare the compounding 

competitive effect of CDI from both systems, ΔcepR mutants were then competed against 

wild-type bacteria. The ΔcepR mutant was more resistant against wild-type CDI than the 

parental Δbcp-1 Δbcp-2 with a difference of 1.25 logs in the competitive indices (Figure 

5.6C). 

In the growth curve assay (Figure 5.4), there was no defect for any of the 

chromosomal deletion mutants. However, growth in liquid culture is a different 

environment than that of competitions on solid media. In a mock competition in which 

Δbcp-1 Δbcp-2 was the ‘donor’, ΔcepR outcompeted the parental strain by 0.55 logs. As 

neither the donor nor recipient cells are capable of CDI, these results indicate that there is 

a minor growth advantage to in the ΔcepR mutant. The competitive index was restored to 

near 0 when ΔcepR was complemented, ΔcepR+cepR (Figure 5.6 D).  
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Taken together, loss of the quorum sensing receptor, CepR, in recipient cells 

protects moderately against BcpA-1 and BcpA-2 intoxication both individually and in 

combination. However, as the loss of CepR resulted in a growth advantage during the mock 

competitions, the extent to which CepR plays in CDI is more difficult to tease apart.  

 

5.3.4. Genes cspD and hisD have a minor contribution to recipient cell CDI 

susceptibility. 

The gene cspD encodes for a cold shock-like protein, CspD, which is predicted to 

bind to DNA. Homologs of cspD in E. coli inhibit DNA replication and are induced by 

nutritional-limitation stress (275, 276). To identify the extent to which CspD plays in CDI-

sensitivity in recipient cells, the in-frame triple deletion mutant, Δbcp-1 Δbcp-2 ΔcspD 

(ΔcspD), was competed against both Δbcp-1 and Δbcp-2. The outcomes of the bacterial 

competitions showed no significant differences in ΔcspD mutant sensitivity to the parental 

strain when competed against Δbcp-1 (Figure 5.7 A). Differential results were observed 

when the triple deletion mutant ΔcspD was competed against Δbcp-2 having partial 

protection compared to the parent. Comparing the competitive indices of ΔcspD and Δbcp-

1 Δbcp-2 there was a mean difference of 0.7 logs (Figure 5.7 B). Although the ΔcspD 

mutant did have partial protection against Δbcp-2, resistance against either CDI donor did 

not mimic that of the cspD::miniTn5 transposon mutant (Tn2-7) which had resistance 

comparable with the cognate immunity mutants (+bcpI-1 or +bcpI-2) (Figure 5.3). 

Overexpression of CspD has been shown to be toxic in other bacteria and, similarly, we 

were unable to complement our mutants with cspD, either under the S12 constitutive 
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promotor or the native promoter (data not shown). These results taken together support that 

CspD does play a partial role in sensitivity to BcpA-1.  

Transposon mutagenesis identified HisD as a potential candidate for CDI 

susceptibility. Gene hisD encodes a histidinol dehydrogenase that catalyzes the last two 

steps of L-histidine biosynthesis (277, 278). As other components of the biosynthesis 

pathway may be altered due to hisD gene’s location in the locus (Figure 5.2), histidine 

auxotrophy was tested. Neither the hisD::miniTn5 transposon mutant (Tn2-3) nor a ΔhisD 

mutant could grow in minimal medium. Growth was restored by supplementation with 

exogenous histidine or complementation the ΔhisD mutant with constitutive hisD at an 

attTn7 site (Figure 5.8). These results indicate that supplementing cultures with L-histidine 

is sufficient to restore the growth of the auxotrophic mutants in minimal media.  

HisD in CDI sensitivity was identified by competing the deletion mutant, ΔhisD, 

against Δbcp-1 and Δbcp-2 donors. Susceptibility of ΔhisD mutant followed similar trends 

as ΔcspD with the competitive index differing between BcpA-1 and BcpA-2 donors. 

Sensitivity to Δbcp-1 was not altered between the parental Δbcp-1 Δbcp-2 and the hisD 

deletion mutant (ΔhisD), having an average competitive index of 2.7 and 2.6logs (Figure 

5.7 C). Deletion of hisD did result in partial protection against Δbcp-2. The average 

competitive index of ΔhisD was 0.7logs more resistant that the parental Δbcp-1 Δbcp-2 

(Figure 5.7 D). In competitions against either Δbcp-1 and Δbcp-2 donors, over expression 

of hisD resulted in significantly more sensitivity compared to the parent strain regardless 

of expression in the parent of the triple deletion mutant ΔhisD (Figure 5.7 C,D).   

The loss of production of either CspD or HisD results in partial protection against 

CDI system-1 and remains fully susceptible to CDI system-2. In all co-culture 
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competitions, the deletion mutants ΔcspD and ΔhisD do not mimic the protection observed 

in their prospective transposon mutants (Tn2-7 and Tn2-3, respectively).  

5.3.5. Intracellular membrane associated proteins encoded by BDAG_00967 

and BDAG_00966 do not alter CDI susceptibility.  

The regulatory gene, BDAG_00967, encodes a dGTP triphosphohydrolase protein 

predicted to be localized to the cytoplasmic membrane and contains GGDEF/EAL 

domains. Orthologs of BDAG_00967 and other GGDEF/EAL domain containing proteins 

are associated with regulating biofilm formation, motility, and other stress-associated 

phenotypes (279). BDAG_00967 is predicted to encode for a cytoplasmic membrane 

bound dGTP triphosphohydrolase. The predicted membrane bound protein could be a 

candidate for the inner membrane receptor (IMR) required in BcpA translocation. To 

investigate the function BDAG_00967 plays in B. dolosa CDI susceptibility, a deletion 

mutant for BDAG_00967 (Δ00967) was constructed in the Δbcp-1 Δbcp-2 parental 

background strain. As done with the other CDI susceptibility candidates, Δ00967 was 

competed against both Δbcp-1 and Δbcp-2 donors. Experimental replicates were pooled, 

and no significant difference were observed between Δ00967, and the CDI-sensitive Δbcp-

1 Δbcp-2 parent strain regardless of the donor (Figure 5.9 A,B). Overexpression of 

BDAG_00967 under the constitutive promoter (+00967) mutants have increased 

sensitivity to the Δbcp-1 Δbcp-2 parental strain in competitions against CDI system-2 

(Δbcp-1) (Figure 5.9A). Altering expression of BDAG_00967 had no significant effect of 

the competitive index in Δbcp-2 co- cultures (Figure 5.9B). The marginal influence of 
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BDAG_00967 expression on CDI susceptibility to either BcpA-1 or BcpA-2 indicates that 

it is unlikely to encode for the IMR protein used as a BcpA translocation factor. 

BDAG_00967 is located 196bp 3’ upstream of another gene encoding a 

cytoplasmic bound protein, BDAG_00966. Homologs of BDAG_00966, chrA, encode for 

a chromate efflux pump used to remove toxic chromium from the bacterium (280, 281). 

Due to the limitations of transposon mutagenesis resulting in polar effects in downstream 

genes, we complemented the Tn5 insertion mutant for BDAG_00967, Tn1-2, with 

BDAG_00967 (+00967), BDAG_00966 (+00966), or both genes, BDAG_00967-00966 

(+00967-66), all of which are under the S12 constitutive promoter. Bacterial competitions 

were co-cultured at 1:1 ratio of donor to recipients as described above. However, 

calculating the competitive index was done by subtracting the single antibiotic-resistance 

marked donor CFUs from the recipient CFUs marked with both kanamycin 

(BDAG_00967:miniTn5) and tetracycline (complementary plasmids) resistance. 

Complementation of any combination of BDAG_00967 and BDAG_00966 did not alter 

resistance to (BDAG_00967:miniTn5 (Tn1-2) during competitions against CDI system-2 

(Figure 5.9 C).  

However, complementation of BDAG_00967 and BDAG_00967-66 in Tn1-2 did 

restore partial sensitivity to BcpA-1 intoxication with an average difference in the 

competitive index being 1.2 logs and 1.6 logs, respectively, compared to the parental Tn1-

2 mutant (Figure 5.9 D). Tn5+00966 did not restore sensitivity to the tn5 mutant against 

either Δbcp-1 or Δbcp-2 (Figure 5.9 C,D). Due to the variability in the extent to which 

BDAG_00967 alters CDI susceptibility, we further confirmed a role of BDAG_00966 in 

CDI. Deletion of BDAG_00966 was constructed in the Δbcp-1 Δbcp-2 parental strain 
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(Δ00966). Deletion of BDAG_00966 did not provide any protection against intoxication 

by either BcpA-1 or BcpA-2 (Figure 5.9 E,F). These data support that BDAG_00967 has 

a small effect in CDI susceptibility, and similarly to cspD and hisD, do not correlate with 

the resistance observed in the corresponding transposon mutants.  

Although the role that BDAG_00967 plays in CDI is minimal, other GGDEF/EAL 

domain containing proteins alter biofilm formation (279). To determine if BDAG_00967 

similarly regulates biofilm formation in B. dolosa, static biofilms for the BDAG_00967 

mutants were grown. Growth of bacteria in microtiter plates wells followed by staining of 

attached cells with crystal violet serves as a common method for quantifying biofilm 

formation. Measuring the absorbance of the crystal violet-stained attached cells, found all 

mutants were inhibited in biofilm formation compared to wild-type. Additionally, deletion 

of BDAG_00967 in the Δbcp-1 Δbcp-2 parent strain had increased absorbance compared 

to the parent. Complementing the triple deletion mutant, Δ00967, returned to absorbance 

levels comparable to the Δbcp-1 Δbcp-2 parent (Figure 5.10 A).  

Crystal violet staining only gives a crude means of measuring biofilm formation, 

and does not show the influence of BDAG_00967 may have on the unique biofilm 

architecture characteristics of B. dolosa AU0158 (247). Using confocal microscopy and 

gfp-expressing mutants, biofilms were imaged, and Z-stacks compiled from wild-type 

bacteria, Δbcp-1 Δbcp-2, and Δ00967. Biofilms from wild-type and Δbcp-1 Δbcp-2 

cultures were consistent with the structures specific to B. dolosa AU0158 (247). However, 

the architecture of the BDAG_00967 biofilm was drastically different (Figure 5.10 B). The 

biomass for each biofilm was calculated from the Z-stacks using COMSTAT biofilm 

analysis software. The biomass calculated for BDAG_00967 was over 3x that of wild-type 
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and almost 7x more than Δbcp-1 Δbcp-2 (Figure 5.10 C). One of the limitations in the 

confocal imaging experiment was not having the complemented BDAG_00967 strain to 

find if the B. dolosa architecture would be restored.  Altogether, although BDAG_00967 

does not seem to alter CDI significantly, it does regulate the formation and architecture of 

B. dolosa biofilms. 

5.3.6. Whole Genome Sequencing identified additional unique mutations in the 

chromosomes of resistant transposon mutants.  

 Whole genome sequencing (WGS) was performed on isolates of singular clonal 

transposon mutants Tn1-2 (BDAG_00967:miniTn5), Tn2-2 (hisD:miniTn5), Tn2-7 

(cspD:miniTn5), and Tn2-8 (cepR:miniTn5) and compared against parental Δbcp-1 Δbcp-

2 to find unique genetic mutations. The parameter used to identify unique mutations 

required >25 reads with a frequency of 85% and mutation occur in genes with Genebank 

accession numbers found in the reported AU0158 sequenced genome. Each transposon 

mutant had at least one unique mutation in the genome (Table 5.2). Full list of genomic 

mutations parental mutations and inclusion of mutations in the transposon mutants are 

included in appendix E. A single unique mutation in Tn2-8 (cepR:miniTn5) identified an 

amino acid change in the Major Facilitator Superfamily (MFS) sugar transporter encoding 

gene, BDAG_0462. Unlike the other identified CDI resistant mutants, Tn2-8 and ΔcepR 

were consistent with CDI resistant phenotypes with one another, we do not predict that the 

mutation alters CDI sensitivity. Two sequenced transposons, Tn1-2 

(BDAG_00967:miniTn5) and Tn2-7 (cspD:miniTn5) had different unique mutations, both 

of which were in BDAG_01006. A downstream gene BDAG_01005 had a unique repeat 



103 

 

contraction in Tn2-2 (hisD:miniTn5). These chromosomal mutations indicate that the locus 

containing BDAG_01005 and BDAG_01006 could potentially be the reason the resistance 

to CDI differ between transposon mutants and the corresponding gene deletions mutants. 

BDAG_01006 and BDAG_01005 both are associated in regulating lipopolysaccharide 

production and structure.  Tn2-7 (cspD:miniTn5) had an additional amino acid mutation in 

BDAG_00967 (Table 5.2). Mutations in both BDAG_00967 and the BDAG_01006-01005 

locus may have a compounding effect resulting in the CDI resistance of the Tn2-7 

transposon mutant. 

5.3.7. Alteration in LPS regulation locus correlates with resistance to CDI 

indiscriminately. 

The three transposon mutants in which the deletion of the miniTn5 disrupted genes 

did not correlate with similar resistance to CDI to either BcpA-1 or BcpA-2 in the 

corresponding deletion mutants, supports that the unique mutations identified in the WGS 

are driving the CDI resistance phenotype in the transposon mutants. BDAG_01005 and 

BDAG_01006 are located in a locus that includes a wabO homolog (Figure 5.11 A). WabO 

in AU0158 is predicted as a glycosyl transferase. In B. cenocepacia, WabO was found to 

play a role in LPS biosynthesis (282). Similarly, BDAG_01006 is also predicted to encode 

for glycosyl transferase Although wabO and BDAG_01006 both encode for glycosyl 

transferase proteins, the amino acid sequencing is distinct from one another with 16% 

identity. BDAG_01005 is predicted as an O-antigen ligase. Together this locus is predicted 

to be critical in LPS structure and biosynthesis. For each strain, the LPS was isolated and 

denatured to specifically stain for LPS after running samples through 10%-20% Tricine 
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gel.  The structure of LPS between Wildtype, parental Δbcp-1 Δbcp-2, and Tn2-8 

(cepR:miniTn5) are consistent with two bands both in size and intensity within the core 

and lipid A region, with long and intense expression of banding patterns in the O-antigen 

region (Figure 5.11 B). Transposon mutants with additional unique mutations in either 

BDAG_01005 or BDAG_01006 had significantly different LPS banding patterns. Tn2-2 

(hisD:miniTn5) was identified to have a mutation in BDAG_01005. The LPS banding 

patterns in the Tn2-2 mutant were unique with a single band in the core-lipid A region and 

a single band in the O-antigen region. Both Tn1-2 (00967:miniTn5) and Tn2-7 

(cspD:miniTn5) share similar banding patterns in the core-lipid A region, and O-antigen. 

The similar LPS banding patterns for both Tn1-2 and Tn2-7 suggest that both 

BDAG_01006 and BDAG_00967 mutants alter LPS (Figure 5.11 C).  

Disruption mutants of BDAG_01005 and BDAG_01006 were created to test the 

role the genes play in both LPS structure and CDI sensitivity. Due to the organization of 

the locus, disruption mutant of BDAG_01006 (::pD01006) might also disrupt the 

downstream gene BDAG_01005 (Figure 5.11 A). The LPS structure was consistent 

between wild-type, Δbcp-1 Δbcp-2, and the Δ00967 mutants. These results support that 

BDAG_00967 does not alter the LPS. Disruption in BDAG_01005 reproduces the LSP 

changes identified in Tn 2-2 (hisD::miniTn5) as anticipated. Disruption in BDAG_01006, 

regardless of the background, either Δbcp-1 Δbcp-2 or Δ00967, had similar LPS banding 

patterns (Figure 5.11 D). Disruptions in BDAG_01005 and BDAG_01006 both result in 

unique LPS banding patterns compared to both Δbcp-1 Δbcp-2 and wild-type bacteria.  

To determine the role of these genes in recipient cell sensitivity, disruption mutants 

were competed against wild-type bacteria expressing both CDI system encoding loci. As 
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all of the transposon mutants were resistant to both BcpA-1 and BcpA-2, using wild-type 

donors will indicate if BDAG_01005 or BDAG_01006 mutations confer resistance 

generally against CDI systems. The CDI resistance of BDAG_01005 disruption mutant 

(::pD01005) was equivalent to mutants expressing both of the cognate immunities(+bcpI-

1 +bcpI-2). Disruption in BDAG_01006 (::pD01006) was slightly more sensitive to wild-

type intoxication that the immunity control, but still remained significantly more resistant 

compared to the parental Δbcp-1 Δbcp-2. However, the BDAG_01006 disruption mutant 

was slightly more sensitive to wild-type CDI system intoxication than the immune 

recipient. When the BDAG_01006 mutant was disrupted in the mutant also lacking 

BDAG_00967, the mutant was significantly more resistant than the BDAG_01006 

disruption alone (Figure 5.11F). These results might indicate that mutations in both 

BDAG_00967 and BDAG_01006 have a compounding influence on recipient cell 

sensitivity. Taken all together, these results indicate that BDAG_01005 and BDAG_01006 

plays a role in LPS biosynthesis and structure in addition to CDI sensitivity. However, it is 

unknown if the CDI sensitivity associated with BDAG_01005 and BDAG_01006 is 

specific as wild-type bacteria produces CDI system-1 and system-2.  
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Figure 5.1. Selection of CDI-resistant B. dolosa transposon mutants. 
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Figure 5.1. Selection of CDI-resistant B. dolosa transposon mutants. 

Interbacterial competition assays between A) ∆bcp-1 or B) ∆bcp-2 donor bacteria and the 

indicated recipient controls ∆bcp-1 ∆bcp-2 parent, ∆bcp-1 ∆bcp-2 complemented with 

cognate bcpI (indicated with open symbols) and the experimental CDI-resistant 

transposon mutants (Tn) isolated in sequential rounds of co-cultured competitions. C) 

∆bcp-1 or D) ∆bcp-2 donor bacteria competed against 8 individually selected colonies 

from the Round 3 pool of resistant mutants and controls as described above. Only the 

competitive indices for colonies identifiable via nested arbitrary PCR are shown. 

Experimental recipient mutants are colored to indicate the donor competed against (∆bcp-

1 are colored light grey and ∆bcp-2 are dark grey). Symbols represent competitive index 

values from one biological replicate and bars show the mean (n=3). Dashed line shows 

competitive index = 0 (1:1 ratio of donor to recipient). The competitive indices were 

calculated as (output donor CFU/recipient CFU) divided by (input donor CFU/recipient 

CFU). A one-way ANOVA was used to report significance (ns; not significant, *; 

p<0.05, **; p<0.005, and ***; p<0.0005). 
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Table 5.1. Chromosomal insertion sites of CDI-resistant B. dolosa miniTn5 mutants. 

 

Tn mutantb Locus tag Gene Annotation Insertion 

after gene  
     

Tn1-1, Tn1-2, 

Tn1-4, Tn1-6, 

Tn1-8, Tn2-5* 

AK34_755 

(BDAG_00967) 

 EAL domain-containing 

protein 

224bp 

     

Tn2-7* AK34_2642 

(BDAG_02644) 

cspD Cold-shock protein 35bp 

     

Tn2-2*, Tn2-3* AK34_2721 

(BDAG_02714) 

hisD Histidinol dehydrogenase 373bp 

     

Tn2-8* AK34_3773 

(BDAG_03544) 

cepR Autoinducer binding domain-

containing protein 

117bp 

     

 

a Mutants isolated for resistance to B. dolosa BcpAIOB-2 are labeled “1-x”. Mutants 

isolated for resistance to BcpAIOB-1 are labeled “2-x” and denoted with (*). 

b Multiple transposon mutants are listed when sequencing results indicated they were 

clones with identical insertion sites. 
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Figure 5.2. Diagram of identified transposon disruptions. 

A) Locus organization of BDAG_03544 (cepR) in purple, including the upstream gene 

BDAG_03546 (cepI) in dark blue. B) Locus organization of BDAG_02644 (cspD) in 

light blue. C) Locus organization of BDAG_02714 (hisD) in orange. Name of the genes 

that encode for proteins within the same histidine biosynthesis pathway are included. D) 

Locus organization of BDAG_00967 in green and the downstream gene BDAG_00966 in 

yellow. Black arrows represent promoter locations predicted using the Softberry BPROM 

program. Red triangle indicated with in the gene the Tn5 transposon was inserted.  
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Figure 5.3. Susceptibility of identified transposon mutants to BcpAIOB-1 and 

BcpAIOB-2. 
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Figure 5.3. Susceptibility of identified transposon mutants to BcpAIOB-1 and 

BcpAIOB-2.  

Interbacterial competition assays between A) ∆bcp-1 or B) ∆bcp-2 donor bacteria and the 

indicated control recipient cells: ∆bcp-1 ∆bcp-2 (parent), ∆bcp-1 ∆bcp-2 complemented 

with cognate bcpI (indicated with open symbols), and experimental recipient isolates CDI-

resistant transposon mutants. Single colonies isolates from transposon resistant Round 3 

pools to either ∆bcp-1 or ∆bcp-2 donor bacteria are competed in tandem with ∆bcp-1 or 

∆bcp-2  regardless of the original CDI-system resistance colonies were selected from. Only 

the competitive indices for colonies identifiable via nested arbitrary PCR are shown. 

Colored lines indicate the disrupted gene in the transposon mutants. Experimental recipient 

mutants are colored to indicate the donor competed against (∆bcp-1 are colored light grey 

and ∆bcp-2 are dark grey). Symbols represent competitive index values from two 

biological replicate and bars show the mean (n=6). Dashed line shows competitive index = 

0 (1:1 ratio of donor to recipient). The competitive indices were calculated as (output donor 

CFU/recipient CFU) divided by (input donor CFU/recipient CFU). A one-way ANOVA 

was used to report significance (ns; not significant, *; p<0.05, **; p<0.005, and ***; 

p<0.0005). 
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Figure 5.4. Liquid culture bacterial growth of deletion of regulatory, stress response 

or quorum sensing genes. 

Growth curve experiments performed with deletion mutants of transposon identified 

candidates, ΔcspD, ΔhisD, Δ00967, ΔcepR, in the parental Δbcp-1 Δbcp-2 background. 

Growth curves of candidate deletion mutants were compares to the parental Δbcp-1 Δbcp-

2 mutant. Optical density for all strains were measured in duplicate through 0-24h, symbols 

represent the mean with standard deviation. A one-way ANOVA was used to report 

significance from each time point and no significant differences were found between the 

OD600 between any of the strains. 
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Figure 5.5. Recipient cell susceptibility tested at different growth phases. 
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Figure 5.5. Recipient cell susceptibility tested at different growth phases. 

Interbacterial competition assays between A) ∆bcp-1 or B) ∆bcp-2 donor bacteria and the 

indicated control recipient cells: ∆bcp-1 ∆bcp-2 (parent), ∆bcp-1 ∆bcp-2 complemented 

with cognate bcpI (indicated with open symbols), and experimental ΔcepR mutants. 

OD600=0.02 of recipient cell cultures were inoculates and competitions setup at three time 

points: mid-log phase (6 h), early-stationary phase (11 h), and late-stationary phase (24 

h). Donor cells were grown from overnights and competitions setup from cultures at 17 h. 

Experimental recipient mutants are colored to indicate the donor competed against (∆bcp-

1 are colored light grey and ∆bcp-2 are dark grey). Symbols represent competitive index 

values from two biological replicate and bars show the mean (n=6). Dashed line shows 

competitive index = 0 (1:1 ratio of donor to recipient). The competitive indices were 

calculated as (output donor CFU/recipient CFU) divided by (input donor CFU/recipient 

CFU). A one-way ANOVA was used to report significance (ns; not significant, *; 

p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 5.6. Susceptibility to CDI tested for the transposon candidate quorum 

sensing regulation gene, cepR. 
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Figure 5.6. Susceptibility to CDI tested for the transposon candidate quorum 

sensing regulation gene, cepR. Interbacterial competition assays between A) ∆bcp-1, B) 

∆bcp-2, C) Wildtype, or D) ∆bcp-2∆bcp-2 donor bacteria between the indicated recipient 

controls ∆bcp-1 ∆bcp-2 (parent), ∆bcp-1 ∆bcp-2 complemented with cognate bcpI 

(indicated with open symbols) and deletion of cepR in parental background, ∆cepR. A, B, 

D) Symbols represent competitive index values from multiple (2) biological replicate and 

bars show the mean (n=6). C) Symbols represent competitive index values from multiple 

(3) biological replicate and bars show the mean (n=9). Complementation plasmids 

contain cepR driven by the S12 constitutive promoter at the attTn7 site, +cepR.  

Experimental recipient mutants are colored to indicate the donor competed against (∆bcp-

1 are colored light grey and ∆bcp-2 are dark grey). Dashed line shows competitive index 

= 0 (1:1 ratio of donor to recipient). The competitive indices were calculated as described 

in Figure 1. A one-way ANOVA was used to report significance (ns; not significant, *; 

p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 5.7. Susceptibility to CDI tested for the transposon candidate genes, cspD 

and hisD. 
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Figure 5.7. Susceptibility to CDI tested for the transposon candidate genes, cspD and 

hisD.  

Interbacterial competition assays between A) ∆bcp-1 or B) ∆bcp-2 donor bacteria and the 

indicated recipient controls ∆bcp-1 ∆bcp-2 (parent), ∆bcp-1 ∆bcp-2 complemented with 

cognate bcpI (indicated with open symbols) and deletion of cspD in parental background. 

Symbols represent competitive index values from multiple (3) biological replicate and bars 

show the mean (n=9). C) ∆bcp-1 or D) ∆bcp-2 donor bacteria competed against the same 

control strains as above and triple deletion of hisD in the parental background. 

Complementation plasmids contain hisD driven by the S12 constitutive promoter at the 

attTn7 site.  Experimental recipient mutants are colored to indicate the donor competed 

against (∆bcp-1 are colored light grey and ∆bcp-2 are dark grey). Symbols represent 

competitive index values from multiple (2) biological replicate and bars show the mean 

(n=5-6). Dashed line shows competitive index = 0 (1:1 ratio of donor to recipient). The 

competitive indices were calculated as described in Figure 1. A one-way ANOVA was 

used to report significance (ns; not significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 5.8. Growth of B. dolosa ∆hisD mutant in minimal medium. 

Parental ∆bcp-1 ∆bcp-2 mutant, ∆bcp-1 ∆bcp-2 ∆hisD mutant, and ∆bcp-1 ∆bcp-2 ∆hisD 

complemented with hisD at an attTn7 site, and hisD::MiniTn5 disruption clone (from left 

to right) were cultured in M63 minimal medium (top) or medium supplemented with 

0.1mM L-histidine (bottom). Cultures were imaged after ~24 h aerated growth at 37°C. 
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Figure 5.9. Deletion and complementation of transposon identified inner 

membrane susceptibility factors encoded in BDAG_00967 and 

BDAG_00966 locus. 
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Figure 5.9. Deletion and complementation of transposon identified inner membrane 

susceptibility factors encoded in BDAG_00967 and BDAG_00966 locus. 

Interbacterial competition assays between A) ∆bcp-1 or B) ∆bcp-2 donor bacteria and the 

indicated recipient controls ∆bcp-1 ∆bcp-2 (parent), ∆bcp-1 ∆bcp-2 complemented with 

cognate bcpI (indicated with open symbols) and deletion of BDAG_00967 in parental 

background, Δ00967. Complementation plasmids contain BDAG_00967, +00967, driven 

by the S12 constitutive promoter at the attTn7 site. Symbols represent competitive index 

values from multiple (4) biological replicate and bars show the mean (n=11-12). E) ∆bcp-

1 or F) ∆bcp-2 donor bacteria between the indicated recipient controls ∆bcp-1 ∆bcp-2 

(parent), ∆bcp-1 ∆bcp-2 complemented with cognate bcpI (indicated with open symbols) 

and deletion of BDAG_00966 in parental background, ∆00966. Symbols represent 

competitive index values from multiple (2) biological replicate and bars show the mean 

(n=6). Complementation plasmids contain BDAG_00966 driven by the S12 constitutive 

promoter at the attTn7 site, +00966. The competitive indices were calculated as described 

in Figure 1. 

 C) ∆bcp-1 or D) ∆bcp-2 donor bacteria marked with only tetracycline resistance, TetR, are 

competed against recipient bacteria marked with kanamycin, KmR, and tetracycline 

resistance, TetR . Complementation of BDAG_00967, +00967, BDAG_00966, +00966, 

and BDAG_00967 through BDAG_00966, +00967-66 are under the S12 constitutive 

promoter via a tetracycline resistance parked plasmid at the attTn7 site. The competitive 

indices were calculated as ((output TetR CFU – recipient KmR CFU)/(recipient KmR CFU) 

divided by ((input TetR CFU – recipient KmR CFU)/(recipient KmR CFU). Red symbol 

indicates recipient KmR CFU outnumber the recipient TetR CFU and then were artificially 
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set with input ratio of 2:1 of TetR  CFUs to KmR CFUs. Experimental recipient mutants are 

colored to indicate the donor competed against (∆bcp-1 are colored light grey and ∆bcp-2 

are dark grey). Symbols represent competitive index values from multiple (3) biological 

replicate and bars show the mean (n=6-9). Dashed line shows competitive index = 0 (1:1 

ratio of donor to recipient). A one-way ANOVA was used to report significance (ns; not 

significant, *; p<0.05, **; p<0.005, and ***; p<0.0005). 
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Figure 5.10. Influence of BDAG_00967 on B. dolosa biofilm formation tested. 
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Figure 5.10. Influence of BDAG_00967 on B. dolosa biofilm formation tested.  

A) Crystal violet staining assay of B. dolosa for 48 h in TSB+1% glucose supplemented 

microtiter plates. Graph shows OD540λ values of Crystal violet bound cells normalized to 

the average measurement for the blanks (media alone wells). Data is of two biological 

replicate and bars show the mean (n=8). B) Confocal laser scanning microscopy of Biofilm 

formation in chambered well by gfp constitutive expressed B. dolosa strains. Bacteria were 

grown for 48h in TSB+1% glucose cultures grown in three biological replicate and bars 

show the mean (n=3). In Z stack renderings (48 h), cross-sections through the plane parallel 

to the coverslip (shown by large center image). Scale bars represent 100 μm. Images are 

representative. C) For each of the strains in (B), total biofilm mass was calculates using 

COMSTAT analysis of Z stacks collected after 48 h of biofilm growth development. A 

one-way ANOVA was used to report significance (ns; not significant, *; p<0.05, **; 

p<0.005, and ***; p<0.0005).  
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Table 5.2. Unique variationsa in B. dolosa transposon mutants identified by whole 

genome re-sequencing. 

Tn mutant b Chr Position Variationc Locus tag Annotation Cov.d Freq 

(%)e 

        

Tn1-2 

(BDAG_00967) 

1 860,238 Δ17 bp* AK34_796 

(BDAG_01006) 

glycosyl 

transferase 

88 100 

        

Tn1-2 

(BDAG_00967) 

2 850,831 C>G 

[A→G] 

AK34_3910 

(BDAG_03419) 

nitrate/sulfite 

reductase 

109 100 

        

Tn2-2 (hisD) 1 859,798 (AGC) 

4→3 [Δ L] 

AK34_795 

(BDAG_01005) 

O-antigen 

ligase 

255 99.8 

        

Tn2-7 (cspD) 1 810,641 Δ1 bp* AK34_755 

(BDAG_00967) 

EAL domain-

containing 

protein 

115 100 

        

Tn2-7 (cspD) 1 860,374 A>G 

[L→P] 

AK34_796 

(BDAG_01006) 

glycosyl 

transferase 

127 100 

        

Tn2-8 (cepR) 3 562,405 A>T 

[L→M] 

AK34_5528 

(BDAG_04624) 

MFS 

transporter 

218 100 

        

 

Chr, chromosome; Cov, coverage; Freq, frequency 

 
a Variations relative to AU0158 reference genome occurring at >85% frequency in 

regions having >25 mapped reads, identified in the indicated transposon mutant and 

absent from ΔbcpAIOB-1 ΔbcpAIOB-2 parent mutant 

 
b Parenthesis denote transposon-disrupted gene 

 
c Brackets show amino acid change, where applicable. Mutations causing ORF frameshift 

are denoted with (*). 

 
d Number of mapped reads 
 

e % reads containing indicated mutation 
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Figure 5.11. LPS structure and CDI susceptibility for BDAG_01005 and 

BDAG_01005 mutants. 
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Figure 5.11. LPS structure and CDI susceptibility for BDAG_01005 and 

BDAG_01005 mutants.  

A) Locus organization of BDAG_01007 (wabO), BDAG_01006, and BDAG_01005. Red 

arrows represent the genes that whole genome sequencing identified unique mutations. B) 

Graphical representation of the location and structure of LPS in Gram-negative bacteria. 

C) LPS extracted from Wildtype, parental ∆bcp-1 ∆bcp-2, and the four unique transposon 

insertion clones; Tn 2-8 (cepR::miniTn5), Tn2-2 (hisD:miniTn5), Tn 2-7 (cspD::miniTn5), 

and Tn 1-2 (00967::pminiTn5) D) LPS extracted from parental ∆bcp-1 ∆bcp-2, triple 

deletion mutant ∆bcp-1 ∆bcp-2 ∆00967, and the disruption mutants in BDAG_01005 

(::pD01005) and NDAG_01006 (::pD01006).  Electrophoretic analysis of LPS of mutant 

strains. LPS extracted from Burkholderia cells was resolved in the Tricine 10-20% 

(Invitrogen) and visualized Pro-Q Emerald 300 LPS Gel Stain Kit (Molecular Probes). E) 

Interbacterial competitions between Wildtype donor bacteria and the indicated recipient 

controls; ∆bcp-1 ∆bcp-2 (parent), ∆bcp-1 ∆bcp-2 complemented with both cognate bcpI 

genes (indicated with open symbols). Experimental recipient bacteria mutants (indicated 

with black symbols) include genetic disruptions in BDAG_01005, ::pD01005, and 

BDAG_01006, ::pD01006. Disruptions for both genes were made in parental background 

and an additional BDAG_01006 was made in the triple deletion ∆bcp-1 ∆bcp-2Δ00967 

background, Δ00967:::pD01006. Symbols represent competitive index values from 

multiple (2) biological replicate and bars show the mean (n=5-6). The competitive indices 

were calculated as described in Figure 1. Dashed line shows competitive index = 0 (1:1 

ratio of donor to recipient). A one-way ANOVA was used to report significance (ns; not 

significant, *; p<0.05, **; p<0.005, and ***; p<0.0005).   
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5.4. Discussion  

Previous studies have shown that recipient cell sensitivity factors differ between 

species and may also differ between toxins expressed by a singular bacterium. With a small 

number of the studies identifying CDI susceptibility factors in Burkholderia spp., our 

understanding has been limited primarily to findings in E. coli. Each B. dolosa CDI system 

is distinct and may require both similar and different proteins for susceptibility in recipient 

bacterium. Intoxication via the CDI system protein BcpA requires both extracellular and 

intracellular receptors to facilitate translocation into the recipient cell, according to the 

current model (190). The majority of susceptibility factors have been identified in E. coli 

spp., with few studies identifying factors in Burkholderia. 

 Inner membrane proteins GltJK in B. multivorans and Bth_II0599 used by a B. 

pseudomallei CDI system have been associated with translocation of BcpA (201, 203). In 

this study, we used transposon mutagenesis to identify susceptibility factors to each BcpA 

expressed toxin in B. dolosa. Four genes with unique transposon insertions were identified 

and further found to have partial protection against B. dolosa BcpA intoxication.  

The output of identified unique transposon insertions was limited which suggests a 

bottleneck during selection and isolation of resistant mutants. Only a single mutant was 

identified for resistance against BcpA-2, disrupting BDAG_00967. However, when unique 

transposon insertion mutants were competed, three of the four identified were resistant to 

both BcpA-1 and BcpA-2. Due to these data and limitations of the procedure, we believe 

that the identified genes are not exhaustive.  

The gene cepR encodes the protein CepR, a LuxR-type receptor in the CepI/CepR 

quorum sensing complex mediated by an N-acyl L-homoserine lactone (AHL) signal (195, 
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225, 261, 274). In B. thailandensis, the CepR/CepI quorum sensing homologs alter 

expression of the bcpAIOB locus and the ability of donor cells to outcompete susceptible 

recipient bacteria by CDI (195). While it is not known whether CepI/CepR system similarly 

influences the expression of the B. dolosa CDI encoding loci, this study did show that 

quorum sensing impacts CDI susceptibility in recipient cells through an unknown 

mechanism. As the quorum sensing system is associated with global gene expression 

changes, we do not know if the relationship between CepR/CepI quorum sensing system 

is acing directly or indirectly with the B. dolosa CDI susceptibility factors. Alteration in 

encoding for the CDI susceptibility factors could be under direct quorum sensing regulation 

or alter additional components such as LPS or exopolysaccharides that may alter CDI 

sensitivity indirectly. As this study showed loss of CepR altered susceptibility to both 

BcpA-1 and BcpA-2, may indicate a general effect on CDI systems instead of direct. Our 

data is limited in ability to separate the role of CepR from the CepI synthase as donors are 

still capable of wild-type quorum sensing. The dissection of the relative contributions of 

genetic and environmental influence of quorum sensing in CDI sensitivity will provide 

insight into the role socio-microbiology plays in CDI (283, 284).  

The additional deletion mutants in CDI-susceptibility factors had limited effects in 

recipient cells. The intermediate effects of the hisD, cspD and BDAG_00967 gene 

deletions provide insight into the complexity of CDI’s influence on signaling and gene 

expression, even if indirectly (Figure 5.7 and Figure 5.9).  

Deletions of hisD resulted in partial protection only to BcpA-1. Additionally, the 

hisD deletion resulted in histidine auxotrophy; mutants were able to supplement this 

deficiency with histidine from the Low Salt LB media during growth (Figure 5.8) These 
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results indicate that the upstream genes may not be additionally disrupted as supplementing 

with L-histidine alone restored growth. As histidine in Low Salt LB is sufficient for ΔhisD 

growth comparable to the parental Δbcp-1Δbcp-2 strain, we speculate that deletion of hisD 

could result in build-up of intermediate products such as L-histidinol, which may indirectly 

effect CDI efficiency of BcpA-1 while not altering BcpA-2 CDI.  

Like hisD, deletion of cspD had partial protection against BcpA-1 intoxication 

while remaining as susceptible as the parental strain to BcpA-2. The gene cspD encodes 

for a cold shock-like protein, CspD, predicted to bind to DNA and respond to stress from 

DNA damage. Homologs of cspD in E. coli inhibit DNA replication and is induced during 

stationary phase to limit growth. Overproduction of this CspD is thus toxic to the cells 

(276, 276, 285).  As the ΔcspD was unable to be complemented with a cspD expressing 

cassette, supports that overexpression of cspD in Burkholderia is similarly toxic.  

The regulatory gene BDAG_00967 encodes a dGTP triphosphohydrolase protein, 

also known as dGTPase enzyme. The function of dGTP triphosphohydrolase is to regulate 

the ubiquitous intracellular secondary messenger cyclic-di-GMP. BDAG_00967 homologs 

regulate C-di-GMP production using the functional GGDEF and EAL protein domains to 

synthesize and degrade, respectively. Cyclic-di-GMP regulates biological processes by 

binding to diverse receptors resulting in complex control of cellular processes. Cyclic-di-

GMP in other Burkholderia spp. regulates the transition between planktonic and motility, 

biofilm formation, and network-components (279, 286). BDAG_00967 influences B. 

dolosa biofilm formation, both in biomass and architecture (Figure 5.10). However, these 

data show an ‘all or nothing’ effect comparing wild-type expression of BDAG_00967 and 
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the deletion mutant. The loss of both GGDEF and EAL domains does not inform about the 

extent to which each domain regulates B. dolosa biofilms.   

The hisD, cspD and BDAG_00967 gene deletions only resulted in intermediate 

protection against donor CDI systems and did not reproduce comparable levels of 

protection as the respective transposon mutants, additional chromosomal mutations were 

suspected. Whole genome sequencing identified three resistant transposon mutants 

possessed the additional mutations in the same locus. The resistance of the transposon 

mutants was most likely the result of the mutations in BDAG_01005 or BDAG_01006 

genes and not the transposon disruptions. The transposon mutants cspD, Tn5 2-7, and 

BDAG_00967, Tn5 1-2, had mutations in both BDAG_01006 and the cyclic-di-GMP 

regulator gene BDAG_00967. Deletion of BDAG_00967 was insufficient for CDI 

protection, the disruption of BDAG_01006 and loss of BDAG_00967 mutant was 

significantly more resistant to CDI than either mutation alone, indicating that the loss of 

both gene has a compounding effect on susceptibility (Figure 5.11 E).  

As disruptions in both BDAG_01005 and BDAG_01006 alter the LPS, although 

differently, this suggests that LPS biosynthesis and structure alters recipient cell 

susceptibility to CDI (Figure 5.11). LPS has already been shown to protect against B. 

pseudomallei CDI, although the identified LPS associated genes are different (202). These 

data support the hypothesis that LPS alteration inhibits CDI of donor bacteria generally 

and is not specific to any one CDI system. Thus far LPS is the only recipient cell surface 

molecule identified to participate in Burkholderia CDI. 
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Although the majority of the susceptibility candidates identified had limited 

influence on CDI susceptibility to either BcpA-1 and BcpA-2, these finding show how 

interwoven the alteration in genetic expression and CDI susceptibility are.  

The amount of protection against CDI required in donor bacteria to survive within 

a given environmental niche is yet to be understood, however marginal resistance maybe 

sufficient for bacterial survival in the long run. Future directions aimed at identifying the 

extent to which partial compared to complete CDI resistance to a specific system influences 

bacterial survival in a specific niche will add critical insight into the complexity CDI and 

benefit of high rates of mutations withing non-kin recipient bacteria for survival.  
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Chapter 6: Discussion and Future Directions 

Elucidating how bacteria interact with one another, either through competition or 

cooperation, enhances our understanding of polymicrobial environments and, in turn, the 

impact these environments have on infectious disease transmission, progression, and 

treatment. Microbes utilize a wide range of mechanisms to carry out cell-to-cell interaction, 

and the work herein investigates the use and mechanism of contact-dependent growth 

inhibition systems (CDI) by Burkholderia species. CDI systems are found across many 

pathogenic Gram-negative bacteria including Yersinia pestis and Pseudomonas aeruginosa 

(183). Using Burkholderia species as the model organism places our findings in a clinically 

significant context. 

CDI systems fall into two major functional classes, “E. coli-type”, and 

“Burkholderia-type.” (185, 187, 197). Although Burkholderia BcpA does share functional 

similarities with E. coli CdiA, their differences include, though are not limited to, 

organization of genes in the CDI-associated locus, Burkholderia-type CDI systems 

encoding of BcpO, and E. coli’s ability to perform CDI in liquid environments where as 

Burkholderia are limited to competition on solid media (185). Additionally, Burkholderia 

CDI systems can be further divided into two subclasses, class I and class II (192).  

Much of this work compares the subclasses of Burkholderia CDI systems. Since 

the patient isolated B. dolosa strain AU0158 encodes for CDI systems from each subclass, 

I was able to directly compare each system in their native context and under native gene 

expression. Aside from the functional C-terminal toxin domain of BcpA, most of the 

sequence variability is found upstream of the conserved LYN sequence termed the pre-
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toxin region (Figure 3.1A). The variable sequence is primarily a 100aa region but 

variability can extend up to 500aa upstream of the LYN sequence (Figure 4.1A).   

Currently BcpA chimeras have been limited to swapping the C-terminus of BcpA 

toxins from the same class (192, 193). I hypothesized that chimeras could be made if the 

C-terminus contained the C-terminal toxin and the pre-toxin region. The pre-toxin regions 

are conserved within their own classes, therefore, exchanging the whole variable region 

should be enough to create functional chimeras. BcpA of E264 and BcpA-1 in AU0158 

class I toxins have shown that BcpO is required for CDI efficiency (185, 188). Currently 

we do not know the role BcpO plays, nor if it directly interacts with BcpA. BcpO is 

predicted to be a membrane bound protein. Therefore, BcpO and the pre-toxin and toxin 

regions could be in proximity and interact within the periplasmic space.  

Following the hypothesis that the BcpA toxin is similarly structured as E. coli 

CdiA; the functional toxin domain, the pre-toxin region, and part of the 

Filamentous hemagglutinin (FHA) domain; remains in the periplasm until binding to 

recipient cell outer membrane receptor, triggering toxin translocation diagramed in Figure 

4.1B (190). This predicted region held in the periplasm includes the variable regions 

separating class I BcpA from class II. As this variable domain could be interacting with 

BcpO, we will learn more about the function of BcpO in regards to BcpA translocation and 

differentiation between the uses of BcpO in class I from class II.  

Future experiments can use cross-class chimeric strains to identify BcpA-BcpO 

interaction regions. If BcpO interacted with the variable pre-toxin and toxin domain then 

chimeric strains containing the N-terminal conserved regions fused with class II pre-toxin 

and toxin domain would not see a change in CDI efficiency in the absence of BcpO. 
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However, if BcpO interacts with the N-terminus of the toxin then presence or absence of 

BcpO will result in different competition efficiency.  

The E264 BcpA is 83.0% identical to the B. dolosa BcpA-1 and 89% identical in the 

catalytic C-terminal toxin domain. Although the function of E264 BcpA is yet to be fully 

determined, the C-terminus shares secondary structures similar to Holliday junction 

reductase and archaeal species endonucleases. These similarities to DNA cleaving proteins 

indicates that E264 BcpA toxicity is likely due to inducing DNA damage to carryout CDI 

(192, 209).  

Since E264 BcpA and AU0158 BcpA-1 toxins are hypothesized to be nucleases, 

then CDI requires toxins be translocated into the cytoplasm of the recipient cell. 

Additionally, BcpA translocation requires passing through the recipient cell and is 

hypothesized to include the pre-toxin region following the E. coli model. I identified 2 

unique bands specific AU0158 wild-type BcpA-1 at 37kD and 75kD (Figure 4.4). These 

bands, based on size, are predicted to correspond to the catalytic toxin (37kD) and the pre-

toxin variable region through the toxin domain (75kD). The band at 37kD of the catalytic 

toxin is hypothesized to be cleaved during BcpA translocation into the cytoplasm of the 

recipient cell. The band at 75kD encompassing the pre-toxin region and toxin domain is 

hypothesized to be the intermediate cleavage in the recipient cell periplasm prior to final 

translocation into cytoplasm. Future studies will be aimed at identifying the sequence of 

the 37kD and 75kD bands through mass spectrometry to confirm our hypothesis. 

Currently, we do not have antibodies against AU058 BcpA-2, hindering the ability 

to perform similar experiments to compare and identify BcpA-2 cleavage regions during 

translocation into recipient cells. Furthermore, AU0158 BcpA-2 is only toxic under the 
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constitutive S12 promoter. However, as a class II toxin, identifying banding patterns for 

BcpA-2 will help us determine if translocation cleavage sites differ from class I to class II 

and which are unique to each toxin. The pre-toxin regions in Burkholderia-type BcpA 

proteins correlate with the location of E. coli CdiA inner membrane receptor binding 

regions. I would suspect that the cleavage site for both class-I and class-II would be 

similarly located, as the sequences prior to the pre-toxin domains are conserved. However, 

AU0158 BcpA-2 C-terminal toxin activity is not known and may not require translocation 

into the recipient cell cytoplasm.  

The evidence presented in this body of work supports the hypothesis that AU0158 

BcpA-2 is functionally different than BcpA-1. In Chapter 5, I identified multiple factors 

that influence BcpA-1 and BcpA-2 CDI efficiency. Further the differences in recipient 

deletion mutant susceptibility from BcpA-1 and BcpA-2 indicates that the variability 

between the proteins result in functionally distinct indirect effects. 

 Two of these factors are HisD and CspD. Deletion of cspD or hisD inhibits the full 

extent of BcpA-1 and does not influence BcpA-2 CDI efficiency (Figure 5.6). How these 

factors influence BcpA-1 CDI is unknown. Both proteins are associated with regulating the 

cell either through metabolism or stress. Loss of either gene could result in a large cascade 

altering cellular physiology, global gene expression, and other cellular components. Due 

to the cascade of changes that could occur with deletion of the cspD or hisD, speculation 

on the reason loss of these genes influence BcpA-1 toxicity specifically, is practically 

endless. Changes that would alter the ability for BcpA translocation could include altering 

the ability for the toxin to bind to the membrane receptors, inhibiting efficient BcpA 

translocation, or altering the expression of a cytoplasmic factor that interacts with BcpA. 
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If these genes, specifically cspD, influence CDI toxicity in the cytoplasm then this 

would indicate that the difference in protection from BcpA-1 compared to BcpA-2 is 

because of the C-terminal toxin. The cspD gene encodes for a cold shock protein associated 

with responding to cellular stress from DNA damage (285). These results lead to an 

interesting question:  why is loss of a DNA damage response factor beneficial to recipient 

cells experiencing nuclease stress? The regulation of cellular behavior requires the specific 

coordination of different biological processes and factors at the molecular level. This 

regulation is essential for cellular homeostasis, cellular development, and responding to the 

environment. Loss of CspD most likely causes global changes and alters the signaling web 

in recipient cells. These changes can alter the recipient cells susceptibility through 

inhibiting BcpA-1 specific translocation, or the BcpA-1 nuclease activity the cellular stress 

response to differ.  

As BcpA-2 toxicity activity is unknown, it is possible that loss of CspD does not alter 

the ability of BcpA-2 to carry out CDI because DNA is not being damaged. CDI toxic 

activities typically are nucleases, although not always DNases. Multiple E. coli toxins are 

associated with RNase activity, specifically targeting tRNA.   

Using the same secondary structure prediction software (254) found BcpA-2 has 

matches, although with 20% confidence, to ribosome inactivating proteins (RIPs). In E. 

coli and related strains, the toxic effects of RIPs are due to binding to the large 60S 

ribosomal subunit and act as an N-glycosidase. By binding to the ribosomal subunit, E. coli 

RIPs specifically cleave the adenine base A4324 in the 28S ribosomal rRNA subunit, 

resulting in the inability of the ribosome to bind elongation factor 2, blocking protein 

translation (287, 288). E.coli CdiA EC869 has been shown to function similarly, requiring 
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interaction with elongation factor-Tu (EF-Tu) disruption with delivery aminoacyl-tRNA to 

the ribosome (206). Due to the low confidence of the prediction software, this is primarily 

speculation as to BcpA-2 toxicity. However, the predicted secondary structures similarities 

of RIPs to the BcpA-2 C-terminal toxin does support my hypothesis that its toxicity is 

carried out in a different manner than BcpA-1.  

 Another factor identified to have influence on CDI susceptibility to BcpA-1 and 

BcpA-2 is CepR. The gene cepR encodes for the quorum sensing receptor, CepR. The 

CepR/CepI quorum sensing system synthesizes and responds to N-octanoyl L-homoserine 

lactone (C8-AHL) (274, 289, 290). All Burkholderia spp. sequences within the Bcc 

umbrella encode for at least one CepR/CepI quorum sensing complex (290). The 

CepR/CepI system is associated with regulating Burkholderia spp. physiology and 

virulence (291–293). Motility is one of the major physiological phenotypes regulated by 

CepR/CepI in Burkholderia species including: B. cepacia, B. cenocepacia, and B. 

multivorans (261, 290, 294). In B. thailandensis the CepR/CepI quorum sensing systems 

regulate expression of the bcpAIOB CDI encoding locus. B. thailandensis has three 

CeprR/CepI systems. Of the three systems, only one, btaR/I-1, activates expression of the 

CDI locus. Deletion of btaI-1 I alone had partial inhibition on the ability of donor cells to 

carryout CDI, but not to the extent that the triple deletion mutants inhibited donor cell CDI 

(195).  

The role of CepR in B. dolosa AU0158 recipient cells were ascertained (Figure 18). 

Recipient cells with cepR deleted had a competitive index 1 log below the susceptible 

parent strain when competed against Bcp-1 system. In comparison, competition against 

Bcp-2 system, the cepR deletion mutant had 0.5 log more resistance than the parental strain. 
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The role CepR/CepI plays in the donor cells is still unknown for B. dolosa. Often the 

expression of the cepR and cepI gene are coupled, thus deletion of cepR would inhibit the 

expression of cepI as well (295, 296). Future studies will aim to tease apart the role of 

quorum sensing in AU0158 CDI competitions for both the recipient cells and donor cells.  

In the CepR/CepI B. thailandensis quorum sensing system, the quorum sensing system 

alters expression of genes that encode polysaccharides associated with the capsule or 

exopolysaccharides (195). Although, in Chapter 5, we identify that lipopolysaccharide 

structures effect recipient cell susceptibility, the Tn5-cepR mutant did not have altered LPS 

(Figure 5.10). However, we did not look at exopolysaccharide or capsular polysaccharides. 

The list of potential reasons that deletion of cepR has partial protection against BcpA-1 

and, to a lesser extent, BcpA-2 is extensive as CepR/CepI quorum sensing systems cause 

global gene regulation changes. However, our findings in Chapter 5 support the idea that 

alterations to the cellular membrane surface influences the CDI susceptibility and provides 

a solid starting point for future studies.  

The role of LPS in Gram negative bacteria is critical in changes to the cell’s physiology 

and is often associated with virulence (297, 298). One of the major ways bacteria evade 

host immune systems are by altering the LPS structure (299, 300). Similarly, many colicins, 

such as ColN, use LPS as the initial binding factor, creating a tighter interaction between 

the colicin and the outer membrane receptor. Mutations to the LPS structure hinder the 

ability for colicins to first bind to the LPS and thus cannot carry out their toxic activity 

intracellularly (301, 302).  

Disruption of BDAG_01006 and BDAG_01005 both resulted in resistance to WT CDI. 

Indicating that recipient cells are resistant to both AU0158 BcpA-1 and BcpA-2 
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intoxication [Chap 5 last figure]. Due to the orientation of the genes in the locus, 

disruptions in BDAG_01006 are predicted to have polar effects on BDAG_01005. 

However, in the images of the LPS gels, both disruption mutants had altered LPS, but 

changed in different ways. Disruptions in both BDAG_01005 and BDAG_01006 had 

changes to the O-antigen, however, BDAG_01005 also had changes to the core and lipid 

A portion of LPS. These results suggest that there is not a polar effect in the BDAG_01006 

mutant. If there was a polar effect, I would suspect that both LPS changes would affect the 

core and lipid A regions similarly to what is seen in the BDAG_01005 mutant alone (Figure 

5.10).  

Disrupting BDAG_01006 was not as effective as disrupting BDAG_01005. The 

BDAG_01005 mutant was as resistant against WT CDI as recipient cell expressing both 

immunity proteins. As BDAG_01006 still has partial susceptibility, I would suspect that if 

BDAG_01006 was competed against the CDI systems under expression of the S12 

constitutive promoter, BDAG_01006 recipient cells would have increased. If sensitivity of 

the recipient BDAG_01006 mutant is altered, then these results would support would that 

the alterations to the O-antigen of LPS is not completely inhibiting CDI but instead 

hindering CDI. The same experiment can be used to determine the extent to which 

alterations in the core and lipid A protects against CDI using the BDAG_01005 disruption 

mutant.  

Another gene in the BDAG_01005 and BDAG_01006 locus is BDAG_01007, or 

wabO. Like BDAG_01005 and BDAG_01006, wabO encodes for LPS production factors. 

In B. cenocepacia, the wabO gene, when mutated resulted in mutations to the LPS core 

(282). Keeping with my hypothesis, if wabO mutation in B. dolosa we would expect to 
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LPS alterations and correlate with CDI resistance in recipient cells. Future experiments 

will be focused on the effects of in-frame deletion mutants for LPS regulatory genes, 

including B. dolosa wabO.  

LPS genes have also been associated with CDI susceptibility of recipient cell to B. 

pseudomallei, Bp10266, BcpA-2 toxin. In the Majerczyk et al., 2014 manuscript, the 

Bp10266 CDI system-2 is produced in B. thailandensis E264, and transposon mutagenesis 

used to identify recipient cell susceptibility factors. The BTH_10986 LPS associated gene 

in E264 provided specific protection against Bp10266 BcpA-2, but the native E264 BcpA 

was still capable of carrying out WT levels of CDI. Because of these results, the researcher 

proposes that LPS is either the receptor or co-receptor for Bp10266 BcpA-2. Using flow 

cytometry found CDI competent cells had less binding affinity to the BTH_I0986 deletion 

mutants. Similarly, WT cells had low binding to cells lacking CDI systems (195).  As the 

cells without CDI systems still had native production of BTH_I0986, if BTH_I0986 was 

an outer membrane receptor, Bp10266 BcpA-2 should still be able to bind efficiently. 

However, these findings still support that LPS is playing a role in CDI susceptibility.   

Despite almost 20 years of research in CDI mechanism many large questions still 

remain for the field to answer. Although recipient susceptibility factors are being identified 

and characterized recently, the amount of toxin required to carry out CDI is still unknown. 

Another large question is what happens after the toxins are cleaved? How does the donor 

cell degrade the remaining N-terminus of the protein?  While the biological and pathogenic 

relevance of CDI has not been fully elucidated and utilized, studies suggest there is some 

contribution, still requires basic research and fundamental understanding before these 

larger clinical questions can be answered. Future studies will be aimed at comparing Bcc 
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pathogen CDI systems to identify conserved features. investigating the environmental 

influences such as quorum sensing factors will add to the field’s understanding the socio-

microbiology of donor: recipient CDI interactions. Before complex questions surrounding 

CDI and its impact on disease can be answered, basic research on CDI mechanism must be 

performed in order to build the foundation of our understanding.  
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Appendix A: Acronyms  

AA Amino Acids 

AHL Acyl Homoserine Lactone 

Amp Ampicillin Antibiotics 

AU1058  Burkholderia dolosa Strain AU0158 

Bcc  Burkholderia cepacia Complex 

Bcp 

Burkholderia Contact Dependent Growth Inhibition 

Protein 

Bd Burkholderia dolosa 

BP DNA Base pair 

BPC Burkholderia pseudomallei complex 

BSL Bio-safety level 

Bt Burkholderia thailandensis  

E264  Burkholderia thailandensis strain E264 

CI  Competitive Index 

C8-HSL IV-Octanoyl Homoserine Lactone  

CDC Center for Disease Control 

CDI  Contact-Dependent Growth Inhibition 

CDS  Contact-Dependent Signaling 

CF  Cystic Fibrosis 

CFTR  Cystic Fibrosis Transmembrane Conductance Regulator 

CFU Colony Forming Units 
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CGD  Chronic Granulomatous Disease 

CGD2M  Burkholderia multivoran strain CGD2M 

Cm  Chloramphenicol 

CspD Cold Shock protein-D 

C-Term  C-Terminus 

CV Crystal Violet 

CysK O-Acetylserine Sulfhydrylase A  

DMSO Dimethyl Sulfoxide 

DNA  Deoxyribonucleic acid 

DNase Deoxyribonuclease  

EF Elongation Factor 

EF-2 Elongation Factor 2 

EF-T Elongation Factor Thermo-Stable  

EF-Tu Elongation Factor Thermo-Unstable  

EPS Exopolysaccharides  

FHA Filamentous Hemagglutinin 

GFP Green Fluorescent Protein 

GTPase  Guanosine Triphosphatase 

H Hours 

IM  Inner Membrane 

IMR Inner Membrane Receptor 

Kan Kanamycin 

kb Kilo bases of DNA 
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kD  Kilodalton 

LB Lysogeny Broth 

LPS Lipopolysaccharide 

LSLB  Low Salt Lysogeny Broth 

LYN  Nx(E/Q)LYN conserved sequence in BcpA proteins 

MMC Mitomycin C 

mRNA  Messenger Ribonucleic Acid 

NCBI National Center for Biotechnology Information 

NS Not Significant 

N-Term N Terminus 

OD420 Optical Density, 420 nm 

OD540 Optical Density, 540nm 

OD600  Optical Density, 600 nm 

OM  Outer Membrane 

OME Outer Membrane Exchange 

OMR Outer Membrane Receptor 

OMR-BR Outer Membrane Receptor-Binding Region 

OMV Outer Membrane Vesical 

ONPG  Ortho-Nitrophenyl-β-Galactoside 

ORF  Open Reading Frame 

PBS  Phosphate-Buffered Saline 

PBS-T Phosphate-Buffered Saline-Tween 

PCR  Polymerase Chain Reaction 
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PH Potential Hydrogen 

PVC Polyvinyl Chloride 

RHS Rearrangement Hotspot 

RIP Ribosome Inactivating Protein  

RNA  Ribonucleic Acid 

RNase Ribonuclease  

rRNA Ribosomal Ribonucleic Acid 

SDS-PAGE  

Sodium Dodecyl Sulfate-Polyacrylamide Gel 

Electrophoresis 

SecSS Sec Signal Sequence  

SOS 

‘Save our ship’ – genes associated with responding to 

DNA damage 

sRNA  Small Regulatory RNA 

ssDNA Single Stranded Deoxyribonucleic 

T Time 

T3SS  Type III Secretion System 

T4SS Type IV Secretion System 

T5SS Type V Secretion System 

T5SSb Type Vb Secretion System 

T6SS Type VI Secretion System 

T7SS Type VII Secretion System 

TA Toxin-Antitoxin  

Tet  Tetracycline 
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TPS  Two-Partner Secretion 

tRNA  Transfer Ribonucleic Acid 

TSB Tryptic Soy Broth  

WGS Whole Genome Sequencing 

WT Wild-type 

X-gal 5-Bromo-4-Chloro-3-Indolyl-β-D-Galactopyranoside 

YP  Tyrosine (Y) and Proline (P) Rich Region of CdiA 

α Antibody 

β-ME β-Mercaptoethanol 

Δ Deletion 
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Appendix B: Strains used in this body of work. 

Strain - 

laboratory stock 

annotation 

Strain-

dissertation 

annotation  

Genotype Source 

reference 

    

E. coli DH5α       

E. coli DH5α λpir        

E. coli RHO3       

B. dolosa AU0158     Taxonomy 

ID:3144971 

AU0158∆bcp-1 ∆bcp-1 BdAU0158 ∆bcpAIOB-1  Garcia EC, 2016 

(210) 

AU0158 ∆bcp-2 ∆bcp-2 BdAU0158 ∆bcpAIOB-2 Garcia EC, 2016 

(210) 

AU0158 ∆bcp-1 

∆bcp-2 

∆bcp-1 

∆bcp-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

Garcia EC, 2016 

(210) 

AU0158 Kan  Wild-type BdAU0158-WT 

attTn7::pUC18Tmini 

  

AU0158 ∆bcp-1 

Kan 

 ∆bcp-1 BdAU0158 ∆bcpAIOB-1 

attTn7::pUCminigfp 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-2 

Kan 

 ∆bcp-2 ∆bcpAIOB-2 BdAU0158 

attTn7::pUC18Tmini-Tn7-km 

Perault AI, 2018 

(188) 

AU0158 ∆bcp-1 

∆bcp-2 Kan 

 ∆bcp-1 

∆bcp-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pUC18Tmini-Tn7-km 

Perault AI, 2018 

(188) 

AU0158 Tet  Wild-type BdAU0158-WT 

attTn7::pUC18Tmini-Tn7-tet 

 Perault AI, 2018 

(188) 

AU0158 ∆bcp-1 

Tet 

 ∆bcp-1 BdAU0158 ∆bcpAIOB-1 

attTn7::pUC18Tmini-Tn7-tet 

Perault AI, 2018 

(188) 

AU0158 ∆bcp-2 

Tet 

 ∆bcp-2 BdAU0158 ∆bcpAIOB-2 

attTn7::pUC18Tmini-Tn7-tet 

Perault AI, 2018 

(188) 
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AU0158 ∆bcp-1 

∆bcp-2 Tet 

 ∆bcp-1 

∆bcp-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pUC18Tmini-Tn7-tet 

Perault AI, 2018 

(188) 

AU0158 ∆bcp-1 

∆bcp-2 +bcpI-1 

 ∆bcp-1 

∆bcp-2 

+bcpI-1 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 attTn7::pAP3 

Perault AI, 2018 

(188) 

AU0158 ∆bcp-1 

∆bcp-2 +bcpI-2 

 ∆bcp-1 

∆bcp-2 

+bcpI-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 attTn7::pAP5 

Perault AI, 2018 

(188) 

AU0158 ∆bcp-1 

∆bcp-2 +bcpI-1 

+bcpI-2 

 ∆bcp-1 

∆bcp-2 

+bcpI-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 attTn7::pAP3, 

attTn7::pAP5 

This body of 

work 

AU0158 bcp-1 

::pAP6S12  

bcp-1ON  BdAU0158 bcpAIOB-

1ΩpAP6S12 

 This body of 

work 

AU0158 bcp-

2::pAP7S12  

bcp-2ON  BdAU0158 bcpAIOB-

2ΩpAP7S12 

 This body of 

work 

AU0158 ΔbcpO  ΔbcpO  BdAU0158 Perault AI, 2018 

(188) 

AU0158 ΔbcpO 

+pAP6S12  

ΔbcpOON  BdAU0158  This body of 

work 

AU0158 +gfp  Wild-type 

+gfp 

 BdAU0158 WT 

attTn7::pUCgfp 

 This body of 

work 

AU0158 ∆bcp-1  

+gfp 

 ∆bcp-1  

+gfp 

BdAU0158 ∆bcpAIOB-

1 attTn7::pUCgfp 

 This body of 

work 

AU0158 ∆bcp-2  

+gfp 

 ∆bcp-2  

+gfp 

 BdAU0158 ∆bcpAIOB-

2 attTn7::pUCgfp 

 This body of 

work 

AU0158 ∆bcp-1 

∆bcp-2  +gfp 

 ∆bcp-1 

∆bcp-2  +gfp 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 attTn7::pUCgfp 

 This body of 

work 

AU0158 bcpA-1 

△500aa  

Δsubdom-1 BdAU0158-WT BcpA-

1Δ2491-3003aa 

This body of 

work 

AU0158  

bcpA1△subdom-1 

Δsubdom-2 BdAU0158-WT BcpA-

1Δ2805-2855aa  

This body of 

work 
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AU0158 

bcpA1△subdom-2 

Δsubdom-3 BdAU0158-WT BcpA-

1Δ2805-2905aa  

This body of 

work 

AU0158 

bcpA1△500aa:: 

pAP6S12 

Δsubdom-

1ON 

BdAU0158-WT bcpAIOB-

1ΩpAP6S12 BcpA-1Δ2491-

3003aa 

This body of 

work 

AU0158 

bcpA1△subdom-

1::pAP6S12 

Δsubdom-

2ON 

WT bcpAIOB-1ΩpAP6S12 

BcpA-1Δ2805-2855aa  

This body of 

work 

AU0158 

bcpA1△subdom-

2::pAP6S12 

Δsubdom-

3ON 

BdAU0158-WT bcpAIOB-

1ΩpAP6S12 BcpA-1Δ2805-

2905aa  

This body of 

work 

AU0158 

bcpA1△500aa 

Kan 

Δsubdom-1 BdAU0158-WT BcpA-

1Δ2491-3003aa 

attTn7::pUC18Tmini-Tn7-km 

This body of 

work 

AU0158 

△bcpA1△subdom

-1 Kan 

Δsubdom-2 BdAU0158-WT BcpA-

1Δ2805-2855aa 

attTn7::pUC18Tmini-Tn7-km 

This body of 

work 

AU0158 

bcpA1△subdom-2 

Kan 

Δsubdom-3 BdAU0158-WT BcpA-1 

Δ2805-2905aa 

attTn7::pUC18Tmini-Tn7-km 

This body of 

work 

AU0158 ∆bcp-1 

∆bcp-2 ΔcepR 

 ΔcepR BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_03544  

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 ΔcepR 

Kan 

 ΔcepR BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_03544 

attTn7::pUC18Tmini-Tn7-km 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 ΔcepR 

+cepR 

 ΔcepR 

+cepR 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_03544 

attTn7::pS12cepR 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 +cepR 

 +cepR BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pS12cepR 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 ΔcspD 

  BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_02644 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 ΔhisD 

  BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_02714 

Oates AE, 2021 

(submitted) 
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AU0158 ∆bcp-1 

∆bcp-2 ΔcspD 

Kan 

 ΔcspD BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_02644 

attTn7::pUC18Tmini-Tn7-km 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 ΔhisD 

Kan 

 ΔhisD BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_02714 

attTn7::pUC18Tmini-Tn7-km 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 ΔhisD 

+hisD 

 ΔhisD 

+hisD 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_02714 

attTn7::pS12hisD 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 +hisD 

 +hisD BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pS12hisD 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 Δ00967 

 Δ00967 BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_00967 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 Δ00967 

+gfp 

 Δ00967 

+gfp 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_00967 

attTn7::pUC18mini-Tn7–

kan–gfp 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 Δ00967 

+00967 

 Δ00967 

+00967 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_00967 

attTn7::pS12BDAG_00967k

m 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 Δ00967 

+pD01006 

 Δ00967 

+pD01006 

 BdAU0158 Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 +00967 

 +00967 BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pS12BDAG_00967k

m 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 Kan Tet 

 ∆bcp-1 

∆bcp-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pUC18Tmini-Tn7-km 

attTn7::pUC18Tmini-Tn7-tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 +bcpI-1 

Tet 

 ∆bcp-1 

∆bcp-2 

+bcpI-1 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 attTn7::pAP3 

attTn7::pUC18Tmini-Tn7-tet 

Oates AE, 2021 

(submitted) 
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AU0158 ∆bcp-

1∆bcp-2 +bcpI-2 

Tet 

 ∆bcp-1 

∆bcp-2 

+bcpI-2 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 attTn7::pAP5 

attTn7::pUC18Tmini-Tn7-tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 tn5 1-2 

+00967 

 tn5 1-2 

+00967 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 pUTminiTn5km 

attTn7::pS12BDAG_00967tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 tn5 1-2 

+00966 

 tn5 1-2 

+00966 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 pUTminiTn5km 

attTn7::pS12BDAG_00966tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 tn5 1-2 

+00967-66 

 tn5 1-2 

+00967-66 

∆ BdAU0158 bcpAIOB-1 

∆bcpAIOB-2 pUTminiTn5km 

attTn7::pS12BDAG_00967-

66tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 tn5 1-2 

Tet 

 tn5 1-2 BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 pUTminiTn5km 

attTn7::pUC18Tmini-Tn7-tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 Δ00966 

 Δ00966 BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 ∆BDAG_00966 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 Δ00966 

Tet 

 Δ00966 BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2  ∆BDAG_00966 

attTn7::pUC18Tmini-Tn7-tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-1 

∆bcp-2 Δ00966 

+00966 

 Δ00966 

+00966 

BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2  ∆BDAG_00966 

attTn7::pS12BDAG_00966 

tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 +00966 

 +00966 BdAU0158 ∆bcpAIOB-1 

∆bcpAIOB-2 

attTn7::pS12BDAG_00966 

tet 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 

+pD01005 

   BdAU0158 ∆bcp-1∆bcp-2 

BDAG_01005::pD01005 

Oates AE, 2021 

(submitted) 

AU0158 ∆bcp-

1∆bcp-2 

+pD01006 

  BdAU0158 ∆bcp-1∆bcp-2  

BDAG_01006 :: pD01005 

Oates AE, 2021 

(submitted) 
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AU0158 △1△2 

Tn5  

v △1 #1 

tn5 1-1 BdAU0158 ∆bcp-1∆bcp-2  

BDAG_01006 ::pD01005 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △1 #2 

tn5 1-2 BdAU0158 BDAG_00967:: 

pUT-miniTn5-Km  

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △1 #4 

tn5 1-4 BdAU0158 BDAG_00967:: 

pUT-miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △1 #6 

tn5 1-6 BdAU0158 BDAG_00967:: 

pUT-miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △1 #8 

tn5 1-8 BdAU0158 BDAG_00967:: 

pUT-miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △2 #2 

tn5 2-2 BdAU0158 hisD Ω::pUT-

miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △2 #3 

tn5 2-3 BdAU0158 hisD ::pUT-

miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △2 #5 

tn5 2-5 BdAU0158 BDAG_00967:: 

pUT-miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △2 #7 

tn5 2-7 BdAU0158 cspD :: pUT-

miniTn5-Km 

Oates AE, 2021 

(submitted) 

AU0158 △1△2 

Tn5  

v △2 #8 

tn5 2-8 BdAU0158 cepR :: pUT-

miniTn5-Km 

Oates AE, 2021 

(submitted) 

E264  BtE264 Taxonomy 

ID:271848 

E264 Kan E264 BtE264 attTn7::pUC18Tmini-

Tn7-kan 

Anderson MS, 

2012 (185) 

E264::pECG22 E264ON  BtE264 bcpAIOBΩpECG22 Anderson MS, 

2012 (185) 

E264 BcpA-EKA  E264Inact.  BtE264 bcpAIOB BcpA 

E3064→A,K3066→A 

(catalytically inactive mutant)  

Anderson MS, 

2014 (192) 

E264 BcpA-EKA 

Kan 

 E264Inact.  BtE264 bcpAIOB BcpA 

E3064→A,K3066→A 

(catalytically inactive mutant) 

Anderson MS,  

(192) 
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attTn7::pUC18Tmini-Tn7-

kan 

E264 BcpA-

EKA::pECG22 

E264Inact.ON BtE264 bcpAIOBΩpECG22 

BcpA E3064→A,K3066→A 

(catalytically inactive mutant) 

Anderson MS,  

2014 (192) 

E264 ΔSS  ΔSecSS BtE264-WT bcpAΔSecSS  This body of 

work 

E264 ΔbcpAIOB  BtΔbcpAIO BtE264 ΔbcpAIOB Anderson MS, 

2012 (185) 

E264 ΔbcpAIOB 

kan 

 BtΔbcpAIO BtE264 ΔbcpAIOB 

attTn7::pUC18Tmini-Tn7-

kan 

Anderson MS, 

2012 (185) 

E264 ΔbcpA  BtΔbcpA BtE264 ΔbcpA Garcia EC, 2016 

(210) 

E264 ΔbcpA kan  BtΔbcpA BtE264 ΔbcpA 

attTn7::pUC18Tmini-Tn7-

kan 

Garcia EC, 2016 

(210) 

E264 +pECG60  Bth_I0535-

lacZ 

BtE264-WT Bth_I0535:: 

pECG60 

Garcia EC, 2016 

(210) 

ΔbcpAIOB 

+pECG60 

Δbcp 

Bth_I0535-

lacZ 

 BtE264 ΔbcpAIOB 

Bth_I0535:: pECG60 

Garcia EC, 2016 

(210) 

E264 +pECG61  csuD-lacZ BtE264-WT Bth_I2676 

(csuD)::pECG61 

Garcia EC, 2016 

(210) 

E264 ΔbcpAIOB 

+pECG61 

 Δbcp  csuD-

lacZ 

BtE264 ΔbcpAIOB Bth_I2676 

(csuD)::pECG61 

Garcia EC, 2016 

(210) 

E264::pECG22 

+pECG86 

 E264ON 

+lexA-lacZ 

 BtE264 bcpAIOBΩpECG22 This body of 

work 

E264::pECG22 

+pECG87 

 E264ON 

+uvrA-lacZ 

 BtE264 bcpAIOBΩpECG22  This body of 

work 

E264 BcpA-

EKA::pECG22 

+pECG86 

 E264Inact.ON 

+lexA-lacZ 

 BtE264 bcpAIOBΩpECG22 

BcpA E3064→A,K3066→A 

(catalytically inactive mutant) 

This body of 

work 
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E264 BcpA-

EKA::pECG22 

+ECG87 

 E264Inact.ON 

+uvrA-lacZ 

 BtE264 bcpAIOBΩpECG22 

BcpA E3064→A,K3066→A 

(catalytically inactive mutant) 

This body of 

work 

E264 +pECG86   +lexA-lacZ BtE264-WT attTn7:: pECG86 This body of 

work 

E264 +pECG87   +uvrA-lacZ BtE264-WT attTn7:: pECG87 This body of 

work 

E264 BcpA-EKA 

+pECG86  

 E264Inact. 

+lexA-lacZ 

BtE264 BcpA 

E3064→A,K3066→A 

(catalytically inactive mutant) 

attTn7:: pECG86 

This body of 

work 

E264 BcpA-EKA 

+pECG87  

 E264Inact.ON BtE264 BcpA 

E3064→A,K3066→A 

(catalytically inactive mutant) 

attTn7:: pECG87 

This body of 

work 

E264 +pUClacZ Promoterless

-lacZ 

BtE264 WT attTn7::pUClacZ Anderson MS,  

(185) 

E264 +pECG10  lacZON BtE264-WT attTn7::pECG10 Anderson MS,  

2012 (185) 

E264ΔbcpA 

+pECG86 

 ΔbcpA 

+lexA-lacZ 

BtE264 ΔbcpA attTn7:: 

pECG86 

This body of 

work 

E264ΔbcpA 

+pECG87 

 ΔbcpA 

+uvrA-lacZ 

BtE264 ΔbcpA attTn7:: 

pECG87 

This body of 

work 

 

(::) Disruption  

(Ω) Exchange 

(Δ) Deletion 
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Appendix C: Plasmids used in this body of work.  

Plasmids Backbone Description AbR Reference 
     

pEXKm5 
 

Allelic exchange vector kan López CM, 

2009 (243) 

pUC18Tmini-

Tn7-km 

 
To deliver kanamycin-

resistance cassette to attTn7 

site 

amp, 

kan 

Choi K-H, 

2008 (244) 

pUC18Tmini-

Tn7-tet 

pUC18Tm

ini-Tn7-

km 

To deliver tetracycline-

resistance cassette to attTn7 

site 

amp, 

tet 

Anderson 

MS, 2012 

(185) 

pUC18mini-Tn7–

kan–gfp 

pUC18Tm

ini-Tn7-

km 

To deliver promoterless gfp 

gene cassette to attTn7 site 

amp, 

kan 

Norris MH , 

2010 (303) 

pUC18mini-Tn7–

kan–rfp 

pUC18Tm

ini-Tn7-

km 

To deliver promoterless rfp 

gene cassette to attTn7 site 

amp, 

kan 

Anderson 

MS, 2014 

(192) 

pUCS12km pUC18Tm

ini-Tn7-

km 

To deliver (E264, rpsL gene 

promoter) S12 -driving 

cassettes to the attTn7 site 

amp, 

kan 

Anderson 

MS, 2012 

(185) 

pTNS3 
 

Helper plasmid to deliver 

cassettes to attTn7 site 

amp Choi K-H, 

2005 (245) 

pUT-miniTn5-

Km 

pGP704 

derivative 

Tn5 transposase (tnp) and 

mini-Tn5 transposon for 

mutagenesis 

kan de Lorenzo 

V, 1990 

(249) 

pAP3 pUCS12 To deliver kanamycin-

resistance cassette of bcpI-1 

under the constitutive 

promoter S12 to the attTn7 

site  

amp, 

kan 

Perault AI, 

2018 (188) 

pAP5 pUCS12 To deliver kanamycin-

resistance cassette of bcpI-2 

under the constitutive 

promoter S12 to the attTn7 

site  

amp, 

kan 

Perault AI, 

2018 (188) 

p△cspD_ 

overlap 

pEXKm5 To delete AU0158 

BDAG_02644 in frame by 

allelic exchange using first 4 

codons and 485bp 5' of the 

gene and 3 codons and 440bp 

3' of the gene 

kan Oates AE, 

2021 

(submitted) 

p△hisD_overlapa pEXKm5 To delete AU0158 

BDAG_02714 inframe by 

allelic exhange using first 4 

kan Oates AE, 

2021 

(submitted) 
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codons and 420bp 5' of the 

gene and 3 codons and 485bp 

3' of the gene 

pS12hisD pUCS12 To deliver kanamycin-

resistance cassette of 

BDAG_02714 under the 

constitutive promoter S12 to 

the attTn7 site 

amp, 

kan 

Oates AE, 

2021 

(submitted) 

p△BDAG_00967

_overlapa 

pEXKm5 To delete AU0158 

BDAG_00967 in frame by 

allelic exchange using 477bp 

5' of the gene and 498bp 3' of 

the gene 

kan Oates AE, 

2021 

(submitted) 

pS1200967km pUCS12 To deliver kanamycin-

resistance cassette of 

BDAG_00967 under the 

constitutive promoter S12 to 

the attTn7 site  

amp, 

kan 

Oates AE, 

2021 

(submitted) 

pS1200967tet pUC18Tm

ini-Tn7-tet 

To deliver tetracycline-

resistance cassette of 

BDAG_00967 under the 

constitutive promoter S12 to 

the attTn7 site 

amp, 

tet 

Oates AE, 

2021 

(submitted) 

pS1200966tet pUC18Tm

ini-Tn7-tet 

To deliver deliver 

tetracycline-resistance 

cassette of BDAG_00966 

under the constitutive 

promoter S12  to the attTn7 

site 

amp, 

tet 

Oates AE, 

2021 

(submitted) 

pS1200967-66tet pUC18Tm

ini-Tn7-tet 

To deliver tetracycline-

resistance cassette of 

BDAG_00967 through 

BDAG_00966 under the 

constitutive promoter S12 to 

the attTn7 site 

amp, 

tet 

Oates AE, 

2021 

(submitted) 

p△BDAG_966_ 

overlap 

pEXKm5 To delete AU0158 

BDAG_00966 in frame by 

allelic exchange using first 3 

codons and 449bp 5' of the 

gene and 3 codons and 438bp 

3' of the gene 

kan Oates AE, 

2021 

(submitted) 

pECG110 pEXKm5 To delete AU0158 

BDAG_03544, cepR, in 

frame by allelic exchange  

kan Oates AE, 

2021 

(submitted) 
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pS12cepR  pUCS12 To deliver kanamycin-

resistance cassette of 

BDAG_03544 under the 

constitutive promoter S12 to 

the attTn7 site 

amp, 

kan 

Oates AE, 

2021 

(submitted) 

pECG113 

(pD01005) 

pUC18Tm

ini-Tn7-

km 

To disrupt BDAG_01005 by 

cassette of BDAG_01005 3' 

158-675bp integration into 

the chromosomal gene 

kan Oates AE, 

2021 

(submitted) 

pECG114 

(pD01006) 

pUC18Tm

ini-Tn7-

km 

To disrupt BDAG_01006 by 

cassette of BDAG_01006 3' 

26-573bp integration into the 

chromosomal gene 

kan Oates AE, 

2021 

(submitted) 

pAP6S12 pUCS12 To integrate (E264, rpsL 

gene promoter) S12 -driving 

cassettes 3' of the AU0158 

bcpAIOB-1 locus  

kan This body 

of work 

pAP7S12 pUCS12 To integrate (E264, rpsL 

gene promoter) S12 -driving 

cassettes 3' of the AU0158 

bcpAIOB-2 locus  

kan This body 

of work 

pECG22 pEXKm5 To integrate (E264, rpsL 

gene promoter) S12 -driving 

cassettes 3' of the E264 

bcpAIOB locus  

kan Anderson 

MS, 2012 

(185) 

pAEO9 pEXKm5 To delete E264 bcpA 

2439aa-2771aa in frame by 

allelic exchange  

kan This body 

of work 

pAEO12 pEXKm5 To delete AU0158 bcpA-1 

2491-3003aa in frame by 

allelic exchange 

kan This body 

of work 

pAEO14 pEXKm5 To delete AU0158 bcpA-1 

2805 – 2905aa in frame by 

allelic exchange using  

kan This body 

of work 

pAEO15 pEXKm5 To delete AU0158 bcpA-1 

2805 – 2855aa in frame by 

allelic exchange using  

kan This body 

of work 

pUClacZ pUC18Tm

ini-Tn7-

km 

To deliver promoterless lacZ 

gene cassette to attTn7 site 

kan Anderson 

MS, 2012 

(185) 

pECG10 pUCS12 To deliver kanamycin-

resistance cassette of lacZ 

under the constitutive 

promoter S12 to the attTn7 

site  

amp, 

kan 

Anderson 

MS, 2012 

(185) 
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pEGZH3T 
 

Tet cloned into BglII site of 

pEGZH3, disrupting GmR 

Amp, 

Tet 

Martuez de 

Tejada G, 

1996 (304) 

pECG60 pEGZH3T To disrupt Bth_I0535 gene 

with lacZ cassette by allelic 

exchange 

Amp, 

Tet 

Garcia EC, 

2016  (210)  

pECG61 pEGZH3T To disrupt csuD gene with 

lacZ cassett by allelic 

exchange 

Amp, 

Tet 

Garcia EC, 

2016 (210) 

pECG86 pECG10 To deliver kanamycin-

resistance cassette of lexA 

promoter to drive lacZ 

expression to the attTn7 site 

amp, 

kan 

This body 

of work 

pECG87 pECG10 To deliver kanamycin-

resistance cassette of uvrA 

promoter to drive lacZ 

expression  to the attTn7 site 

amp, 

kan 

This body 

of work 

 

AbR, Antibiotic resistance marker 
a Made using Gibson assembly method 
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Appendix D: Experimental replicates of B. thailandensis and B. dolosa BcpA 

banding patterns.   

 
 

 

Appendix Figure 1. Banding patterns between pre-toxin region deletions mutants 

vary from wild-type BcpA-1. 
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Appendix Figure 1. Banding patterns between pre-toxin region deletions mutants 

vary from wild-type BcpA-1. 

Western blot assays done (A) 09/03/2020 (B) 09/07/2020 using whole cell lysate of 

B. thailandensis (E264) and B. dolosa (AU0158) constitutively expressing E264 Bt-

bcpAIOB or AU0158 Bd-bcpAIOB-1 locus. Whole cell lysis was collected from either 

liquid cultures, left, or harvested from plates, right. Constitutive expression of the 

AU0158 Bd-BcpA subdomain-1, subdomain-2, and subdomain-3 deletions were 

harvested from plates. The deletion of the locus Bd-bcp-1 was used as the negative 

antibody control. Prior to cell lysis, cultures were standardized to the same OD600. 

Membrane probed with αBcpA C-terminal primary antibodies and fluorescent αRabbit 

secondary antibodies.   
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Appendix E: Variationsa in B. dolosa ΔbcpAIOB-1 ΔbcpAIOB-2 mutant identified by 

whole genome re-sequencing. 

     Seq run #1 c Seq run #2 c  

Chr Position Variation b Locus tag Annotation Covd Freq 

(%)e 

Covd Freq 

(%)e 

Tn? f 

          

1 1,439,637 C→G [syn] AK34_1335 
acetyl-CoA acyl-

transferase  
306 92 38 100 Y 

          

1 1,439,658 C→A [syn] AK34_1335 
acetyl-CoA acyl-

transferase  
339 88 25 100 Y 

          

1 1,778,998 T→G [V→G] AK34_1666 

multidrug efflux 

transporter 

periplasmic 

subunit 

294 99 132 100 Y 

          

1 2,565,694 C→G intergenic  ND ND 55 96 N 

          

2 453,761 T→G [V→G] AK34_3567 
enoyl-CoA 

hydratase 
265 100 149 100 Y 

          

2 612,089 (TGGCAA)11→12 intergenic  30 100 78 96 Y 

          

2 614,406 (ACTCAGG)2→1 intergenic  25 100 154 99 Y 

          

2 1,386,452 A→C intergenic  145 100 96 100 Y 

          

2 2,156,583 T→G intergenic  122 100 124 100 Y 

          

Chr, chromosome; Cov, coverage; Freq, frequency; ND, not detected 

a Variations relative to AU0158 reference genome occurring at >85% frequency in 

regions having >25 mapped reads 

b Brackets show amino acid substitution or synonymous change (syn), where applicable. 

c Control ΔbcpAIOB-1 ΔbcpAIOB-2 parent strain was re-sequenced twice, with two 

batches of transposon mutants. Sequencing run #1 for comparison to transposon mutant 

Tn1-2 and sequencing run #2 for comparison to transposon mutants Tn2-2, Tn2-7, and 

Tn2-8. 

d Number of mapped reads 

e % reads containing indicated mutation 

f Present (Y) in all re-sequenced transposon mutants. Variation denoted (N) was not 

detected in Tn1-2 or Tn2-8.  
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Appendix F: Influence of B. thailandensis BcpA/BcpI complex on SOS response.  

B. thailandensis E264 has been shown to utilize the CDI system both as a means of 

competition and as a means of kin-specific interactions. E264 required the BcpAIOB 

proteins when mediating biofilm formation and is associated with additional phenotypes 

including pigmentation and Congo-Red binding. These community behaviors were 

dependent on the function of BcpA. Loss or initialization on of BcpA C-terminal toxin 

(E3064A to K3066A substitution - EKA) was defective in the above described 

cooperative behaviors (209, 210). RNA sequencing identified various genes associated 

with BcpA induces global gene expression changes, including expression of csuD and 

Bth_I0535. This CDI system-mediated intercellular communication was termed contact-

dependent signaling (CDS) (210).  

B. thailandensis E264 has been shown to utilize the CDI system both as a means of 

competition and as a means of kin-specific interactions. E264 required the BcpAIOB 

proteins when mediating biofilm formation and is associated with additional phenotypes 

including pigmentation and Congo-Red binding. These community behaviors were 

dependent on the function of BcpA. Loss or initialization on of BcpA C-terminal toxin 

(E3064A to K3066A substitution - EKA) was defective in the above described 

cooperative behaviors (209, 210). RNA sequencing identified various genes associated 

with BcpA induces global gene expression changes, including expression of csuD and 

Bth_I0535. This CDI system-mediated intercellular communication was termed contact-

dependent signaling (CDS) (210).  

At the time of these experiments, the understanding of contact-dependent growth 

signaling (CDS) was limited to kin-restriction based on the catalytically active BcpA C-
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terminus B. thailandensis, BcpA-CT, binds to its cognate immunity protein, BcpI, of the 

recipient cell upon toxin translocation. B. thailandensis BcpA-CT is predicted to be a 

DNase, both having predicted secondary structure to Holliday junction reductase and 

purified BcpA-CT degrading DNA of E. coli plasmid (185, 200). The proposed 

hypothesis of these experiments was that the formation of the B. thailandensis BcpA-

CT/BcpI toxin-immunity complex may cause DNA damage in the recipient cell, inducing 

an ‘SOS’ response. However, the current understanding is that CDS in B. thailandensis is 

associated with a large mobile genetic element termed ‘mega circle’ that contain the 

bcpAIOB locus of B. thailandensis. The mega-circle was shown to be induced by the 

catalytically active BcpA-CT (196). Similar mechanisms have not been observed for 

other Burkholderia CDI systems (188, 193).  

At the time of these experiments, the understanding of contact-dependent growth 

signaling (CDs) was limited to kin-restriction based on the catalytically active BcpA C-

terminus B. thailandensis, BcpA-CT, binds to its cognate immunity protein, BcpI, of the 

recipient cell upon toxin translocation. B. thilandensis BcpA-CT is predicted to be a 

DNase, both having predicted secondary structure to Holliday junction reductase and 

purified BcpA-CT degrading DNA of E. coli plasmid (185)(Anderson 2012, Ruhe et al., 

2013). The proposed hypothesis of these experiments was that the formation of the B. 

thailandensis BcpA-CT/BcpI toxin-immunity complex may cause DNA damage in the 

recipient cell, inducing an ‘SOS’ response. However, the current understanding is that 

CDS in B. thailandensis is associated with a large mobile genetic element termed ‘mega 

circle’ that contain the bcpAIOB locus of B. thailandensis. The mega-circle was shown to 
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be induced by the catalytically active BcpA-CT (196). Similar mechanisms have not been 

observed for other Burkholderia CDI systems (188, 193).  

The bacterial SOS response is the result of environmental stress-induced DNA 

damage, and thus SOS genes are associated with DNA repair. Two such SOS genes are 

LexA and csuD. (252). Expression of uvrA is negatively regulated by lexA; when LexA 

proteins are active, expression of uvaR is upregulated. The UvrA proteins the respond to 

the SOS signal, and repair DNA damage (Appendix Figure 2A) (252). 

The bacterial SOS response is the result of environmental stress-induced DNA 

damage, and thus SOS genes are associated with DNA repair. Two such SOS genes are 

LexA and csuD. Expression of uvrA is negatively regulated by lexA; when LexA proteins 

are active, expression of uvaR is upregulated. The UvrA proteins the respond to the SOS 

signal, and repair DNA damage (Appendix Figure 2A) (252). 

These studies sought to determine whether the formation of the BcpA-CT/BcpI toxin-

immunity complex led to an SOS response, inducing CDS associated global gene 

expression changes.  

Donor bacteria were either expressing wild-type bcpA, or the inactive bcpA-EKA 

and co-cultures on X-gal plates with lacZ expressing CDS genes, csuD-lacZ and 

Bth_I0535-lacZ, or SOS genes; lexA-lacZ and uvrA-lacZ. The production of β-

galactosidase assay (encoded by lacZ), visualized as blue when cultured on X-gal plates, 

is representative of the expression of the associated genes. As shown in the initial CDS 

findings, co-culturing either CDS lacZ expressing CDS genes, csuD-lacZ and Bth_I0535-

lacZ, had increased levels of blue compared to the recipient alone or co-cultured with the 

inactive bcpA expressing donor cells. These results support that active BcpA intoxication 
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is driving increased expression of csuD and Bth_I0535 (210). Similar results were seen 

with active BcpA donor cells co-cultured with uvrA-lacZ recipient cells, indicating that 

BcpA maybe driving expression of uvrA. However, there was no change in the amount of 

blue produced in lexA-lacZ expressing recipient cells, regardless of the donor bacteria 

cultured with (Appendix Figure 2B).  

To determine the correlation with generic DNA damage and expression of either 

the SOS genes or CDS genes, cultures were supplemented with Mitomycin C (MMC) and 

β-galactosidase assays performed. MMC induces various types of DNA damage, and at 

high enough levels is cytotoxic to the cells. β-galactosidase assays measure, indirectly, 

measure the promoter or gene driving expression of lacZ though a color metric assay 

##.(252). The lacZ associated gene mutants were compared to with or without MMC to 

determine change in lacZ expression, and none were found to have significant 

differences, including the SOS gene mutants lexA-lacZ and uvrA-lacZ.  

Measuring only the lacZ expression from the SOS genes, the csuD-lacZ and lexA-

lacZ cassettes were mated and inserted into the chromosome of bcpA mutants. The bcpA 

mutants were either wild-type (bcpAWT), constitutively expressing the bcpAIOB locus 

(bcpAON), inactive bcpA (bcpAinact.), or constitutively expressing the inactivated bcpAIOB 

locus (bcpAinact.ON). Similar to the MMC induced DNA damage β-galactosidase assays, 

there was no significant difference in expression of csuD-lacZ or lexA regardless of the 

bcpA mutant background (Appendix Figure 2 D). However, the average β-galactosidase 

levels indicate that the lexA promoter may naturally be more active than the uvrA 

promoter (Appendix Figure 2 C,D) .  



213 

 

Altogether, these results indicate that neither BcpA-CT/BcpI complex nor DNA 

damage drive expression of the CDS genes, Bth_I0535 or csuD. Although, the current 

understanding of CDS gene regulation is due to production of the mega-circle, as to how 

BcpA/BcpI triggers the mobile element is still unknown.  
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Appendix Figure 2. Measuring DNA damage in B. thailandensis E264 bacteria. 
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Appendix Figure 2. Measuring DNA damage in B. thailandensis E264 bacteria. 

(A) Diagram of the SOS DNA damage response in bacteria. Upon DNA damage, RecA 

will bind to single stranded DNA (ssDNA). This initiates an enzymatic response that will 

cleave LexA. LexA is a negative regulator of the SOS locus and binds to the SOS locus 

promoter. Once cleaved then transcription of the SOS locus genes, such as UvrA, will 

occur. B) Co-culture (1:1) on Xgal agar of B. thailandensis ΔbcpA recipient bacteria 

carrying CDS-responsive reporters (rows 1,2) Bth_I0535-lacZ or csuD-lacZ, and SOS 

response reporters (rows 3,4) lexA-lacZ or uvrA-lacZ with donor bacteria producing WT 

(bcpAWT) or catalytically inactive BcpA (bcpAInact.). C) β-galactosidase activity assay for 

DNA damage. Reporter mutants were split into two conditions: treated and untreated. 

Treated grouped were incubated with 5X the minimum inhibitory concentration of 

mitomycin C (-/+ MMC). D) β-galactosidase activity assay for DNA damage associated 

with BcpA toxicity. Reporter strains were made with lacZ under the promoters of SOS 

related genes, lexA and uvrA. Contact dependent signaling (CDS) lacZ reporter strains were 

made with lacZ under the promoters of CDS related genes, csuD and Bth_I0535. Parental 

background strains include overexpression via constitutive promoter of either bcpA 

(bcpAON). Inactivated BcpA strains (bcpAInact.-ON) are set as the catalytic control for BcpA-

BcpI complex. Β-galactosidase assay controls are promoterless lacZ and lacZ under a 

constitutive promoter (lacZON). Panels C show results from three biological replicates, and 

D) show results from four biological replicates. Student T-tests were performed and found 

no significant differences. Student T-tests were performed and found no significant 

differences. A) Figure adapted from Ulrich et al., 2013 (252)  
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Appendix G: Polymicrobial biofilm formation of B. dolosa CDI mutants.  

 
 

Appendix Figure 3. Confocal co-culture B. dolosa CDI mutant biofilms. 
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Appendix Figure 3. Confocal co-culture B. dolosa CDI mutant biofilms. 

Confocal laser scanning microscopy of Biofilm formation in chambered well by either 

constitutively expressing gfp strains, +gfp, or constitutively expressed rfp strains, +rfp. 

Single bacterial strain A) wild-type +gfp, or B) wild-type +rfp static grown biofilms. Co-

culture biofilms starting at 1:1 ratio of wild-type AU0158 +rfp and C) wild-type AU0158 

+gfp, D) ΔbcpAIOB-1 +gfp, or E) ΔbcpAIOB-2 +gfp. Bacteria were grown for 48h in 

TSB+1% glucose cultures grown in three biological replicate and bars show the mean 

(n=3). In Z stack renderings (48 h), cross-sections through the plane parallel to the 

coverslip (shown by large center image). Scale bars represent 100 μm. Images are 

representative.  
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