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Burkholderia pseudomallei (BPM) is the infectious agent that causes the disease. 

Melioidosis. The mortality rate for Melioidosis is up to 40% regardless of treatment. 

Despite the ability of certain antibiotics to reduce mortality, infection relapse occurs in 15-

23% of treated patients. The inability of antibiotics to clear a pathogen is partly due to 

persistence, a mechanism employed by bacteria to enter a dormant state and evade the 

effects of antibiotics and host defenses. Toxin-antitoxin systems (TAS) have been 

identified as important modulators of persistence and targeting them provides an avenue 

for new drug development to reduce chronic infection. When investigating TAS, the 

predominant issue is the presence of a large number of TAS in an organism.  Currently, 

there is no predictive model to determine which conditions toxins respond to. Because the 

major reason to investigate TAS is to define their role in chronic infection, this study aimed 

to identified and predict which toxins are associated with host survival.  In the genome of 

BPM, 103 putative toxins were identified. Toxins were associated to a stress condition 

using unsupervised bipartite network analysis on an existing expression dataset that 

exposes BPM to 82 different conditions. Thirty-two toxins showed association to host-like 

conditions of which, six toxins were further examined for their role in host persistence. 

Toxins BPSS0390, BPSS1584, and BPSS0395 were upregulated in host-like conditions, 

but only moderately conserved among BPM strains. Loss of function moderately reduces 
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persistence in macrophages and reduces chronic infection in a murine model of 

Melioidosis. Three novel toxins, BPSS0899, BPSSS1321, and BPSL1494 were found to 

be highly conserved among BPM strains and demonstrated to be functional but were 

constitutively expressed. These toxins played an active role in in vitro persistence and 

macrophage survival, but not macrophage or in vivo persistence, likely due to redundancy 

of toxin systems. These findings shift the paradigm of toxin-antitoxin (TA) research to use 

a data-driven approach and indicate the utility of investigating constitutively expressed 

toxins as highly conserved regulators of persistence. 
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CHAPTER 1 INTRODUCTION TO THE PATHOGEN  

BURKHOLDERIA PSEUDOMALLEI 

Burkholderia pseudomallei (BPM) is a gram-negative bacterium that was 

discovered in Yagon city of Myanmar formally known as Rangoon, in 1911. British doctor 

Alfred Whitmore and his colleagues noticed that the organism, they found, mimicked 

another pathogenic Burkholderia species known as Burkholderia mallei 1. Over the years, 

this pathogen has been renamed as Bacterium (or Bacillus) whitmori, Malleomyces 

pseudomallei, Loefflerella pseudomallei, Pfeifferella whitmori, Pseudomonas 

pseudomallei, but as of 1992, it was officially renamed to Burkholderia pseudomallei by 

the Center of Disease Control (CDC) 1. The Burkholderia genus is composed of 122 species 

that are from rhizosphere organisms, plant pathogens, or animal and human pathogens 

(May 2019; http://www.bacterio.net/burkholderia.html) 2. Within the genus, BPM, B. 

mallei, and B. thailandensis make up the clade designated 1b 3. BPM is predominately an 

environmental organism that survives in the soil, surface water, and within amoebas, but 

can also infect humans and animals1.  In humans, the bacterium is a facultatively 

intracellular organism that can lead to asymptomatic infection, acute disease, or chronic 

infection with a chance of relapse1. B. mallei is a mammalian restricted pathogen that 

evolved from BPM through reductive evolution4,5. Like BPM, B. mallei causes human 

infections with the same symptomatology. Due to the lack of environmental colonization, 

naturally acquired B. mallei cases are infrequent 6.  B. thailandensis is a BSL1 classified, 

soil organism. On rare occasion, B. thailandensis has caused infection in humans, however 

it is 1000 times less lethal than BPM 3,7,8. Due to the conservation of 85% of core genes 

between BPM and B. thailandensis, it is often used a surrogate for BPM studies3,7.  

BPM is a 1-2 μm bacilli bacterium containing two high GC (68%) circular 

chromosomes that encoding for 2590 genes1,9. Chromosome 1 is 4.07 Mbps and primarily 
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encodes for core housekeeping genes involved in metabolism, cell growth, motility, and 

cell wall synthesis10. The smaller chromosome, chromosome 2, is 3.17 Mbps and encodes 

for accessory RNAs and genes involved in environmental adaption10. Among BPM strains, 

86% percent of the genome is conserved, while the remaining 14% is highly plastic 

consisting mainly of genomic islands1. Sequence variability has been attributed to 

homoplastity, recombination, and deletions 4,11-13. Sequential sampling shows that while in 

the host, BPM undergoes adaptive mutations and genomic reduction14,15.Genome variation 

makes it difficult to use phylogenic approaches such as multi-locus sequence typing, 

restriction fragment length polymorphism (RFLP), and pulse-field gel electrophoresis 4,11-

13. Although whole-genome sequence can accurately distinguish multiple interspecies 

clades, it is cost-prohibitive. Alternatively, the stability of three 16S-23S ribosomal DNA 

internal transcribed spacer (ITS), has allowed for broad phylogenic classification. Use of 

ITS has allowed of classification into six phylogenic types: C, E, G, GE, CE, CG, which 

captures geographic segregation 11,12,16.  
 

ENDEMICITY  

For many decades BPM endemicity was of public health importance in Southeast 

Asia and Northern Australia. In recent years, renewed interest in the bacterium has led to 

identification of the organism in previously nonendemic areas (Illustration 1). Based on 

whole-genome sequencing, Australia is considered to be the earliest source of BPM. The 

organism was next transmitted to southeast Asia and repeated transmissions were observed 

to neighboring countries facilitating expansion into South Asia and then East Asia 17. 

Phylogenetic data indicates that isolates from Asia were transmitted to Africa and from 

Africa the bacteria was transmitted to the Americas (Central and South) between 1650 and 

1850, coinciding with the slave trade17,18. In a 2016 report, cases had been reported in 45 

countries, and an additional 34 countries were predicted to be endemic for the bacterium 
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19. Most recently, the pathogen was confirmed in both Central, South America, and Africa, 

but it is significantly underreported 19-21.. 

Importation and establishment of BPM into previously non-endemic countries is 

possible through transport and contamination of the environment (soil, water, animals) 

where it can persist. To date, one case of confirmed importation with environmental 

establishment was reported in Paris, France (1975) 19. The importation led to an outbreak, 

killing two and resulting in soil persistence for up to six years 19. More recently there was 

an unintentional release in Louisiana, USA at the Tulane National Primate Research 

Center. The result was a small outbreak in nonhuman primates and soil contamination was 

suspected but was not detected 22. Environmental suitability predictions indicate that 

Florida, Louisiana, and regions of Texas are at risk of BPM establishment. The potential 

for US infections increases with recent reports of documented cases in Mexico 20. As of 

2019, there is evidence of BPM presence in Texas, USA. Two independent human cases 

have been reported and genomic analysis classifies them as an independent lineage 

(unpublished). Currently, there are ongoing studies being conducted to trying to identify 

the source of the Texas cases. Aside from the threat of natural introduction into non-

endemic area and the increasing global burden of this disease, the closely-related pathogen 

B. mallei has been successfully used as a bio-weapon. The nefarious use has resulted in 

both BPM and B. mallei being declared Tier 1 Select Agents by the CDC. With the lack 

vaccines, treatment is the only mechanism of control. Treatment in itself is challenging 

indicating the urgent need for better countermeasures23. 
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Illustration 1: Global Occurrence and Estimated Fatalities of Melioidosis 

Distribution of BPM reported cases (circles) and estimated fatalities (color coded) based 
on hospital data, national surveillance reports (Australia, Brunei, and Singapore), or 
predicted mortality rates per country.  This figure highlights the burden however there are 
discrepancies between country-based reporting, hospital data, and prediction models. 
Discrepancies are due to under use of clinical microbiology laboratories, lack of 
awareness of Melioidosis, and poor disease reporting systems19. Used with the permission 
of Springer Nature Publishing Group 2019; License number 4654271189903. 
 
 

THE DISEASE: MELIOIDOSIS 

It was not until 1921, 11 years after the discovery of BPM, that the disease was 

coined Melioidosis. Six years later, the first human case was reported in Sri Lanka1. 

Clinical manifestations vary widely, and the nonspecific symptoms overlap with many 

diseases which has led to the infection being termed “the great mimicker” 24. Infection with 

BPM occurs through skin penetration, ingestion, or inhalation (Illustration 2). In endemic 

areas, seasonal rainfall and flooding leads to increased number of cases25. Based on 

seasonality data, the mean incubation period is nine days (range 1-21 days) 26. 
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Manifestations of Melioidosis can range from skin abscess, acute septicemia, neurological 

infection, recurring chronic disease, or asymptomatic chronic infection 27,28. Skin infections 

generally lead to local ulceration and abscess, while ingestion causes mucosal ulceration 

and lymphadenopathy. An inhalational infection has the most severe manifestation and 

leads to pneumonia 29.  Regardless of the route, the bacterium is readily able to disseminate 

leading to acute detectable bacteremia (40-60% of all patients), septicemia (~20% of all 

cases), neurological infection, bone infections, and recurring chronic disease in 15-23% of 

treated patients30-33. Secondary organs most commonly colonized are the spleen, liver, 

prostate, and kidneys 1. Melioidosis mortality ranges based on the route, dose, strain, and 

host risk factors. Symptomatic individuals are at risk of developing septicemia, which has 

as >90% mortality rate in the absence of treatment. When treatment is administered the 

mortality rate is 10-40%1,34. The most recent predictions of global disease incidence is 

169,000 Melioidosis cases and 89,000 (54%) deaths occur worldwide per year 19. To put 

this into perspective, the predicted number of deaths per year by BPM exceed dengue 

(12,500 deaths/year) and is comparable to the global mortality of measles (95,600 

deaths/year) 19. 
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Illustration 2: Infection Progression 

Melioidosis can be the result of inhalational, subcutaneous, or gastrointestinal exposure. 
Progression of infection is depicted here. Inoculation dependent symptoms are noted for 
each route of exposure. Evidence suggests that macrophages and dendritic cells facilitate 
dissemination within 24-48 h. Dissemination of the bacteria from one site of infection to 
another may lead to several symptomologies correlated with other route of infections, as 
is depicted35,36. All routes can lead to chronic infection in specific organs such as the spleen, 
liver, prostate and later lead to recrudescence29,37.  
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People most at risk of having symptomatic Melioidosis are those with the following 

conditions: diabetes; thalassemia; age >45; excess alcohol consumption; liver disease; 

chronic lung disease; renal disease; use of immunosuppressants;  being male; and 

participating in activities that increase their exposure, such as working in rice fields where 

BPM is prevalent 1,38. Of all Melioidosis cases worldwide, 23-60% of infected persons have 

diabetes mellitus, making it the most common predisposing risk factor 1,39,40.. Although 

there are several risk factors, there is widespread evidence of asymptomatic infection.  

Epidemiological surveys have found varying rates of seroconversion in endemic countries. 

For example, 80% of people in Thailand seroconvert by age 4 41. In  India, 29% of people 

have evidence of exposure 42,43  and in Australia 3% of people have antibody titers 

consistent with exposure44. Clinical reports have found that patients can carry the disease 

without any clinical manifestations confirming that asymptomatic cases do occur14,38,45.  
 

DIAGNOSTICS 

Melioidosis is a disease with nonspecific symptoms, making accurate diagnosis 

difficult. Laboratory culturing is still the mainstream method of diagnosis.  The bacterium 

can grow on most laboratory medium, but due to the slow growth rate, selective medium 

such as Ashdown or MacConkey, are superior. Both medias allow for improved 

identification because they highlight the phenotypic lack of lactose fermentation. Agar 

should be incubated for four days to allow for the wrinkled colony morphology to become 

visible; however,  BPM can have several morphologies 1.  Appropriate samples for testing 

are blood, throat swabs, rectal swabs, pus, or urine (centrifuged) 1. Repeated analysis is 

recommended due to low sensitivity of cultures samples1. Biochemical kits are not used 

for identification because they often lead to misidentification 46. More accurate methods 

used to confirm BPM infection are antibody-antigen binding agglutination assays or 

antibiotic disc diffusion which can  indicate BPM by its characteristic pattern of 
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susceptibility (regional resistance to gentamicin; resistance to colistin/polymyxin; 

susceptibility to amoxicillin-clavulanic acid) 28,46-48 . In countries with ample resources, 

identification is achievable with matrix-assisted laser desorption/ ionization-time of flight 

(MALDI-TOF) mass spectrometry, sequencing (16s rRNA), and target specific nucleic 

acid amplification (Type 3 Secretion System (T3SS) is the most promising)1. Serological 

approaches are not used due to the poor characterization of bacterial antigens and reports 

of false-negatives in septic patients 1,49,50. Additionally,  high rates of seroconversion and 

high baseline antibodies, due to prior exposure to BPM or closely related organisms in 

endemic areas, confound serological diagnosis 1,49,50.Novel, cost effective approaches are 

currently being developed to target endemic regions. One such assay currently being tested 

in clinics is a lateral flow immunoassay that detects the extracellular capsular 

polysaccharides 47. Although diagnostic can be achieved, most Melioidosis cases occur in 

resource-poor environments where the presence of BPM may not be known, making 

diagnosis problematic. 

 

INFECTION MANAGEMENT 

The key to effective treatment of Melioidosis is early diagnosis and use of the 

correct antibiotics. In a state-of-the-art facility, which can manage sepsis, mortality rates 

are 10% while in resource-limited areas, as is the case in most endemic regions, mortality 

can exceed 40% 51. Without an existing vaccine, the only way to combat a BPM infection 

is through a partially effective antibiotic treatment that results in a relapse of 15-23% of 

convalescent patients 30. Although reinfection is possible, relapse in 75% of cases is due to 

recurrent infection 31. BPM is intrinsically resistant to most antibiotics, (penicillin, 

ampicillin, first- and second-generation cephalosporins, gentamicin, tobramycin, 

streptomycin, macrolides, and polymyxins), but a handful of antibiotics are effective for 

which the emergence of newly resistant strains is rare 28,52-54.  
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Table 1: Melioidosis Recommended Therapy 

Recommended treatment plan for Melioidosis infection is biphasic, including an initial 
intravenous therapy followed by oral therapy1.  

 

Treatment for Melioidosis lasts for several weeks to months consisting of a biphasic 

antibiotic regimen (Table 1). Patients first receive 10-14 days of intravenous therapy to 

promote survival.  Ceftazidime and meropenem are used for intravenous therapy, either of 

which can be supplemented with trimethoprim–sulfamethoxazole for deep tissue 

infections, osteomyelitis, or abscesses55. Intravenous therapy is recommended to be 

extended to 4-8 weeks for unresolved infections, neurological Melioidosis, osteomyelitis, 

and septic arthritis1,56. Oral-eradication is the second stage of treatment, consisting of > 3 

months of antibiotics. Standard of care is use of  trimethoprim–sulfamethoxazole, but co-

amoxiclav or doxycycline are also effective 55. An extended eradication period of > 6 

Intravenous Therapy  (10-14 days)
Drug Dose Class; Action

Ceftazidime 50 mg/kg (max 2g/day) Cephalosporins
Bactericidal: Inhibits cell 
wall synthesis

Meropenem 25 mg/kg (max 1g/day) Carbapenems
Bactericidal: Inhibits cell 
wall synthesis

+/- Trimethoprim–
sulfamethoxazole

Children: 6+30 mg/kg
Adults: 320+1600 mg/kg

Sulfonamides
Bacteriostatic: Inhibits 
dihydrofolic acid synthesis

Extended intravenous therapy (≥4–8 weeks) is recommended for complicated 
pneumonia, deep-seated infection (including prostatic abscesses), neurological 
melioidosis, osteomyelitis and septic arthritis
Oral Eradication Therapy ( ≥3 months)
Trimethoprim–
sulfamethoxazole

Children: 6+30 mg/kg
Adults: 320+1600 mg/kg

Sulfonamides
Bacteriostatic: Folate 
synthesis inhibition

Extended eradication therapy (≥6 months) is recommended for osteomyelitis and 
neurological melioidosis
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months is recommended for neurological Melioidosis and osteomyelitis 1. During 

eradiation therapy, adverse effects occur in 40% of patients due to the long-term course of 

therapy 57. Although ceftazidime, meropenem, and trimethoprim-sulfamethoxazole are the 

frontline drugs, BPM strains are also often susceptible to the bactericidal drugs imipenem, 

co-amoxiclav, ciprofloxacin, levofloxacin; and bacteriostatic drugs doxycycline, and 

chloramphenicol1. The bacteria are also susceptible to piperacillin, ceftriaxone, and 

cefotaxime in vitro, but these drugs lack clinical efficacy in vivo1. Several novel treatment 

options have also been tested in vitro; however, lack of in vivo efficacy highlights the 

difficulty of finding new therapies for this pathogen58. 

 

HOST-PATHOGEN INTERACTION 

BPM has several virulence mechanisms that allow the bacterium to evade and 

survive in the mammalian hosts (Illustration 3). An extensive repertoire of quorum 

sensing molecules (N-acyl homoserine lactones) are believed to aid in coordinating an 

attack against the host 59,60. This bacterium can infect nearly any cell type including 

epithelial, endothelial 61, fibroblasts 61, keratinocytes 61, neuronal 62, hepatocytes, and 

antigen-presenting cells in vitro. Limited work has been done to examine the preferential 

cell type in the host, but within 24-48 h after infection, regardless of the route (IV, IP, IN), 

spleen and liver are colonized, with the spleen often harboring more bacteria37,63.  An 

investigation into the cells infected in the spleen, bone marrow, and blood showed that 

CD11b+ Ly6C+ monocytes predominately carry the bacteria37. Follow up studies showed 

that these cells are responsible for bacterial dissemination between 2-10 days post-infection 

37,64,65. Although Ly6G+ neutrophils are also permissive to infection, they represent a much 

smaller percentage of infected cells and harbor less bacteria compared to CD11b+ cells66. 

The short lifespan of neutrophils also prevents them from being long term reservoirs in the 

host66.   
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Illustration 3: Virulence Mechanism and Immune Evasion 

Interaction of BPM and the host cell. The bacteria readily infect several cell types but most 
notably the phagocytic cells. Once inside the cell, the bacterium readily escapes the 
endocytic pathways and prevents autophagy and immune activation, promoting a 
cytoplasmic lifestyle. Cell-to-cell spread is a notable mode of transmission to neighboring 
cells.  Several of the factors important in the interaction with the host are depicted and 
described in the text below1.  Used with the permission of Springer Nature Publishing 
Group 2019; License number 4654271189903. 

When the bacterium comes into contact with macrophages it can actively invades 

and can survive for long periods intracellularlly67. Adhesion relies on serval bacterial 

components, including the type IV pili, adhesins BoaA and BoaB, flagellin, and LPS 

(Illustration 3)68-70. Invasion is dependent on the presence of the T3SS and its effectors71. 

Once in the endosome, bacteria readily avoid phagolysosomal fusion through action of 

BipD which blocks microtubular trafficking of endocytic vesicles, disruption of the host 

membrane with BopA, and lysis of the endosome by bsaQ, bsaZ, and bsaU gene products 

which leads to egress from the endocytic pathways within 15 minutes of entry (Illustration 
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3)1. BPM ’s metabolism is malleable, allowing it to adjust the carbon source available in 

the cell cytosol. Typically, when immune cells are infected they undergo metabolic 

reprograming where  aerobic respiration is shutdown (oxidative phosphorylation and TCA 

cycle) 72. Mitochondria transition from a bioenergic role to a biosynthetic role producing 

amino acids, nucleotides, and lipids. RNA analysis of BPM in U937 derived macrophages 

shows downregulation of genes associated with oxidative phosphorylation and TCA cycle 

enzymes similar to the macrophage67. The bacteria also upregulate anaerobic metabolism 

and lipid metabolism indication that it can use metabolites in the host as energy sourses73. 

Although replication of the bacteria can occur in both phagocytic and non-phagocytic cells 

in vitro the growth rate is significantly reduced (i.e. 6.2 h doubling time in U937 derived 

macrophages67.  

Cell surface recognition of the bacteria occurs through TLR2, TLR4, and TLR5; 

however, effector protein TssM inhibits immune signaling, preventing the complete 

activation of host cells (Illustration 3)1. Inside the macrophages, pathogen recognition and 

downstream innate activation are limited due to inhibition by the bacteria and reduction of 

pathogen-associated molecular patterns (PAMPS) exposure through down-regulation of 

LPS biosynthesis, CPS biosynthesis, and flagella 74.  When macrophages are activated, they 

have improved killing capacity; however, the bacteria can reduce its growth rate and 

survive using a persistence-like mechanism 67,75,76. When in the host cell cytosol, activation 

of NOD2 by T3SS results in the upregulation of autophagy. To counter act this, the T3SS 

effector BopA is secreted inhibiting autophagy of the bacteria through an unknown 

mechanism (Illustration 3)77. Melioidosis susceptibility has been correlated to NOD2 

polymorphisms which indicates the importance of autophagy in infection control78,79. 

Bacterial killing is mediated by reactive nitrogen intermediates and reactive oxygen 

species. To combat this, the bacteria produces enzymes that degrade superoxide and H2O2; 

inhibits iNOS, cytokine signaling three (SOD3), and cytokine-inducible SH2 containing 

protein (CIS) (Illustration 3) 
1. 
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Disease symptoms is believed to result from lysis, and infection of neighboring 

cells. Alternatively, BPM is known for the ability to spread cell-to-cell by continuously 

polymerization host actin, using bacterial protein BimA, which propels the bacteria through 

the cell80. Force against the host cell membrane causes protrusions that lead to membrane 

fusion with neighboring cells, a process facilitated by T6SS and T4SS (Illustration 3). The 

fusion of three or more cells is a hallmark characteristic of infection, called multinucleated 

giant cells81.  Depending on the strain host cell death can occur through apoptosis or 

pyroptosis 82,83. Most fatal cases can be attributed to septicemia or bacteremic pneumonia, 

with organ fialure38,84. 
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CHAPTER 2 INTRODUCTION TO BACTERIAL PERSISTENCE  

ANTIBIOTIC PERSISTENCE VS. RESISTANCE VS. HETERORESISTANCE VS. TOLERANCE 

In 1944, a scientist by the name of Dr. Gladys Hobby noticed that bactericidal 

antibiotics could not kill 100% of a bacterial population85. Two years later, Dr. Bigger 

published an article calling this small population of survivors “persisters”86. For nearly 60 

years, persisters were ignored, but with the rising concern of antibiotics resistance, a 

renewed interest in persistence has led to resurgence in publications. Even with a 

reinvigorated field on this topic, the underlying mechanisms of persistence are still under 

debate. To unify the field,  the leading researchers recently published guidelines for 

persistence research and described the difference between other mechanism of antibiotic 

evasion 87.  

Antibiotic persistence is the ability of susceptible bacteria to survive antibiotic 

treatment. Antibiotic persister cells are represented by a culture that has biphasic killing 

kinetics. Early in antibiotic exposure, there is a sharp decrease in the population, then 

killing plateaus and slowly decreases over time but does not sterilize the culture fully 

indicating different rates of antibiotic killing of the clonal population 87-89. When persisters 

are regrown, the population has identical survival kinetics compared to the original 

population, indicating a lack of inheritable changes. Repeated exposure leads to the same 

survival frequencies, and it is only weakly dependent on the antibiotic concentration above 

the minimal inhibitory concentration (MIC) 87. This form of survival differs from antibiotic 

resistance in that resistant bacteria are not susceptible to the antibiotic at physiological 

relevant ranges (higher MIC)87,90. Resistant bacteria inherit gene(s) that actively combat 

antibiotics. Typical mechanism of resistance include degrading or modifying the antibiotic 

target, affecting antibiotic recognition/binding, or actively pumping the antibiotics out of 

the cell ultimately, permitting the bacteria can grow while in the presence of the antibiotic90. 
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Resistance relies on a specific mechanism, which is drug-specific, while persistence is 

generally a phenotype across drug classes91. 

 

  

 

Illustration 4: Mechanisms of Treatment Failure 

Antibiotic survival mechanisms are depicted in a graphical fashion showing bacteria 
exposed to antibiotics at a level above the MIC. The effect of antibiotics is depicted by the 
change of CFU over time. Each line represents a different outcome and description of the 
associated mechanism description. Heteroresistance depends on antibiotic concentration 
and is depicted with high variance (yellow)92. The persistence survival frequency is 
depicted in red and represents the fraction of surviving bacteria. Adapted from 87 
 

Heteroresistance, first described in 1970, is another mechanism that has also caused 

confusion. In a heteroresistant population, the subpopulations do not respond to the 

antibiotics the same way as antibiotic resistance where all bacteria have a survival 

advantage 93. When exposed to antibiotics, only a subpopulation survives and expands. 

Different levels of the heteroresistance subpopulation affect the MIC, leading to a MIC 

range for a particular strain 93,94. Conversely, the amount of antimicrobial agent affects the 

rate of survival87,92. The easiest way to determine if a strain has heteroresistance is looking 
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for colonies (not a lawn) within the cleared region of a disc diffusion assay. Persisters will 

survive in the cleared region of a disk diffusion assay but will not generate colonies until 

the antibiotic disk is removed or the antibiotic gets degraded 95,96. 

Compared to persistence, tolerance is a similar phenomenon allowing for increased 

bacterial survival.  Both phenomena rely on similar molecular mechanisms, such as 

reduced growth and metabolism; however, persistence relies on phenotypic population 

heterogeneity and is a feature of a subpopulation, while tolerance is a general population 

feature and it is not affected stochasticity 87,97,98. Persistence and tolerance are often 

confused with each other because an increase in tolerance or persistence does not affect the 

MIC 87,99. The easiest way to distinguish tolerance from persistence is by the lack of 

biphasic killing. Tolerant bacteria are killed at a slower rate compared to susceptible 

bacteria. Due to the slower rate of killing, tolerant bacteria have a higher minimum duration 

to killing 99% of the population (MDK99) 
99,100.  

 

CLINICAL RELEVANCE  

As the concern of antibiotic resistance comes to the forefront of international 

initiatives, persistence research is gaining momentum. Once curable infections are now 

difficult to treat, which has been attributed to not only antibiotic resistance but persistence 

as well. It was generally assumed that upon antibiotic treatment, most of the bacteria are 

eliminated and the immune system clears the remaining persister population. This may be 

true for immunocompetent people,  but persons who are immunocompromised have higher 

rates of persistent infection and are more at risk of relapse101.  Bacterial mechanism such 

as immune evasion or organisms hiding in immune-privileged niches or in biofilms also 

contribute to the lack of sterilization102-104. Persister cells have been associated with the lack 

of sterilization of chronic pathogens such as Escherichia coli, Mycobacterium tuberculosis, 
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Staphylococcus aureus, Acinetobacter baumannii, Pseudomonas aeruginosa, and the 

fungal pathogen Candida albicans105-107. 

In the clinic, persistence can be discerned by the recurrence of infection after 

treatment and in the absence of antibiotic resistance based on laboratory testing. Because 

microbiological tests used clinically focus solely on antibiotic susceptibility, persister rates 

are not taken into account in patient care. Furthermore, persisters are favored in growth-

limiting conditions which are not recapitulated in laboratory tests because nutritionally rich 

medium is used108. Evidence for the role of persisters in chronic infection is best shown in 

P. aeruginosa and M. tuberculosis infections106,107,109. 

P. aeruginosa is the leading cause of death in Cystic fibrosis (CF) patients. 

Phenotypic changes to a mucoid morphotype of the bacteria are correlated with the 

establishment of a permanent infection110. Despite antibiotic failure, resistance-conferring 

mutations are not always found suggesting alternative methods of survival. Mulcahy et 

al. (2010) hypothesized that with the lack of resistance development, higher persistence 

rates would be selected for. This hypothesis is supported by the 100-fold increase in 

persistence rates in longitudinal samples from CF patients106. M. tuberculosis is the most 

recognizable chronic infection and estimated to be latent in one of every three people. Of 

the third of the population infected, 5-10% will experience active infection due to the 

resuscitation of the bacteria111 Treatment rarely results in clearance of the organism because 

a subpopulation can enter a reversible persister state known as “latency” 107,109.  Latent 

bacteria then can reactivate following external stimuli and lead to active infection107,109.  

More recently, resistance generation has been attributed to persistence populations. 

Aside from the fact that prolonged survival of persisters increases the chances of successful 

resistance generation, it is becoming clear that persistence is a state that promotes adaptive 

evolution 112. An in-depth comparison shows that both resistance and persistence elicit the 

stringent response  (SR) and SOS response113. Stringent response is activated in response 

to several cues and incuses through activation of SpoT and/or RelA and synthesis of 
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(p)ppGpp114. The alarmone, (p)ppGpp, has  broad effects leading to changes in gene 

expression of several pathways that promote cell survival, including increased basal 

mutation in E. coli115. Antibiotic treatment of E. coli lacking the SR is unable to generate 

resistance compared to the wild type counterpart, suggesting that the SR elicited in 

persisters is required for the evolution of resistant strains116. The SOS response is induced 

in response to DNA damage and has been shown to occur during the induction and 

maintenance persistence. Lack of the SOS response leads to lower rates of persisters in E. 

coli117. The SOS response promotes resistance by expression of a mutagenic polymerase in 

P. aeruginosa and S. aureus118 and increases horizontal gene transfer in E. coli and V. 

cholerae119. Evolution studies have shown that both persisters and tolerant bacteria are 

positively correlated with resistance generation120,121. Strains with higher persister rates 

developed resistance faster and when time was controlled for, persisters had a higher basal 

mutation rate in genes associated with resistance121. The questions that still remains to be 

answered is which enzymes are involved, whether the mutation rate effects the entire 

genome, and if the hypothesized stochiometric reawakening of persisters in antibiotics is 

instead lethal mutations made due to the higher mutation rate.  

Treatment failure was estimated to have cost 2.2 billion dollars in the U.S. 

healthcare system. The CDC estimated that antibiotic failure leads to the death of 23,000 

people per year today and it is expected to kill 50 million by 2050122. An overwhelming 

percent of data (88%) used to generate this data originates from cases not designated 

resistance but treatment failure122.  Owing to the mounting evidence that persistence is a 

precursor mechanism, and currently, there are no clinical applications to survey and 

prevent persistence, the antibiotic resistance crisis will only get worse122.  

DISTINGUISHING BACTERIAL PERSISTENCE FROM PERSISTENT INFECTION 

Although persistent bacteria are associated with persistent infection it is important 

to distinguish the difference between persister cells and persistent infection. The 
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persistence research field has focused mainly on antibiotic revealed persistence; however, 

the clinical relevance of persistence is the inability to clear the pathogen, both by antibiotics 

and the host immune system. In a recent publication, persistent infection was considered 

as one that occurs with or without treatment (Illustration 5) 87.  The persistent infection 

relies on several mechanisms including immune evasion, antigenic variation, reduced 

growth rate, immune modulation/suppression, and antibiotic promoted  persistence may 

also contribute87. Bacterial persistence can occur in any environment and mechanisms 

specific to survival in the human host are not necessary. 

Of the current antibiotic persister cell models, the most commonly studied is E. 

coli, which generates persisters at a frequency of 0.0001-1% of the entire population97,123. 

In the host, however, the bioavailability of antibiotics cannot reach the same levels used in 

persister assays, and as mentioned, the host environment enriches for persistence likely 

making treatment more complicated than what is seen in vitro102,124. Additionally, the 

antibiotics can function differently in the host, contributing to the inconsistency between 

in vitro and in vivo assays.  
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Illustration 5: Bacterial Persistence Compared to Persistent Infection 

Persistent infections and persistent bacteria are considered two independent ideas, as 
depicted here. Persistent infection refers to the lack of cleared bacteria by the host.  People 
who control the infection but do not fully clear the bacteria are susceptible episodic 
relapse. Factors that influence recurrent infection including immune state, pathogen 
immune evasion mechanism (antigenic variation, antigen mimicry, direct immune 
inhibition), and presences of antibiotic87. Antibiotic persistence is defined as the bacteria 
that are refractory to antibiotic killing specifically87. Used and modified under the Creative 
Commons Attribution 4.0 International License125. 

 

 

A.

B.
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PHYSIOLOGY OF PERSISTENCE  

Persistence is the ability of a microbe to be transiently refractory to killing by 

antibiotics and other environmental stresses126. The persister state is a physiologically 

dormant state that occurs by a global slowdown of processes, allowing the bacteria to 

remain in a suspended state until the stress is removed.  When bacteria are exposed to 

bactericidal antibiotics, the compounds attack central cellular processes damaging the cell 

and leading to death127. However, in an attempt to prevent being killed by antibiotics, 

bacteria slow or shutdown the processes, which are traditionally targeted by antibiotics, 

rendering them ineffective. Persisters are transiently multi-drug tolerant because many of 

the process altered during persistence are targets of different antibiotic classes. 

 

Illustration 6: Mechanism of Persistence Induction 

Depicted is the consensus of persistence generation, which can arise from spontaneous or 
triggered mechanisms leading to a heterogeneous population. When exposed to antibiotics, 
a majority of the bacteria die by unprogrammed cell death or programmed.  Programmed 
cell death being a mechanism of altruistic death aimed to help the survives128. Upon 
removal of the antibiotic stress, the surviving organisms can expand a genetically identical 
population compared to the starting bacteria 87.  
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There are two classes of persistence induction: triggered and spontaneous 

(Illustration 6). Triggered persistence occurs when the bacteria encounter a stress that 

increases persister rates in subsequent antibiotic exposure. Triggers of persistence include 

low dose antibiotics, starvation, high cell density, immune factors, acid stress, or exposure 

to stress when encountering host cells 87,89,102,129-131. One of the more recent findings is the 

induction of persistence by macrophages. Inside a macrophage, bacteria encounter several 

stresses including nutrient limitation, low pH, zinc, and copper exposure in the endosome, 

reactive oxygen species (ROS), and nitric oxide (NO)132. Data with Salmonella show that 

in the macrophage, there is a higher rate of persistence when inside the host cell or after 

isolation from a macrophage (Illustration 7)102.  

Spontaneous persisters arise when the bacterium is not triggered, but rather 

stochastically arise in a culture regardless of growth state. This form of persistence strictly 

relies on population heterogeneity and resembles that seen in viral swarms 89. As observed 

in viral a swarm, the offspring may not be the most fit (i.e. slow growth) but act as an 

insurance policy in case the culture encounters a bottleneck133. In the persister field, this is 

known as hedge-betting134,135. In the case of a substantial bottleneck, the arguably less fit 

population has higher rates of survival and can repopulate the environment once the stress 

is removed, or alternatively can generation resistance. 
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Illustration 7: Triggered Persistence by Macrophages 

Exposure to macrophages triggers a higher rate of persister cells when in the macrophage 
environment or when isolated from macrophages and exposed to supralethal levels of 
antibiotics. Adapted from a lecture by Dr. Sophie Helaine. 

 

Regardless of the route, when persistence is induced, the overt multi-drug tolerant 

phenotype is the same across bacteria. The underlying mechanisms/ traits are under debate. 

There is a consensus that there is reduced transcription, reduced translation, lack of 

replication, and metabolic remodeling (although different pathways)136. Other traits 

identified but not accepted across the field are shutdown of peptidoglycan synthesis126, 

ROS detoxification137, reduced energy production through the electron transport chain 

(ETC)138, drug efflux pumps use139, SOS response, stringent response137, and quorum 
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sensing (QS) bacterial communication89,101,140. Although often considered dormant, 

persistent cells are a distinct population that is dormant-like. This was made evident by 

studies showing that not all dormant cells are drug-tolerant 141. This is strengthened by the 

presence of several pathways that mediate the transition to persistence and particularly the 

presence of pathways such as (p)ppGpp signaling and TAS. Both of these pathways are 

common among nearly all bacteria. TAS sense environmental changes and lead to the 

induction of persistence142. Generation of (p)ppGpp is the result of TA activation and leads 

to metabolic reshaping142.  

 

TOXIN-ANTITOXIN SYSTEMS 

TAS are found across bacteria, archaea, and fungi143,144. In 1983, the first persister 

gene described was the type II toxin system ccdA/ccdB.  This TAS leads to conditional 

post-segregationally killing (PSK), promoting plasmid maintenance. The ccdA/ccdB TAS 

includes a long-lasting toxin and a short-lived antitoxin that are encoded on a plasmid.  

During replication the offspring that do not maintain a copy of the plasmid are killed 

because they can no longer replace the quickly degrading antitoxin that was encoded by 

the plasmid. The toxin, now uninhibited, leads to cell damage145. Daughter cells that had 

the plasmid could continually make the inhibitory protein which prevented the activity of 

the toxic protein, thus promoting survival 145. Over the years, there have been an increasing 

number of TAS described with a wide range of functions. TAS have been identified as one 

of the molecular switches that sense stress and activate the persister phenotype by 

drastically altering the bacterial transcriptome, proteome, and metabolome89. In most  

cases, TAS are composed of two cistronic genes, one encoding an antitoxin followed by a 

toxin. During a favorable environment, the toxin is bound and neutralized by the antitoxin. 

Upon encountering a stressful stimulus, the toxin is freed from the repression by the 

antitoxin and induces persistence by selectively inhibiting cellular processes 146,147. Not all 
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toxin are  reversible, but those activated in persistence are, allowing for a dynamic 

population that is able to respond to the environment and recover when the stress is 

removed. TAS may be encoded in either plasmids, chromosomes or bacteriophages and 

may be horizontally obtained through mobile genetic elements or bacteriophages 148. Due 

to the ability to move both vertically and horizontally, phylogenic analysis of TAS is 

difficult. To date, there are several TAS families that vary in function149. 

 

Types of Toxin-Antitoxin Systems 

As of 2016, there are four classes of TAS with two additional systems proposed150. 

TAS are classified by the antitoxin’s mode of toxin inhibition. Within each class of TAS, 

there are several families of toxins which have the same antitoxin regulation mechanism 

but differ in toxin enzymatic activities (Illustration 8)150. Antitoxins may be RNA or a 

protein and act by inhibiting toxin translation or the protein product directly. The antitoxin 

of type I and type III TAS is in the form of RNA and inhibits the translation of the toxin in 

type I, while inhibiting the protein activity of type III toxins146,150. The remaining TAS (II, 

IV, V, and VI) have protein antitoxins that inhibit the toxin in RNA form (type V) or protein 

form (II, IV, and VI) 146,150. Type IV TAS differ in that the antitoxin does not inactivate the 

toxin but rather counteracts the enzymatic effect, stabilizing the cell146,150. Type II and VI 

TAS are very similar, consisting of toxin that is inhibited by a proteinaceous antitoxin 

directly in type II or indirectly in type VI. Type VI antitoxins counteract the toxin by acting 

on the toxin target, reverses ADP ribosylation, remove the toxin from the target, promote 

the degradation of the toxin by ClpPX proteases146,150,151. Activation of the systems is the 

same across all classes and occurs through a reduction of the number of antitoxins via 

degradation by cellular proteases, leading to release or translation of the functional toxin152. 

Although the six types of toxin classes have been described, the majority of TAS work has 
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been done on type II protein-protein systems due to the widespread presence among 

bacteria and will be the focus in this work moving forward. 

 

Illustration 8: Classes of Toxin-Antitoxin Systems 

TAS are classified by the mechanism of antitoxin regulation. Currently, there are four 
classes and two additional classes that have been proposed. (A) Type I and proposed Type 
V toxins are regulated at the pre-translational level by binding of an RNA antitoxin. The 
remaining classes involve post-translational regulation. (B) Type II toxins are inhibited by 
a protein antitoxin. (C) Type II toxins are inhibited by binding of an RNA antitoxins. (D) 
Type IV and proposed VI toxins counteract the antitoxins through various mechanisms. 150 
Used with the permission of Elsevier Publishing Group 2019; License number 
4657711181685 
 

Type II Toxin Functionality 

Type II toxins are abundant in all prokaryotes 144. Today studies mostly focus on 

type II, protein-protein, TA systems. In the past few decades, comparative genomics has 

improved the identification and accurate prediction of type II systems. Initially, there were 

8-14 families; however, evidence of cross family TAS operons has come to light leading 

to an expansion to 13 operon-based toxin super-families, four solitary toxin super-families, 

and 20 antitoxin super-families across bacteria153.  
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Illustration 9: Type II Toxin Antitoxin System 

Adapted from Page et al., 2016154. 

 

The most common type II TAS is made of a single operon encoding for two 

proteinaceous genes. Generally, the antitoxin upstream of the toxin gene but that is not 

always the case. The antitoxin generally has two domains, an N-terminal DNA binding 

domain which is responsible for autoregulation of the operon and a C-terminal toxin 

binding domain153. Upon system activation, the antitoxin becomes unstable and is degraded 

by cellular proteases, liberating the active toxin. Relative stability of the antitoxin (half-

life) has a critical role in the biological activity of a TAS system155. Toxins  either modify, 

cleave, or degrade their target, which is achieved through several mechanisms (listed in 

Table 2)153. 
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Table 2: Mechanism of Type II Toxin Action 

The toxins families listed have been identified and studies in several bacterial species.  

 

METHODS OF TARGETING PERSISTER CELLS  

Persister populations have been found in all significant pathogens and contribute to 

the resuscitation of chronic infections and the emergence of antibiotic resistance156. 

Effective targeting of persisters can reduce treatment duration and the associated adverse 

effects as well as  reduce the emergence of new antibiotic resistant strains. To date, there 

are three main avenues of targeting persisters: reduce or interfere with the formation of 

persisters, directly kill persisters, or sensitize persisters to antibiotics by promoting 

resuscitation103. The first anti-persister strategy described was by Dr. Bigger in the 1940s86. 

He speculated that intermittent sterilization would eliminate persisters because once 

antibiotics are removed, the persisters resume growth and if treated again, would be 

eliminated86. This theory is supported by mathematical modeling and in vitro data but is 

dependent on the treatment window and may be more challenging to accomplish in a 

complex human enviroment103.  

Toxin Antitoxin
ccdB ccdA inhibit FtsZ or MreB polymerization
doc phd kinase that targets elogation factor Ef-Tu
hicA hicB ribosome-independent mRNA endonuclease
higA higB mRNA endonuclease
hipA hipB phosporylates gultamyl-tRNA synthestase GltX deading to inhbition 
mazF mazE ribosome-independent mRNA endonuclease
mqsR mqsA mRNA endonuclease
parE parD inhibits DNA gyrase and Topoisomerase IV
RelE relB ribosome-dependent mRNA endonuclease
vapC/pilT (PIN) yvapB cleave tRNA or rRNAs
yafO yafN mRNA endonuclease
yafQ dinJ mRNA endonuclease
yhaV prlF mRNA endonuclease
yoeB yafM mRNA endonuclease

Family
Toxin Function
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Illustration 10: Methods to Target Persister Cells  

The three main avenues of targeting persistent bacteria are (1)Inhibiting formation of 
persisters (2) killing persisters directly, and (3) increasing the efficacy of antibiotics by 
making persisters more susceptible 103. 

Direct killing of persister organisms can be accomplished by targeting pathways 

used, whether in persistence or not. Targets include the inhibition of enzymes, DNA cross-

linking, depolarization or destruction of the membrane, and generation of ROS103. Several 

of these methods are found in cancer therapies, and even cancer drugs have been shown to 

have efficacy against persisters. That being said, many of these drugs may not be bacterial 

specific and have intolerable adverse effects for infection therapy103. 

Methods of antibiotic sensitization largely rely on permeabilizing the membrane to 

increase drug influx or stimulation of the metabolism. Several metabolites have been 

shown to be effective at sensitization by leading to the increase of membrane transport 

and/or jumpstarting the electron transport chain (ETC). One issue our lab came across is 

the broad effect metabolites have and the potential for inconsistent effects. In S. aureus, 

jumpstarting metabolism with nicotinamide (NAM) increased sensitivity to 

aminoglycosides157,158; however, when NAM was used in BPM treatment it exacerbated 

disease leading to more severe mortality in mice even without combination treatment with 

an antibiotic159. Additionally, metabolites have broad effects on the human immune 
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responses which may be a large bottle neck for metabolite incorporation into antibiotic 

therapy160.  

Targeting persister formation is the last alternative and, like the last two methods, 

has its own problems. Direct targeting of persisters is the most direct method of treatment 

intervention. Targeting persister formation can be done by inhibiting quorum sensing, 

preventing the stringent response by inhibiting (p)ppGpp accumulation, inhibiting the SOS, 

and oxidative stress responses. Several of these pathways have been shown to be induced 

by TAS which sense environmental stresses and push the bacteria into the persistence state. 

Although we still do not understand how TAS sense the environment, many studies have 

shown that inhibiting their action reduced persistence102,161,162.  One issue when trying to 

target TAS is that many pathogens encode large numbers of these systems in their genome, 

e.g. Mycobacterium tuberculosis, has 88 TA systems162. Not all TAS respond to every 

stress, and  instead respond to specific stresses144,163,164. For example, a subset of toxins may 

become active in the host environment while the same or others are activated to survive in 

the soil. At this time, a prediction model to identify what kind of stress a toxin responds to 

is not available. This project will test a novel prediction model that allows identification of 

TAS critical for host persistence and can provide a pipeline for fast and accurate 

identification of anti-persistence drug targets.  Data generated can identify which TAS are 

essential in latent infections and during antibiotic survival, and which could be potentially 

targeted to improve the outcome of current treatment regimens.  

 

PERSISTENCE AND TAS IN BURKHOLDERIA SPECIES 

BPM is a highly adaptable bacterium able to respond to environmental stimuli to 

maintain a survival advantage. Studies have shown that BPM can survive in water for 16 

years165,166  and lead to latent infection 19-29 years after an initial exposure167-169. The 

particular mechanisms of persistent infection are still unclear; however, the presence of 
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particular genes encoding metabolic enzymes, TAS, and genomic reduction have been 

shown to be important. A previous publication showed that BPM has higher persister rates 

than several other bacteria, reaching  up to 10-64% when stationary bacteria are exposed 

to antibiotics alone.161,170,171. This same group examined the functionality of TAS and found 

4 to be functional when over expressed in E. coli170. Loss of the hicAB 

(BPSS390/BPSS0391) operon causes a reduction in persistence161. Deletion of the 

metabolic enzymatic gene kynB which encodes for kynurenine formamidase causes an 

increase in persistence to ciprofloxacin59. Isocitrate lyase has been associated with 

persistence on the bases that it is a key enzyme in the glyoxylate shunt which is utilized by 

for several pathogens during the persistent state, including BPM 172.  

Several studies have examined how differential environmental states alter antibiotic 

susceptibilities.  In an anaerobic state, 100% of a BPM culture can survive ceftazidime or 

trimethoprim-sulfamethoxazole treatment173. When stored in water for prolonged periods, 

BPM can survive cefotaxime at increasing rates. Following 34 h in water, exposure of 

antibiotic results in no bacterial killing171. When mimicking the low pH hypoxic condition 

seen in a host, the bacteria can survive for a year in a non-replicating state173. When 

replicating the innate antimicrobial generation of NO, there is an increase of persistence in 

imipenem by more than 3 logs174. Clearly BPM is capable of utilizing the persister 

phenomena to improve its survival however, compared to other bacteria, there is little 

known about how the bacteria initiates persistence, maintains persistence, and recovers 

from the dormant-like state.  
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AIMS OF THIS STUDY  

The aim of this study is to examine the role of type II TAS in host-induced 

persistence of B. pseudomallei.  Since many pathogens have a large number of toxins, a 

prediction model will be developed to provide a data-driven approach to select toxins to 

study. Focusing on toxins utilized while in the host, we will test selected toxins for their 

roles through over-expression and mutagenesis studies. 
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CHAPTER 3 MATERIALS AND METHODS 

ETHICS STATEMENT 

All manipulations with BPM were conducted in CDC/USDA-approved and 

registered biosafety level 3 (BSL3) facilities at the University of Texas Medical Branch 

(UTMB). Experiments with select agents were performed in accordance with BSL3 

standard operating practices. The animal studies were carried out humanely in strict 

accordance with the recommendations in the Guide for the Care and Use of Laboratory 

Animals by the National Institutes of Health. The protocol (IACUC #0503014D) was 

approved by the Animal Care and Use Committee of the UTMB. 

 

EXPERIMENTAL PROCEDURES  

Bacterial Strains and Growth Conditions 

The bacterial strains used in this study are listed in Table 3. B. pseudomallei (BPM) 

strain K96243 was obtained from BEI Resources; Manassas, VA, USA. E. coli and BPM 

strains were stored in LB with glycerol at −80°C and prior to use.  Strains were streaked 

onto Luria-Bertani (LB) agar and grown for 36-48 h at 37°C. For liquid cultures, 3-5 

colonies were inoculated into LB broth, unless otherwise stated, and grown for 16 h at 

37°C with agitation (200 rpm). 
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Table 3: Strains and Primers  

Strains 

B. pseudomallei K96243 BEI Resources (Manassas, VA, USA) 

B. pseudomallei K96243 
∆BPSS0390 

This publication 

B. pseudomallei K96243 
∆BPSS0395 

This publication 

B. pseudomallei K96243 
∆BPSS1584 

This publication 

B. pseudomallei K96243 
∆BPSS0899 

This publication 

B. pseudomallei K96243 
∆BPSS1321 

This publication 

B. pseudomallei K96243 
∆BPSL1494 

This publication 

E. coli S17 λpir pMO130∆0390 This publication 

E. coli S17 λpir pMO130∆0395 This publication 

E. coli S17 λpir pMO130∆1584 This publication 

E. coli S17 λpir pMO130∆0899 This publication 

E. coli S17 λpir pMO130∆1321 This publication 

E. coli S17 λpir pMO130∆1494 This publication 

E. coli DH10B pBAD Empty This publication 

E. coli DH10B pBAD BPSS0899 This publication 

E. coli DH10B pBAD BPSS1321 This publication 

E. coli DH10B pBAD BPSS2196 This publication 

E. coli DH10B pBAD BPSL2775 This publication 

E. coli DH10B pBAD BPSL1494 This publication 

B. thailandensis E264  

B. thailandensis pScrhaB2 Empty This publication 
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B. thailandensis pScrhaB2 
BPSS0899 

This publication 

B. thailandensis pScrhaB2 
BPSS1321 

This publication 

B. thailandensis pScrhaB2 
BPSL1494 

This publication 

Primers  

pBAD BPSS099 Sac1 F 
 

aaagagctcgatgagcacgatttccac 

pBAD BPSS0899 Knp1 R  
 

tttggtacctcatggtgtgcctcgcga 

pBAD BPSS2775 Sac1 F 
 

aaagagctcgatgcgcacgacgctgaaacgg 

pBAD BPSS2775 Knp1 R 
 

tttggtacctcatgctgcgctctgctcctt 

pBAD BPSL1494 Sac1 F aaagagctcgatgagcgatgccccgcccacc 

pBAD BPSL1494 Knp1 R  tttggtacctcatgcgcttgtcccgcccgt 

pBAD BPSS2196 Knp1 F aaaggtaccatgtcattgcgagaccagatg 

pBAD BPSS2196 HindIII R  
 

tttaagcttttacgccacttcgaagcggcg 

BPSS0899 pSCrhaB2 F 
 

tgaaattcagcaggatcacatatgagcacgatttccacgacg 

BPSS0899 pSCrhaB2 R ctcatccgccaaaacagccaagctcatggtgtgcctcgcgatc 

BPSS1321 pSCrhaB2 F  tgaaattcagcaggatcacatatgttgcgcatcgacagaatc 

BPSS1321 pSCrhaB2 R ctcatccgccaaaacagccaagctcaagcgctccccagaatc 

BPSL1494 pSCrhaB2 F 
 

tgaaattcagcaggatcacatatgagcgatgccccgccc 

BPSL1494 pSCrhaB2 R 
 

ctcatccgccaaaacagccaagctcatgcgcttgtcccgcc 

pMO130∆ BPSS0899 1F 
 

gagctgatatcagggccccgctagcgggcgaaagcttcgccca 

pMO130∆ BPSS0899 1R 
 

ctcatggtgtcgtcgtggaaatcgtgctcatc 

pMO130∆ BPSS0899 2F 
 

ttccacgacgacaccatgagcgagccgc 

pMO130∆ BPSS0899 2R 
 

cagctcaagcttcccgggaagatctgcgttttgcgccttcgcg 
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pMO130∆BPSS1321 1F 
 

gagctgatatcagggccccgctagcgcgaaatgggcgtccggc 

pMO130∆ BPSS1321 1R 
 

ctcaagcgctgattctgtcgatgcgcaatcgc 

pMO130∆ BPSS1321 2F 
 

cgacagaatcagcgcttgaggagatgttc 

pMO130∆ BPSS1321 2R 
 

gattaattgtcaacagctcaagcttgtacagatcgggaatcacc 

pMO130∆ BPSL1494 1F 
 

gagctgatatcagggccccgctagccttcggcgcggcgcgcaa 

pMO130∆ BPSL1494 1R 
 

ctcatgcgctggtgggcggggcatcgctc 

pMO130∆ BPSL1494 2F 
 

cccgcccaccagcgcatgagtgccgcgc 

pMO130∆ BPSL1494 2R 
 

gattaattgtcaacagctcaagcttgcgcccatcatggggccg 

pMO130∆BPSS0390 F1F gatatcagggccccgctagcaagcaggccgtcttgtcgcc  

pMO130∆BPSS0390 F1R catcacaggatcagcttcgatgagttcatagctcc  

pMO130∆BPSS0390 F2F agctgatcctgtgatggccggtggtttttcgac  

pMO130∆BPSS0390 F2R ttaattgtcaacagctcaagcttaatccagggcagcacgcgca  

pMO130∆BPSS0395 F1F gatatcagggccccgaacgacaatccggctatc 

pMO130∆BPSS0395 F1R tacgcttgacgacactccatgcttgg 

pMO130∆BPSS0395 F2F agtgcgtcaagcgtaagatcgtcatg 

pMO130∆BPSS0395 F2R ttaattgtcaacagctcaatcggtgtcaaccttgaac 

pMO130∆BPSS1584 F1F gatatcagggccccgctagctggccatcctcatcgagcacgaga 

pMO130∆BPSS1584 F1R gtcatggcgcgcgtgcgcggcgggcgct  

pMO130∆BPSS1584 F2F ccgcgcacgcgcgccatgacgggatggc  

pMO130∆BPSS1584 F2R ttgtcaacagctcaagcttggtcgagcgcgcgatcgt  
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Toxin Identification 

All known toxins used by Ramage and colleague162 to identify TAS in M. 

tuberculosis were used (presented in Table 4). The protein family (Pfam) for each toxin 

was identified and all bacterial and archaeal sequences were downloaded from the EMBL-

EBI Pfam database (http://pfam.xfam.org). Several Pfams within the same clan were also 

included if they represented a domain of a toxin (i.e. N-terminal or C-terminal domain). 

Each sequence was blasted against BPM K96243 (taxid:272560) using PSI-Blast with an 

expect cut-off 0.002. Expect value is a parameter that describes the number of hits one can 

"expect" to see by chance when searching a database. Similar to a p-value, the lower the 

expect value, the more significant the match.  

All identified genes were further processed by removing duplicates, keeping 

alignments with the lowest expect value. The results were sorted and, due to the high 

number of hits, the expect value was further reduced to 0.001. Although most toxins are 

around 210 amino acids,  BPM carries the functional toxin, BPSS1584, that is 450 amino 

acids175.  For this study, all toxins below 500 amino acids were included. 
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Table 4: Toxin Families for Identification 

Known TA proteins Toxin or Antitoxin Gene Origin Accession number Pfam Clan 
Grouping

CcdA Antitoxin plasmid F CAP07666

CcdB Toxin Escherichia 
coli 

YP_003829231.1
 /CAP07667

PF01845
 

MazE Antitoxin E. coli NP_417263
MazF/srkA/PemK Toxin E. coli NP_417262 PF02452

Duf1918 Toxin Clan Member NA NA PF08940 
BrnA Antitoxin Escherichia coli BNA

BrnT Toxin
Escherichia coli

WP_001350372.1
� PF04365

DUF2281 Toxin Clan Member
NA

NA PF10047

Gp49 Toxin Clan Member
NA

NA PF05973

HigB-like toxin Toxin Clan Member
NA

NA PF05015
mqsA -Antitoxin for 
MSqR Antitoxin Escherichia coli str. K-12 

substr. MG1655
NP_417493.1
 

mqsR Toxin Escherichia coli str. K-12 
substr. MG1655 AAA69190.1

PF15723
 

ParD Antitoxin Escherichia coli WP_011205807.1

ParE Toxin plasmid RK2 AAA92775 PF05016
 

ParE-like Toxin Clan Member
NA

NA PF15781
RelB Antitoxin E. coli AP_002186

RelE Toxin Escherichia coli str. K-12 
substr. W3110

AP_002185 PF06296
prlF Antitoxin Escherichia coli (strain K12) WP_000615983.1
YhaV Toxin Escherichia coli (strain K12) WP_000347273.1 PF11663
dinJ Antitoxin Escherichia coli (strain K12)
YafQ Toxin Escherichia coli (strain K12) WP_001307405.1 PF15738
YefM Antitoxin E. coli AP_002618
YoeB (toxin, RelE 
family) Toxin

Escherichia coli str. K-12 
substr. 
MG1655 

YP_588458.1
 

PF06769
 

Phd Antitoxin Enterobacteria phage P1 YP_006570

Doc/fic (toxin) Toxin Enterobacteria phage P1 YP_006571 PF02661
 

Toxin Clan Member NA NA PF13784
HicB Antitoxin B. pseudomallei k96243 YP_110414.1

HicA
Toxin Escherichia coli str. K-12 

substr. MG1655
NP_415954.2
 

PF07927
 

HigA Antitoxin plasmid Rts1 (E.coli) AAC43983

HigB Toxin Escherichia coli str. K-12 
substr. MG1655

NP_417554.1
 PF09907

HipB Antitoxin E. coli AP_002130
HipA Toxin E. coli AP_002129 PF07804

Toxin Clan Member NA NA PF13657
kis Antitoxin

Komagataeibacter 
europaeus NA

kid
Toxin Komagataeibacter 

europaeus
YP_009062441.1
 

PF02452
 

LsoB Antitoxin
E. coli O157:H7 plasmid 
pOSAK1 WP_000710826.1

LsoA/RnlA Toxin E. coli O157:H7 plasmid 
pOSAK1 BAA31756.1

PF15935
 

VapB Antitoxin Frankia sp. ABD13456

VapC Toxin Frankia sp. ABD13457 PF01850
 

StbC (VapB family) Antitoxin Pseudomonas syringae 
(pDC3000B) AAO59110.1

StbB (VapC family) Toxin Pseudomonas 
syringae(pDC3000B) AAO59109.1 PF01850

 
SpoIISB Antitoxin Bacillus subtilis (strain 168) WP_003232646.1
SpoIISA Toxin Bacillus subtilis (strain 168) WP_003244695.1 PF14171

 Clan 
Member 
Duf1918 
Included

Clan

Clan
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Repurposing Existing Data 

Gene expression of BPM following exposure to 82 independent conditions was 

obtained from the publication by Ooi and colleagues 176. Median log10 raw reads of 

putative toxins and selected control genes were isolated form the datum. This datum was 

normalized on the expression of bacteria in LB at Stationary phase (LBS) and min-max 

normalized prior to being analyzed in Pajek V5.01. Both conditions and genes were 

clustered in Pajek with Manhattan distance metric. The datum was also visualized as a heat 

map, as an alternative method for visual interpretation using the web interface 

(http://www1.heatmapper.ca/expression/). 

Gene expression of BPM K96243 following infection in U397 monocytic cell line 

differentiated to macrophages was obtained from NCBI OmniBus under the call number 

GSM681313 (https://www.ncbi.nlm.nih.gov/gds/?term=GSE27558[Accession) 73. The 

datum was previously validated and published73 prior to being uploaded on NCBI for public 

distribution. The expression datum was downloaded, log2 transformed, and experimental 

conditions (1, 2, 4, and 6 h post macrophage infection) normalized on gene expression of 

bacteria in RPMI. One-Way-ANOVA statistical analysis was done to examine significant 

fold changes in gene expression between 1, 2, 4, and 6 h post macrophage infection. 

 

Sequence Conservation 

The toxin gene sequences were run through BLASTN against for BPM (677), B. 

mallei (65), B. thailandensis (28), and B. cenocepacia (243) sequences available on the 

Burkholderia Genome Database (https://burkholderia.com). All genomes were included 

regardless of their completion. Genomes with homologous genes with an expect value of 

0.0001 were considered positives homologs.  
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Over-Expression Assays 

Selected toxin genes of interest were amplified with primers specified in Table 3. 

PCR products were cleaned with Qiagen PCR purification kit (Qiagen, Hilden, Germany) 

then ligated into either pBad-myc-his (Thermo Fisher Scientific, Massachusetts, USA) or 

pSCRba2 (Addagene.com), using Gibson kit (NEB, Massachusetts, USA). All constructs 

were transformed into E. coli DH5a competent cells (NEB, Massachusetts, USA). 

Constructs were confirmed with PCR and Sanger sequencing (UTMB Sequencing core). 

pBAD-myc-his constructs were transferred into E. coli DH10b cells which have a disrupted 

arabinose metabolism pathway (araD139; NEB, Massachusetts, USA). pSCRba2 

constructs were transferred into B. thailandensis E264.  

E. coli DH10b cells harboring pBAD-toxin constructs or empty plasmid were 

grown in M9 minimal medium overnight. The next day, the cultures were diluted to an 

OD600 of 0.01 and then grown at 37°C with agitation (200 rpm) until they reached an OD600 

of 0.2. Bacterial were induced with 0.2% arabinose, repressed with 0.2% glucose, or not 

stimulated and growth monitored by optical density over time.  B. thailandensis E264 

harboring pSCRba2-toxin or empty plasmid were grown in M9 minimal medium 

overnight. The next day the cultures were diluted to an OD600 of 0.05 and then grown at 

37°C with agitation (200 rpm) until they reached an OD600 of 0.2.  Bacteria were induced 

with 0.2% rhamnose, repressed with 0.2% glucose, or not stimulated and growth monitored 

at 37°C with agitation (200 rpm). All experiments were carried out with antibiotics to 

maintain the plasmids. 

Persister assays conducted on B. thailandensis E264 harboring pSCRba2-toxin 

were carried out by collected bacteria after 2 h of induction. Bacteria were normalized to 

the same quantity and exposed to either 5 or 10x MIC of levofloxacin. After 24 h of 

antibiotic exposure, bacteria were quantified and normalized on the input quantity. Data is 
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represented as a fold-change in persistence compared to non-induced bacteria. One-Way-

ANOVA statistical analysis was done to examine significant difference between bacteria 

with empty vector and those expressing a toxin.  

 

Mutagenesis Scheme 

The BPM ΔBPSS0390, ΔBPSS0395, ΔBPSS1584, ΔBPSS0899, ΔBPSS1321, 

and ΔBPSL1494 mutants were constructed using a parental mating approach using 

pMo130 as previously described177. Briefly, Q5 polymerase (NEB, Massachusetts, USA) 

was used to amplify the following two fragments: 400-600 base pair upstream and the first 

21 base pairs of the toxin gene, and the last 9 base pairs of the toxin gene accompanied by 

400-600 bases pairs downstream (primers listed in Table 3). The fragments were inserted 

into linearized pMo130 using Gibson Assembly (NEB, Massachusetts, USA) and 

transformed into E. coli S17-1 λpir.  Bacteria harboring the 

pMo130Δ0390, pMo130Δ0395, pMo130Δ1584, pMo130Δ0899, pMo130Δ1321, and 

pMo130Δ1494 constructs were used to introduce to BPM K96243 via biparental mating. 

Merodiploids were selected using kanamycin containing LBG agar. then Plasmid loss was 

promoted by counter selecting on YT agar supplemented with 15% sucrose to obtain single 

deletion mutants. The mutations were then confirmed via PCR and Sanger sequencing 

(UTMB Sequencing core). All primer pairs can be found in Table 3. 
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400-600bp 
Upstream 

(US)

400-600bp 
Downstream 

(DS)

First 21bp Last 9bp

Toxin Gene of Interest

Gibson 

∆Toxin

+ Plasmid

PCR

Toxin

Toxin

Toxin

Toxin

Toxin

∆Toxin

∆Toxin

B.

A.
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Illustration 11: Mutagenesis Scheme 

(A) The  allelic exchange plasmid, Pmo130, was used to construct 
pMo130Δ0390, pMo130Δ0395, pMo130Δ1584, pMo130Δ0899, pMo130Δ1321, and 
pMo130Δ1494 by inserting 400-600 base pair upstream and the first 21 base pairs of the 
toxin gene, and the last 9 base pairs of the toxin gene accompanied by 400-600 bases pairs 
downstream. (B) Allelic exchange was conducted to mutate the toxin of interest in BPM 
K96243. E. coli S17-1 λpir carrying a pMo130 plasmid was conjugated with BPM. 
Successful conjugation led to plasmid incorporation into BPM using the homologous 
upstream or downstream regions found in the plasmid and were selected for using the 
kanamycin (km) resistance cassette. These merodiploids then underwent counter selection 
by plating on sucrose plates. The sacB gene from the plasmid encodes for levansurase, 
which breaks down sucrose to levan which is toxin. Production of levan leads to 
recombination to remove the plasmid or bacterial death. The resulting colonies are either 
wild type or carry the mutated toxin gene, with no scars in the upstream or downstream 
regions. Colonies were screened by PCR followed by sequencing. Used with the permission 
of Elsevier Publishing Group 2019; License number 4697861077256. 
 

Growth Curves 

Isolates were grown overnight in LB or RMPI with HEPES (Gibco, Thermo Fisher 

Scientific, Massachusetts, USA) and the following day, diluted to an OD600 of 0.1. Cultures 

were incubated at 37°C with agitation (200 rpm) and optical density read over 48 h. 

 

Swarming Assays 

Isolates were grown overnight in LB and the following day, diluted 1:10 and 2 µl 

was spotted in the center of semisolid nutrient agar plate (5 g/l bacto agar, 8 g/l nutrient 

broth N°2, with or without 0.5%(w/v) glucose). Plates where incubated for 24 h and the 

diameter of bacterial growth measured and presented as a percentage of the plates’ total 

diameter. One-Way ANOVA with Kruskal-Wallis correction was used to determine if 

toxin mutants had significantly different swarming rates compared to wild-type.  

 

Biofilm Assays 
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The protocol used was adapted from a prior publication 178. Briefly, isolates were 

grown overnight in LB with 4% glycerol (LBG). The next day, cultures were diluted 1:100 

into LBG supplemented with 20 mM glucose. Medium containing glycerol and glucose 

was used because the addition of promoted generation of biofilms (data not shown).  

Cultures were incubated aerobically at 37°C for 24 h, then sub-cultured by diluting 1:100 

into LBG+ glucose in non-tissue culture polyvinyl chloride plates (BD, 353911) and 

incubated for 24 h. The plates were then washed 3x with PBS and stained with 1% crystal 

violet (Sigma (C3886), Sigma Missouri, USA) for 30 min. Wells were washed twice and 

dried for 24 h. To solubilize the bound crystal violet, 125 μl of 30% acetic acid was added 

to each well and incubated for 10 min. The biofilm biomass was determined at OD550.  All 

data was analyzed by using One-Way ANOVA followed Kruskal-Wallis correction when 

comparing more than two groups. 

 

Traditional Persistence Assays  

To determine the persister frequency, bacteria were grown for 16 h and adjusted to 

1 × 108 CFU/ml in medium containing 100x MIC of levofloxacin (400 µM), ceftazidime 

(400 µM),  ciprofloxacin (100 µM),  meropenem (75 µM),  or doxycycline (100 µM),  in 

triplicate. Cultures were incubated for 24 h at 37°C without shaking, after which the 

surviving bacteria were quantified by serial dilution and plating on LB agar. Persistence 

was quantified by normalizing the surviving bacteria to the input concentrations and was 

expressed as percent survival. One-Way ANOVA with Kruskal-Wallis correction was used 

to determine if toxin mutants had significantly different persistence rates compared to wild-

type.  

 

Pre-Induced Persistence Assays  
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Bacteria were grown for 16 h in RPMI with HEPES and L-glutamine (Gibco, 

Thermo Fisher Scientific, Massachusetts, US). Bacteria were adjusted to approximately 5 

× 107 CFU/ml in RPMI with 100 µM of the following: spermine NONOate as a NO donor 

(sNO, Sigma Missouri, USA), minimal medium supplemented with 2% glycerol and 1% 

casamino acids (M9; Becton Dickinson, New Jersey, USA), 100uM iron sulfate 

heptahydrate (Sigma Missouri, USA), 100uM copper sulfate heptahydrate (Sigma 

Missouri, USA). After 30 min of exposure at 37°C without shaking, the samples were 

diluted 1:1 with medium containing levofloxacin to yield a final concentration of 20x MIC 

(80 µg/ml) with or without the persistence inducer to maintain a their respective 

concentration. Bacteria were then incubated for 2 h at 37°C without shaking and then 

survival enumerated. Percent survival was determined by normalizing the input after the 

initial 30 min incubation. Statistical significates were determined using One-Way ANOVA 

with Kruskal-Wallis correction.   

 

Macrophage Survival Assays  

RAW 264.7 murine macrophages (ATCC, Virginia, USA) were maintained in 

Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum (FBS) 

(Gibco, Thermo Fisher Scientific, Massachusetts, USA), 1 mM essential amino acids 

(Invitrogen, California, USA), 1 mM sodium pyruvate (Invitrogen, California, USA), and 

1 mM penicillin streptomycin (Invitrogen, California, USA). RAW cells were seeded at 2 

× 105 cells/well in 24-well trays (Nunc) and incubated overnight before infection.  

Human U937 pleural monocytic cells (CRL-1593.2) were maintained in Modified 

RPMI-1640 Medium ATCC 30-2001 (ATCC, Virginia, USA) supplemented with 10% 

FBS (Gibco), 1 mM sodium pyruvate (Invitrogen, California, USA), and 1 mM penicillin-

streptomycin (Invitrogen). For infection assays, 2 × 105 cells/well were seeded in 24-well 

cell culture plates and supplemented with 25 ng/ml phorbol myristate acetate (PMA; 
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Sigma, Missouri, USA) to induce macrophage differentiation 72 h prior to infection. 

Twenty-four h prior to infection, U937 cells were washed once with PBS and incubated an 

additional day without PMA to allow for further differentiation. For experiments where 

cells were differentiated to M1, medium was changes 16 h prior to infection with medium 

supplemented with 10 ng/ml of human INFg (Peprotech). 

For short term assays, cells were infected with bacteria at a multiplicity of infection 

(MOI) of 10. After 1 h at 37°C, extracellular bacteria were removed by washing with PBS. 

Fresh medium containing 250 μg/ml kanamycin was added to each plate and incubated for 

1 h after which the medium was replaced with antibiotic-free medium. At 3-4 h post 

infection, cells were washed with PBS and lysed with 0.1% Triton-X100 (Sigma). Samples 

were collected, serial diluted in PBS, and plated on LB agar. Plates were incubated at 37°C 

for 48-72 h, then the colonies were counted.  

For 24 h term assays, cells were infected with bacteria at a MOI of 10. After 30 

minutes at 37°C with 5% CO2, extracellular bacteria were removed by washing with PBS. 

Fresh medium containing 100 μg/ml kanamycin was added to each plate and incubated. At 

24 h post infection, cells were washed with PBS and lysed with 0.1% Triton-X100 (Sigma). 

Samples were collected, serial diluted in PBS, and plated on LB agar. Plates were incubated 

at 37°C for 48-72 h, then the colonies were counted. For experiments in which iNOS was 

inhibited, cells were infected for 30 minutes then washed and 500 µM aminoguanidine 

(Sigma; Missouri, USA) was added concurrently with levofloxacin (20x MIC). All assays 

were analyzed with One-Way ANOVA with Kruskal-Wallis correction was used to 

determine if toxin mutants had significantly different invasion and survival rates compared 

to wild-type.  

Macrophage Induced Persistence Assays  
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Illustration 12: Macrophage-Induced Persistence Assay Scheme  

To test the ability of the bacteria to enter a persister state, the following protocol 

was used 102. U937 pleural monocytic cells (ATCC, Virginia, USA) were differentiated to 

macrophages then were infected at a multiplicity of infection of 10 and incubated at 37°C 

with 5% CO2 for 30 minutes to favor invasion. General macrophage survival was tested by 

washing the cells with PBS and adding medium with 100 μg/ml kanamycin. Alternatively, 

cells were washed with PBS and then 80 μg/ml of levofloxacin was added (20x MIC). An 

additional 15 wells were washed, and macrophages lysed with 0.1% Triton-X100 (Sigma; 

Missouri, USA). Samples were collected and re-suspended, seeded into 24 well plates and 

80 μg/ml of levofloxacin added. For this condition, a sample was plated prior to 

levofloxacin addition to calculate the input. To compare macrophage-induced persistence 

to traditional antibiotics, bacteria were seeded at 1 x 106 CFU/ml and treated with 80 μg/ml 

of levofloxacin in LB. At 2, 5, and 24 h, samples from individual wells were collected in 

triplicate for every condition, serially diluted, and plated on LB agar for CFU enumeration. 

Bacterial survival was calculated as a ratio of the input. Macrophage-induced persistence 

was calculated as a ratio of bacteria exposed to macrophages and levofloxacin over 

levofloxacin persistence. Differences in survival were tested by student’s t-test with 
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Tukey’s correction for experiments with wild-type and a single mutant. To compare 

multiple mutants to wild type or multiple conditions for one strain,  One-way ANOVA was 

used.  

 

In vivo Bacterial Infection Model 

Female, 6 to 8-week-old BALB/c mice were obtained from Jackson Laboratories  

(Bar Harbor, ME, USA). Mice were housed in microisolator cages under pathogen-free 

conditions and provided with rodent feed and water ad libitum and maintained on a 12 h 

light cycle. Before experiments, mice were given 5 days of acclimation. Anesthetized 

BALB/c mice (n = 5 per group) were inoculated intranasally (I.N.) with equivalent to 3.5 

LD50 BPM K96243 wild-type, ΔBPSS0390, ΔBPSS0395, ΔBPSS1584, 

ΔBPSS0899, ΔBPSS1321, or ΔBPSL1494 diluted with PBS in a total volume of 50 µL 

(25 µL/ nare). 

 For attenuation studies, mice were not treated. For persistence studies, mice 

received daily intraperitoneal injections of levofloxacin (25 mg/kg/day in PBS) starting at 

24 h post-infection and continuing for five days. Mice were monitored and weighed daily 

throughout the 20-day study. Humane endpoints were strictly observed, and time of death 

was recorded upon animals succumbing to infection or at the study’s endpoint. Animals 

were observed closely throughout the study for clinical symptoms (immobility, dyspnea, 

paralysis) and moribund animals were humanely euthanized. Survival curves were 

generated and analyzed by using the Kaplan-Meier method. A significant difference (p ≤ 

0.05) in survival curves was ascertained via a log-rank test. For CFU enumeration, animals 

were euthanized, their lungs, liver, and spleen collected, and homogenized using Covidien 

Precision tissue grinders (Thermo Fisher Scientific, Massachusetts, USA).Tissue 

homogenates were serially diluted in PBS, plated, and incubated for 48-72 h at 37°C. 

Colonies were counted and normalized to organ weight (g) and significance determined 
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using T-test with a Mann-Whitney correction or One-way ANOVA depending on the 

number of groups. 
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CHAPTER 4 INVESTIGATING THE CAPACITY OF B. PSEUDOMALLEI TO ENTER 

PERSISTENCE 

INTRODUCTION 

Therapeutic eradication of BPM infection is particularly challenging although new 

antibiotic resistance is rare 28,52-54. Bacterial persistence may explain the high rates of 

treatment failure seen in Melioidosis patients. Previous reports on BPM in vitro shows that 

0.001-64% of a stationary population can enter persistence, which is several orders of 

magnitude above reported rates of persistence in other bacteria 161,171,174. For the work in 

this chapter, I focused on further examining of the capacity of BPM to enter persistence 

with selected clinically-relevant antibiotics, the effect of intracellular survival in 

macrophages on persistence generation, and the survival in a murine host following 

antibiotic treatment75.   
 
*Data from this chapter is published in  
Ross, B. N., Micheva-Viteva, S., Hong-Geller, E. & Torres, A. G. Evaluating the role of 
Burkholderia pseudomallei K96243 toxins BPSS0390, BPSS0395, and BPSS1584 in 
persistent Infection. Cell Microbiol, e13096, doi:10.1111/cmi.13096 (2019). Used with 
the permission of Elsevier Publishing Group 2019; License number 4703721198313 

 

RESULTS 

Antibiotic Revealed Persistence  

First, the antibiotic persistence capacity of wild-type BPM K96243 was 

determined. The rate of persistence generation was assessed in the presence of supra-lethal 

concentrations (100x MIC) of clinically relevant antibiotics meropenem, ceftazidime, 

sulfamethoxazole-trimethoprim, doxycycline, ciprofloxacin, and levofloxacin (Figure 

1A). Although not all these antibiotics are the preferred frontline antibiotics, all have been 

used in the clinic. In the early stages of Melioidosis infection, meropenem and ceftazidime 
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are frontline antibiotics given intravenously to reduce human mortality. When tested in 

vitro at supra-lethal levels, meropenem and ceftazidime were the least effective at killing 

BPM, leaving 48.30 ± 18.67% and 16.84 ± 11.37% of the population surviving in a 

persister state, respectively (Figure 1A). Drugs typically used for the eradiation stage to 

prevent relapse, performed better than drugs administered to promote host survival. Among 

orally administered drugs, ciprofloxacin demonstrated the strongest potency leaving only 

0.15 ± 0.10% of persisters, while levofloxacin and doxycycline treatment resulted in 0.48 

± 0.34% and 0.34 ± 0.15% of the bacteria surviving, respectively (Figure 1A). 

Sulfamethoxazole -trimethoprim (SMX-TMP) is the frontline drug that can be used to 

supplement intravenous (IV) therapy and used for oral eradication therapy even though it 

is considered bacteriostatic. When STX-TMP was tested, 100% of the bacteria survived. 

To confirm that the surviving population was indeed persisters, kinetics of bacterial death 

was examined. Consistent with the literature, all antibiotics led to a biphasic kill curve 

indicative of persistence (Figure 1B; STX-TMP was not tested).  
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Figure 1: Antibiotic Persistence of BPM 

(A) The persister frequency was determined following 24 h of treatment with clinically 
relevant antibiotics at 100 x the MIC. Bacterial survival was calculated as a ratio of the 
input.  (B) Bacteria quantity was monitored for 30 h following exposed to 30 h to examine 
the kinetics of bacterial killing. 

Macrophage-Induced Persistence 

Antibiotics are not the only environmental stimuli that can trigger a persister 

phenotype. Previous studies with Salmonella enterica serovar Typhimurium have shown 

that stress from residing in macrophages can induce higher rates of persisters102.  BPM are 

found in circulating CD11b+ macrophages, and because these cells have been shown to 

serve as a reservoir for the bacteria, it was hypothesized that the harsh environment in the 

macrophage may initiate a persister state 66,102,179. Previously, it was shown that U937 
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derived macrophages could sustain BPM infection up to 36 h without killing of the 

macrophage 73. To test this hypothesis, U937 derived macrophages were infected with BPM 

and then treated with the cell-permeable antibiotic levofloxacin (Figure 2). The control 

group (green line) was treated with extracellular kanamycin to ensure that bacteria were 

not in the culture medium and represents the overall intracellular bacteria (persisters and 

non-persisters). Exposure to the macrophage environment followed by cell-permeable 

antibiotics resulted in a 48.6-fold increase in persistence compared with exposure to 

antibiotics alone. These results indicated that in the presence of cell-permeable antibiotics, 

2.44% of surviving intracellular bacteria are in a persister state at 24 h and are transiently 

refractile to host and antibiotic killing (Figure 2). Bacteria isolated from macrophages and 

treated with levofloxacin in LB medium also survive at a higher rate (0.20 ± 0.53%) than 

bacteria not exposed to macrophages (0.10 ± 0.005%).  

 

 

Figure 2: Macrophage-Induced Persistence 

Using an existing protocol macrophage-induced persistence was determined102. U937 
derived macrophages were infected with wild type BPM at a MOI of 10. To determine 
macrophage-induced persistence intracellular replicating bacteria were killed by adding 
levofloxacin (cell permeable; blue). This was compared to macrophages treated with 
extracellularly restricted kanamycin to show overall (persister and non-persister) survival 
(green) and bacteria treated with levofloxacin alone (black). Since the macrophage is a 
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barrier that levofloxacin has to pass, a control was included where bacteria were isolated 
from macrophages and then treated with levofloxacin (red; ex vivo). Percent survival after 
24 h was assayed by CFU enumeration. ** P<0.01, **** P<0.0001 

 

In vivo Antibiotic Persistence 

Establishment of a Melioidosis persistent infection model was done in Balb/c mice 

to define the organ reservoir for bacterial persisters and to investigate the impact of 

antibiotic treatment on organ colonization. Our study was designed to mimic an acute 

infection that would be otherwise be lethal if left untreated. This was followed by treatment 

to select for non-replicating “persisters” which have the capacity to lead to relapse at later 

stages (Figure 3). Increasing the duration of antibiotic exposure improved clearance in the 

lung; however, did not affect bacterial colonization and survival in the liver or spleen when 

collected 21 days post-infection (Figure 3). Therefore, subsequent studies were conducted 

with 5 days of treatment. 
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Figure 3: Melioidosis Persistent Infection Model 

BALB/c mice (n=3) were infected intranasally with 2.9 LD50 of BPM K96243 and 
levofloxacin (25 mg/kg/day) was given daily for 5- or 10-days treatment. Organs were 
collected at 21 days post-infection and CFUs enumerated. Assessment of the residual 
chronic infection showed that the lung, liver, and spleen were colonized, and duration of 
treatment only impacted the colonization of the lung. * P<0.05 
 

DISCUSSION 

To improve treatment for Melioidosis patients, the mechanistic elements associated 

with the failures of treatment must be determined. Antibiotic resistance may serve as a 

mechanism for treatment failure; however, the rate of emergence of resistant strains is rare, 
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suggesting that other mechanisms are at play 28,52-54. These studies demonstrate that BPM 

is adept at generating a reservoir of persister cells while residing in macrophages and 

decreases the efficacy of antibiotics. 

Examination of the ability of BPM to generate persister cells revealed a range of 

persister frequencies when exposed to clinically relevant antibiotics. Although not widely 

used due to severe side effects during long treatment regimens, ciprofloxacin was able to 

kill bacteria to the greatest extent. In the clinic, ciprofloxacin has been replaced by the next 

generation quinolone levofloxacin 180-182. Levofloxacin was not as effective against 

persistent bacteria, but it was superior to the frontline drugs ceftazidime and meropenem. 

BPM exposure to ceftazidime and meropenem led to persister frequencies several orders 

higher than persister rates recorded for other bacteria, in the literature 102,161,162. Based on 

these findings, biphasic treatment plans used in the clinic, starting with antibiotics to 

promote survival, but do not kill the bacterium well, may pose a problem for bacterial 

eradication. If the antibiotics used early during treatment promote survival over killing, 

this puts the bacteria in a multi-drug tolerant state which is likely reducing the efficacy of 

eradication drugs ability to clear the bacteria. 

An added complication in the treatment of BPM is its ability to survive in the 

macrophage. Our findings are similar to those with Salmonella, showing that macrophage 

internalization indeed leads to a subset of bacteria that stop growing and are not killed by 

subsequent antibiotic administration 102.  A trend was observed indicating that “ex vivo” 

antibiotic exposed cells had reduced persister frequency compared with bacteria 

maintained in macrophages. This could be due to cellular damage during centrifugation 

when isolated, or the need for continuous host cell stresses to maintain the phenotype. 

Alternatively, insufficient levels of levofloxacin entering the cells may explain the 

differences; however, I used 20x MIC and it has been shown that levofloxacin along with 

other quinolones are actively pumped into macrophages 183. Transitioning into a murine 

model of Melioidosis, our preliminary animal study indicated that duration has limited 
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effect on colonization. Compared to 5 days, 10 days of treatment with a high dose of 

levofloxacin, reduced lung burden but did not impact the colonization of the bacteria in the 

liver or spleen. These findings provide strong evidence for further investigation of BPM 

persistence and the potential impact of TAS on persistence initiation.  
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CHAPTER 5 IDENTIFICATION OF B. PSEUDOMALLEI TYPE II TOXIN-ANTITOXIN 

SYSTEMS AND ENVIRONMENTAL FUNCTIONALITY PREDICTION  

 

INTRODUCTION 

Although in recent years the role of TAS in persistence induction has been 

questioned in E. coli, there is been strong evidence of these systems playing a role in more 

complex organisms such as Salmonella, M. tuberculosis, and BPM 102,161,162. Novel types of 

TAS have been identified by experimental approaches such as shotgun cloning, or plasmid 

stabilization which test for TAS functionality across a genome146. The first method, shotgun 

cloning, involves fragmenting a genome and cloning the fragments into a permissive 

plasmid that is transforming into E. coli to test functionality based on growth alterations 

184. Plasmid stabilization testing relies on the same method of cloning DNA fragments, but 

instead the fragments are ligated into a highly unstable plasmid. After several rounds of 

replication the unstable plasmid is lost unless the plasmid encodes a toxin that promote 

plasmid maintenance 185. Using these methods several TAS have been identified and have 

provided the foundation of TAS identification using in silico approaches. 

In silico TAS identification replies on what is known about the sequence or 

structure of TAS.  Genomic and protein architecture of TAS have been utilized in  programs 

like RASTA175.  Typically, TAS architecture consists of a small operon containing two 

genes, with less than 150 bp of separation, and that encode products ranging from 65-135 

amino acids175. Sequence based information can be used to identify TAS in other bacteria 

by homology searches using NCBI BLAST, TBLASTN, or PSI-BLAST, which are the 

basis of toxin identification of programs like TADB and TASmania186-188.  Following 

identification confirmation, validation is done through conditional over-expression in the 

same bacterium lacking the operon that is being investigated or in a surrogate bacterium 
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such as E. coli or M. smegmatis (an M. tuberculosis surrogate)162,170. When the toxin is not 

detoxified by the antitoxin, they predominately function by inhibiting growth or killing of 

the bacteria. When the expression is induced, functionality is validated based on whether 

the production of the putative toxin leads to the killing or senescence of growth in the 

induced population compared to a non-induced sample162.  

TAS identification methods often identify several genes, but the complexity in 

targeting toxins is that many organisms have numerous TAS and the stress cues that 

activate them are unknown.  Similar to M. tuberculosis, which has 88 identified toxin-

antitoxin systems, Butt and colleagues found eight BPM toxins using the Toxin-Antitoxin 

Database (TADB) and 62 toxins via the RASTA bioinformatics tool 189,190. One of the 

predominant issues when investigating TAS functionality, is the large number of TAS 

indicating a potential for redundant mechanism of persistence induction. Surely the 88 

toxins in M. tuberculosis and the 103 toxins identified here, in BPM, do not all function at 

the same time and respond to the same stress stimuli, so how do we define which toxins to 

study?  

The significant reason for investigating toxins-antitoxin systems is to define their 

role in antibiotic tolerance and chronic infection, I argue that predicting toxins associated 

with host survival provides an avenue to direct TAS studies toward solving these 

persistence phenotypes pertinent in human health. Currently, the TAS field lacks a 

prediction model that would direct toxin research towards a specific stress condition. With 

the advances in transcriptome profiling of a population, TAS mRNA regulation can be used 

to identify toxins associated with a given condition, signaled by its upregulation. 

Additionally, the use of existing data sets allows for data-mining without the high cost of 

running RNAseq on bacteria in several environmental states. Here, I expanded the list of 

identified toxins using an architecture-independent method and used unsupervised bipartite 

network analysis on existing datum to identify toxins associated with antibiotic and host 

exposure. 
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RESULTS 

Identification of Putative Toxins  

To predict which toxins, play a role in host persistence, it is important to determine 

the toxins present in BPM. Traditional methods of toxin identification often rely on using 

known E. coli toxins to identifying homologous toxins within a genome of choice162. The 

E. coli strains predominately studied are nonpathogenic strains (i.e. K-12), bringing into 

question their relevance.  When E. coli toxins were used to identify homologs in the 

prototypical strain BPM K96243, very few toxins were identified including known toxins, 

such as BPSS0390. Conversely, use of toxin sequences from pathogenic bacteria such as 

Klebsiella pneumoniae or Methicillin-resistant Staphylococcus aureus (MRSA) led to 

identification of additional TAS. Based on these findings, the method used to identify PIN 

domain-containing toxins was adopted. Previous publications identifying PIN domain-

containing toxins relied on using all sequenced genes found in the PIN protein family (i.e. 

PFAM PF01850) regardless of their bacterial origin as a query for PSI-BLAST analysis. 

This method was used with 21 previously identified type II toxin families (Table 3; 

scheme in Illustration 6). Using this method, 135 distinct BPM toxins were identified 

with an expect value of <0.001(Illustration 6). 

Toxins are generally smaller than 165-210 amino acids, with the exception of Zeta 

toxins 153,175. In a previous study, the 450 amino acid product of BPSS1584 was shown to 

be a functional toxin in BPM 170; therefore, for this study, a size cut-off of 500 amino acids 

was used.  Of the BPM toxins identified, 103 toxins were 500 amino acids or smaller, of 

which 68% had an expect value lower than 0.0005 (Figure 4A). Examining the size 

distribution, 39.8% of toxins had less than 199 amino acids and 60.2% had 200 amino acids 

or more (Figure 4B). The predominant classes of toxins identified were PIN (a.k.a VapC), 

and Doc toxins, representing 17% and 22% of all toxins, respectively (Figure 4C). BPM 
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has two chromosomes, for which the larger chromosome 1, encodes core genes associated 

with central metabolism and growth, while the smaller chromosome 2, encodes accessory 

functions linked to adaptation and survival in different niches. Toxins identified were 

asymmetrically distributed with a heavier concentration in chromosome 1 (Figure 4D)   
 

Illustration 13: Identification Scheme of 
Putative BPM Toxins 

Toxins were identified by taking the pfam file 
containing all known toxins of a given family and 
blasting against BPM K96243. Identified genes 
were excluded if they had an expect value above 
0.001 and were greater than 500 amino acids. 

All Bacterial and Archaeal 
Toxin Sequences from Pfam

Position-Specific Iterated BLAST
Burkholderia pseudomallei

K96243 (taxid:272560)
Expect cut off of E ≤ 0.001

135 Putative Toxins

Exclusion
Remove with ≤ 500	amino	acids

103 Putative Toxins

Protein Family 
Database (pfam)

Known Toxins 
(20)

PIN Domain 
Proteins (1)

Identification Scheme
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Figure 4: Putative Toxins Identified in B. pseudomallei K96243  
Characteristics of putative toxins identified are presented as a factor of the (A) expect 
value, (B) number of amino acids, (C) the toxin family they belong to, and (D) the 
chromosomal location. 
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Overlap with Existing Programs 

The toxins identified here were compared to the toxins identified by the available 

programs RASTA and TASmania. A previous RASTA search done by Butt el al., 2011 

identified 62 putative BPM TAS170. Rerunning the RASTA program using the same 

genome led to different results, likely due to program updates. Using the results obtained 

by Butt el al., 2011 only 7 of 103 identified in this study were also found by RASTA 

(Figure 5A)189. RASTA is an algorithm built to annotate a genome and identify operons 

containing TAS based on architecture. Putative toxins are then classified using Pfam, 

Smart, COG, KOG, and CD alignment collections to determine the toxin family an operon 

belongs to. RASTA’s approach relies on very stringent size and gene structure filters, 

limiting its identification capacity of larger toxins or structurally different toxins. A more 

recent platform, TASmania, relies on 369 Hidden Markov Models (HMM; generalized 

protein sequence) to identify toxins. TASmania identified 29 TAS with an expect value 

below 0.001, of which 10 (34.4%) were found in our study (Figure 5B). 

 

 

Figure 5: Toxin Identification Overlap Between Programs 

The number of toxins found in this study was compared to putative toxins found by both 
(A) RASTA and (B) TASmania. The data is presented based on chromosomal location. Solid 
circles denote our study, while alternative programs are denoted with the hash marked 
circle.  



81   

 

Due to the low overlap between the approach used here and the approach used by 

RASTA and TASmania a subset of toxins was tested for functionality. Eight toxins were 

cloned into pBAD and transformed into E. coli DH10b.  When over-expressed, 75% led to 

a reduction in growth indicating functionality (Figure 6). 
 
 

 

Figure 6: Over-Expression of Putative Toxins  

E. coli DH10b carrying empty pBAD or pBAD carrying a putative toxin gene was grown 
to an OD600 of 0.2 and induced with 0.2% arabinose. After 7 h the OD600 was taken and 
normalized to the OD600 of E. coli carrying the empty plasmid. ****p<0.0001 

 

Prediction of Toxins Important in the Host Using Existing Datasets 

Toxins-antitoxin systems are investigated due to their role in antibiotic persistence 

and chronic infection. In order to find potential drug targets that could inhibit bacterial 

persistence, previous group have investigated each toxin individually through functional 

assays without knowing which environment they are important for. For organisms like 
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BPM, which has 103 toxins, this approach is impractical especially since many of the 

toxins probably play a role in survival in soil or water.  It was hypothesized that predicting 

which toxins associated with host survival would provide more direct avenue to direct TAS 

studies with a goal of eliminating the persistence phenotypes important in human health.  

To predict host-associated toxins, existing RNA expression data sets were mined 

and utilized. The datum selected was generated by Ooi et al., 2011 and consists of 

microarray expression datum of BPM exposed to 82 different conditions 176. The 

experimental conditions range from general growth, stress conditions, infection, and 

available mutant expression profiles (Table 5). Datum for putative toxins was extracted 

along with three control genes BimA, Hcp1, FliC. The three control genes were selected 

based on the knowledge that BimA and Hcp1 are expressed during infection and important 

in cell-cells spread191. FliC encodes for flagellar subunit and not expressed in the host1.   

 

Table 5: Exposure Conditions in the Dataset 

 

 

General Condition Bacterial Strain Specific Condition Medium Details Condition name

Stationary phase; Reference mRNA 
for ALL samples. K9LBS
Mid-Logarithmic phase K9LBML
Early Stationary phase K9LBES
Mid-Logarithmic phase K9CDMML
Early Stationary phase K9CDMES
Mid-Logarithmic phase Bp22LBML
Early Stationary phase Bp22LBES
Mid-Logarithmic phase Bp22CDMML
Early Stationary phase Bp22CDMES

Growth (Plate culture) BpK96243 Bacterial lawn, 
Solid-air interface 
biofilm

Luria-Bertani 
Agar (LA)

10^7 cfu/ml plated out on LA and 
incubated for 48hrs K9Plate

Aerobic culture, 1 
week LB Normal incubation oven, 1 week K9Aer1wk
Anaerobic culture, 1 
week LB

Devoid of oxygen in Oxoid Anaerobic 
Jar, 1 week K9Anaer1wk

Aerobic culture, 2 
weeks LB Normal incubation oven, 2 weeks K9Aer2wks
Anaerobic culture, 2 
weeks LB

Devoid of oxygen in Oxoid Anaerobic 
Jar, 2 weeks K9Anaer2wks

Hydrated Bp pellet LB Pellet remains hydrated in dH2O. K9DesRef
Desiccated Bp 
pellet LB Air-dried and cracked Bp pellet. K9Des24hrs
Rehydrated Bp 
pellet LB

Air-dried and cracked Bp pellet 
rehydrated and revived in dH2O. K9Revived

BpK96243

Rich medium LB

Minimal medium CDM

Bp22

BpK96243

GENERAL
Growth (liquid medium) BpK96243 Rich medium Luria-Bertani 

broth (LB)

Minimal medium Chemically 
Defined 
Medium 

Anaerobic condition

Desiccation and Rehydration
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General Condition Bacterial Strain Specific Condition Medium Details Condition name

Modified 
M63** Mid-Logarithmic phase K9Na2SO4ML
Modified M63 Early Stationary phase K9Na2SO4ES
Modified M63 Mid-Logarithmic phase K9TaurineML
Modified M63 Early Stationary phase K9TaurineES

Chelated medium 
(low cations 
content) 1XTSBDC*** Mid-Logarithmic phase K91XTSBDCML
200uM Ca2+ 1XTSBDC Mid-Logarithmic phase K9Ca2+ML
200uM Mg2+ 1XTSBDC Mid-Logarithmic phase K9Mg2+ML
200uM Cu2+ 1XTSBDC Mid-Logarithmic phase K9Cu2+ML
200uM Mn2+ 1XTSBDC Mid-Logarithmic phase K9Mn2+ML
200uM Zn2+ 1XTSBDC Mid-Logarithmic phase K9Zn2+ML
200uM Fe3+ 1XTSBDC Mid-Logarithmic phase K9Fe3+ML
200uM Fe3+ 1XTSBDC Stationary phase K9Fe3+24hrs
Saline 1XDPBS**** Overnight incubation K91XDPBS16hrs
Insulin, 11U/ml 1XDPBS Overnight incubation at human 

physiological concentration of 
insulin.

K9Insulin

Normal Human 
Serum (NHS), 30% 

1XDPBS Overnight incubation at 30% NHS. K930NHS

STRESSES

LB Initial response to cold stress. K904C30mins

LB
Overnight incubation under cold 
stress. K904C16hrs

LB Initial response to ambient temp. K928C30mins

LB
Overnight incubation under ambient 
temp. K928C16hrs

LB Initial response to body temp. K937C30mins

LB
Overnight incubation under body 
temp. K937C16hrs

LB Initial response to heat stress. K942C30mins

LB
Overnight incubation under heat 
stress. K942C16hrs

Normal osmolarity LB Normal growth medium osmolarity. K9OsmRef
High Salinity LB 2M NaCl K92MNaCl
High Osmolarity LB 2M Sorbitol K92MSorbitol

LB
Normal white fluorescent light, 
10mins K9UV10minsref

LB Normal white fluorescent light, 1hr K9UV1hrref
LB 114 uW/cm2, for 10 mins K9UV10mins
LB 114 uW/cm2, for 1hr K9UV1hr

LB Usual nutrients in normal LB medium K9H2O1hrref

LB Usual nutrients in normal LB medium K9H2O24hrref
Deionized 
water

Initial response to nutrient 
deprivation. K9H2O1hr

Deionized 
water Response to nutrient deprivation. K9H2O24hr

Amino acid supplement
(Taurine as a sulfur source)

BpK96243

BpK96243

BpK96243

BpK96243

BpK96243

GENERAL

Divalent cations supplement

Human factors supplement BpK96243

PHYSICAL STRESS

250uM Na2SO4 
(free sulfur source)

250uM Taurine 
(amino acid sulfur 
source)

Iron supplement BpK96243

Normal growth 
medium

Deionized water

Temperature Stress BpK96243 Cold stress

Ambient temp

Body temp

Heat stress

Osmotic Stress

UV Irradiation Normal fluorescent 
light

UV irradiation

Nutrient Deprivation
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General Condition Bacterial Strain Specific Condition Medium Details Condition name

Normal growth 
medium without 
antibiotics

Mueller-
Hinton Broth 
(MHB)

Usual MHB medium without 
antibiotics K9MHB

Bacteriocidal 
antibiotics MHB 2ug/ml ceftazidime (1X MIC) K9Ceft
Bacteriostatic 
antibiotics MHB 8ug/ml chloramphenicol (1X MIC) K9Chlamp
Neutral solution 1XDPBS pH7.0 K9pH7
Acidic solution 1XDPBS pH4.0 (HCl) K9pH4
Alkaline solution 1XDPBS pH10.0 (NaOH) -
Normal growth 
medium without 
Hydrogen peroxide LB

Reference condition without 
oxidative stress K9H2O2ref

Hydrogen peroxide LB 100mM Hydrogen peroxide K9H2O210mins
Normal growth 
medium without 
Sodium 
hypochloride LB

Reference condition without 
oxidative stress K9ChemRef

Sodium 
hypochloride LB 0.01% Bleach K9Bleach
Chelated medium 
(low cations 
content) 1XTSBDC Stationary phase K91XTSBDC24hrs
200uM Cd2+ 1XTSBDC Stationary phase K9Cd2+24hrs
200uM Pb2+ 1XTSBDC Stationary phase K9Pb2+24hrs
200uM Ni2+ 1XTSBDC Stationary phase K9Ni2+24hrs
200uM Al3+ 1XTSBDC Stationary phase K9Al3+24hrs

Bp22 Wild type - RAW 264.7 cell line (Mouse 
leukaemic monocyte macrophage), 
MOI 100:1

Bp22RAW

Bp22 
ΔbprC

T3SS3 mutant 
(BPSS1520)

- RAW 264.7 cell line (Mouse 
leukaemic monocyte macrophage), 
MOI 100:1

Bp22BprCRAW

Bp22 
ΔvirAG

T6SS5 mutant 
(BPSS1495, 
BPSS1494)

- RAW 264.7 cell line (Mouse 
leukaemic monocyte macrophage), 
MOI 100:1

Bp22VirAGRAW

In vivo BpK96243 Infected BALB/c 
lungs (Acute 
Melioidosis) -

Intranasal infection by log phase 
BpK96243, DOI 1000cfu K9BALBcLungs

LB Initial response to cold stress. AL3004C30mins

LB
Overnight incubation under cold 
stress. AL3004C16hrs

LB Initial response to body temp. AL3037C30mins

LB
Overnight incubation under body 
temp. AL3037C16hrs

Normal growth 
medium without 
Hydrogen peroxide LB

Reference condition without 
oxidative stress AL30H2O2ref

Hydrogen peroxide LB 100mM Hydrogen peroxide AL30H2O210mins
Bp008 Wild type LB Stationary phase Bp008

Bp008::pmlI:Tc
(BPSS0885)

Quorum sensing 
mutant

LB Stationary phase Bp008pmlITc

Wild type LB Wild type Bp22LB3hr
Wild type LB Wild type Bp22LB4hr

Bp 22 
ΔbprP 

TTSS3 mutant 
(BPSS1553) LB TTSS3 mutant Bp22BprP

Bp 22 
ΔbsaN 

TTSS3 mutant 
(BPSS1546) LB TTSS3 mutant Bp22BsaN

Bp22 
ΔbprC

TTSS3 mutant 
(BPSS1520) LB TTSS3 mutant Bp22BprC

CHEMICAL STRESS
Antibiotics treatment BpK96243

BpK96243

BpK96243

Heavy Metals

Cold stress

Body temp

INFECTION
In vitro

Quorum sensing

T3SS3 Bp 22

MUTANTS
Sigma factor BpAL30 (RpoE)

(BPSL2436)

Acid and Alkali# BpK96243

Oxidative Stress



85   

The datum was processed by normalizing to stationary growth in LB (labeled LBS). 

Since the datum set contains 82 different conditions, it was hypothesized that each gene’s 

expression range would be represented, so to place all genes on the same expression scale 

(equally weighted) the data was min-max normalized. Manhattan distance metric was used 

to cluster genes and conditions. Seven clusters of genes and seven clusters of conditions 

were identified. Unsupervised bipartite network analysis indicated to examine association 

of gene and condition clusters. As seen in Figure 7, the proximity and density of the edge 

(connecting line) between each gene and condition indicates the strength of association. 

The conditions associated with the host (i.e. in vivo, macrophages assay, pH 7, anaerobic 

conditions) are clustered in the yellow box. The three gene clusters colored in yellow, red, 

and purple are closest to the host conditions. Since proximity correlates to association, 

these clusters are predicted to be associated with host conditions.  

To achieve a closer look at the genes associated with lung colonization, the network 

was temporary manipulated to pull out genes that have a dense edge (line connecting the 

gene to condition). The genes with the densest edges connected to Balb/c mouse lung were 

BPSS1321, BPSL1494, BPSS2775, BPSS2196, and Hcp1 (Figure 8).  Hcp1 is part of the 

T6SS apparatus which is important in cell-cell spread through the generation of MNGCs 

in the host cells192.  Here, Hcp1 functions as our positive control as it is known to be 

upregulated in bacteria during host infection193. The 8 toxins identified by TADB and 

previously functionality tested170 are denoted with a yellow star, and found in the center of 

the network. These toxins are skewed to the left toward the host-associated conditions, but 

they have several dense lines attached suggesting a role in several conditions.  

Visualizing the same data in a heatmap format has similar results with three clusters 

associated with host conditions (Figure 9). Using the heatmap, it is easier to see that 54% 

of the toxins are associated with most of the conditions, suggesting redundancy in toxin 

functions (Figure 9; right half of the heat map). In the network, the three clusters of toxins 
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(colored yellow, red, and purple) that were close in proximity to host condition are the 

same three clusters identified in the heatmap (Figure 9; denoted 1, 2, and 3). 
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-Previous Page- 

Figure 7: Unsupervised Bipartide Network of Toxin-Gene and Association Conditions 

Expression data was extracted from an existing dataset exposing BPM to 82 different 
conditions176. Only genes identified as toxins and control genes Hcp1, BimA, and FliC 
which have known expression profiles were included in the analysis. Toxin expression was 
normalized to expression of bacteria in LB growth medium to stationary phase followed by 
min-max normalization across each gene. The unsupervised bipartite network was 
generated using the software program Pajek. Conditions are depicted as green triangles. 
All genes are depicted as colored circles that are color coded based on higharcgical 
clustering. The condition cluster that contained host-like conditions are highlighted by the 
yellow box.  The connecting lines link every gene to every condition and increasing density 
signifies increased association. Previously investigated toxins are denoted with yellow 
stars170.  

 

 

 

 

 

 

 

 

 

 

 

 

 

-Next Page- 

Figure 8: Network Manipulation to Examine High Associated Toxins in the Lung 

To ease the interpretation of the network, nodes can be temporarily pulled out to more 
closely examine associations. Here all genes with dense edges (line) attached to the 
condition Balb/c lung were pulled to the top left (red box). 
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BPSS1816
BPSL2527
BPSS1014
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Figure 9: Heatmap of Toxin-Condition Association  
As an alternative visualization, the same dataset is presented as a heat map. Toxin genes 
are presented on the horizontal axis and conditions on the vertical axis. Both genes and 
conditions are clustered as shown on the top and left. Red boxes highlight antibiotic 
exposure and exposure to host-like conditions, such as isolation from Raw 264.7 
macrophages, isolation from Balb/c lung, pH 7, and exposure to anaerobic conditions. For 
ease, genes investigated in chapter 6 are denoted with blue arrows and genes investigated 
in chapter 7 denoted in green arrows. 

Conservation of High Priority Toxins 

The goal of this study is to find toxins that have the potential to be drug targets. The 

ideal drug target must be highly conserved among BPM strains to be a competitive 

candidate. Among genes in cluster one, 80% of toxins were conserved in all of the 677 

BPM strains sequenced (Table 6). In cluster two, 77% of the toxins were conserved among 

99% of the strains and none of the toxins in cluster three are completely conserved. 

Compared to the host restricted pathogen B. mallei, there were similar trends with higher 

conservation in cluster one and the least conservation in cluster three (one of twelve toxins) 

(Table 6). Three toxins in cluster one and one toxins in cluster three were found in 100% 

of B. mallei strains. B. thailandensis share 85% of its genes with BPM, but is an 

environmental restricted pathogen that has only caused a handful of illness in humans 7. 

This organism has even fewer conserved toxins than BPM. Comparing conservation 

between B. mallei and B. thailandensis, three toxins, BPSS1321, BPSS1226, and 

BPSL2851 were highly conserved in B. mallei, but not found in B. thailandensis. 

Reciprocally, B. thailandensis carries BPSS2775, BPSS1816, and BPSS1058 while B. 

mallei did not. Conservation in a more distantly related Burkholderia species, B. 

cenocepacia was also investigate. B. cenocepacia is notorious for causing chronic, life 

threatening infections in patients with lung abnormalities such as CF194. B. cenocepacia 

strains share only three of the putative toxins.  
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Table 6: Conservation of Toxins from Cluster 1, 2, and 3 

Nucleotide sequences for each putative toxin BLASTed against all genomes for BPM, B. 
mallei, B. cenocepacia, and B. thailandensis available on the Burkholderia database. The 
cut-off value for homolog was an expect-value of 0.0001 and the number of hits was 
normalized on the total number of genomes for each species. The percent conservation is 
color coded based on high, moderate, and low conservation. 
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Reactivity of High Priority Toxins 

It was hypothesized that having such as wide conditional landscape, each gene’s 

expression range would be captured. To normalize the range of expression, all genes were 

placed on the same scale by min-max normalizing the datum. Min-max normalization is a 

strategy that linearly transforms data so that the minimum value for each gene is 0 and the 

maximum value for each gene is 1. The use of min-max normalization places all toxins on 

the same scale but inflates the importance of consecutively active genes. Due to this, the 

standard deviation across all conditions was investigated for each gene in clusters 1-3 to 

was evaluate inflation and overall gene reactivity (Table 7).  

Cluster one and two represented genes which did not change their expression, 

suggesting that they are constitutively active genes. Cluster three genes had high standard 

deviation indicating high reactivity. When comparing the standard deviation and 

conservation the expression data shows a correlation with high conservation and low 

standard deviation and vice versa (Table 7). Cluster one and two genes that have low 

standard deviation had high conservation with the exception of two genes in cluster two. 

In contrast, cluster three encompasses active genes and 66% are conserved in less than 50% 

of BPM strains (Table 7).  
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Table 7: Association of Conservation and Standard Deviation of Expression  

Toxins in cluster one, two and three were analyzed for the conservation among other BPM 
using Blast against 677 genomes on the Burkholderia Database. Conservation is 
represented as a percentage of the total number of strains with the toxins. Genes that are 
homologous to broad families such as hydrolase or kinases are shown in gray. Color coded 
represents high, moderate, or low conservation and standard deviation. 



95   

 

DISCUSSION 

Up until this point there has not been a method of predicting toxins of clinical 

importance such as was attempted here. In this chapter, traditional TA discovery pathways 

were utilized to identify 103 putative toxins in prototypical strain BPM K96243. In the 

past, RNA profiles have been used as indicators of importance and here the use of existing 

expression datum made it possible to generate a prediction platform using unsupervised 

network analysis. The findings indicate that of the 103 toxins, half are associated with a 

wide variety of stress conditions indicating redundant induction of the persistent 

phenomenon.  Nearly a half of the toxins associated were associated with antibiotic 

exposure, mimicking the great majority of other conditions. This is expected because 

antibiotics are a strong pressure encountered predominately in the environment through 

bacterial-bacterial competition. Most of the other conditions are also likely to be 

encountered due to environment changes or bacterial competition. Our findings suggest 

that the majority of the toxins may be responsible for environmental survival. Infection-

simulating conditions had far fewer toxins associated and had a distinct toxin expression 

pattern. These findings are understandable because bacteria have been adapting to their 

environment and cohabitating bacteria for the past 7 billion years. Conversely, bacterial-

human interaction has occurred for at most 3-4 million years which is a blink of an eye 

compared to the co-evolution in the environment or with other bacteria.  

The prediction method used here proved to be an effective method of down-

selecting toxins to study. Genes that reacted to host-like conditions were identified (cluster 

3), however they had limited conservation among BPM strains. One obstacle faced was the 

limitations of the bioinformatic methods used. With any bioinformatic platform, there are 

strengths and weaknesses.  Here, min-max normalization was used and resulted in over 

representation of constitutively active genes. This brought to light a reciprocal correlation 
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between gene expression activity and conservation. Constitutively expressed genes have 

not been the focus in TAS research, likely due to the strong reliance on RNA expression to 

constitute importance. Theoretically though, TAS that rely on upregulation of their genes, 

may not be as effective when trying to survive in an environment with an imposing stress. 

Instead, TAS that rely on post-translational activation have the potential to react faster and 

may induce persistence more readily. Being that there are few constitutively active genes 

(clusters 1 and 2) that are highly conserved, they offer a new avenue for TAS research. 

Moving forward, three highly reactive genes with moderate conservation and three 

constitutively expressed genes with 100% conservation were investigated for their 

importance in host-associated persistence.  
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CHAPTER 6 THE EFFECT OF MUTATING TOXIN WITH HIGH REACTIVITY AND 

MODERATE CONSERVATION 

 

INTRODUCTION 

In chapter 5, toxins associated with host infection were predicted for the first time. 

Of 103 putative toxins identified in BPM, three clusters consisting of 25% of the genes 

were associated to host-like conditions.  All genes in clusters three and some of the genes 

in cluster two represented toxins that respond to conditional changes as depicted by their 

standard deviation. These toxins also tend to have low to moderate conservation compared 

to the constitutively active genes identified in cluster 1. Traditionally in persistence 

research, the focus has been on toxins that are upregulated in a given condition; therefore, 

a subset of toxins upregulated in host conditions from clusters 2 and 3 was investigated.   

In a previous study investigating TAS in BPM, eight toxins were over-expressed to 

test functionality.  Three toxins BPSS0390, BPSS0395, and BPSS1584 were found 

functional in the study and are present in cluster 2 and 3 from this study170,189. BPSS0390 

is a HicA homolog which has been shown to induce persistence by ribosome-independent 

mRNA cleavage, ultimately leading to inhibition of translation195. BPSS1584 is a HipA 

homolog which functions a serine/threonine kinase that phosphorylates glutamyl-tRNA 

synthetase (GltX) leading to a build of uncharged glutamate tRNA 196. BrnT homolog, 

BPSS0395, is a ribonuclease that has been shown to control bacteriostasis 197. To analyze 

the role of these three toxins, BPM K96243 isogenic mutants were made and tested for 

persister rates, during antibiotic exposure, while in the intracellular environment, after 

host-stimulated stress, and in vivo by attenuation and colonization studies. 
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*Data from this chapter is published in  
Ross, B. N., Micheva-Viteva, S., Hong-Geller, E. & Torres, A. G. Evaluating the role of 
Burkholderia pseudomallei K96243 toxins BPSS0390, BPSS0395, and BPSS1584 in 
persistent Infection. Cell Microbiol, e13096, doi:10.1111/cmi.13096 (2019). Used with 
the permission of Elsevier Publishing Group 2019; License number 4703721198313 

RESULTS  

Selection of Toxins to Study 

In a previous study, BPSS0390 and BPSS1584 were shown to be functional when 

over-expressed in E. coli  170. Analysis for conservation among the 677 strains available on 

the Burkholderia Genome Database indicates that 39 (5.8%) and 673 (99.4%) strains 

possessed BPSS0390 and BPSS1584, respectively. BPSS0395 was not shown to be 

function when over-expressed in E. coli 170. When examining the expression of the toxins 

when BPM is infected  U937 derived macrophages, toxin BPSS0390 was not upregulated, 

while BPSS0395 and BPSS1584 were, warranting further investigation (Figure 10A)73. 

Conservation of BPSS0395 among the 677 available BPM strains showed that 573 (84.6%) 

possessed this gene. As an internal control, genes known to be upregulated or 

downregulated in the host were also analyzed. Hemolysin-co-regulated protein 1 (Hcp1) is 

a type 6 secretion system protein which forms part of the secretion machinery. During 

infection, Hcp1 is upregulated and is critical for multinucleated giant cell formation 198. In 

the dataset, infection leads to a significant increase of Hcp1, starting at 2 h post-infection. 

Conversely, BPM is a flagellated bacteria and flagella is a strong potentiator of the host 

immune response. Interestingly during infection, the bacteria downregulates flagellum 

expression, including the flagellin subunit FliC, because it switches to actin-based motility 

as seen in the expression data (Figure 10A) 199. The three genes BPSS0390, BPSS0395, 

and BPSS1584 (Figure 10B) were further studied through the generation of isogenic 

mutation (Figure 10C) and phenotypic characterization.  
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Figure 10: Functional Toxins Investigated 
The toxins further examined in this publication are displayed in panel (A) along with their 
antitoxin and gene orientation. (B) Expression of previously identified toxins was examined 
by repurposing existing datum from NCBI OmniBus datum set GSM681313 of BPM 
surviving in U937 pleural monocytic cells differentiated to macrophages. (C) Isogenic 
mutations were made for BPSS0390, BPSS0395, and BPSS1584. An intergenic deletion 
was made leaving approximately 30 bp to keep upstream and downstream genes intact. 
The PCR products here represent amplification of the gene and the surrounding1000bp.  
** P<0.01, **** P<0.0001 
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Testing Persistence Associated Phenotypes: Swarming, Biofilm, Antibiotic 
Persistence, and Growth 

To examine the role of BPSS0390, BPSS0395, and BPSS1584 in persistence, toxin 

mutants were generated and evaluated for their role in persistence-associated phenotypes. 

Persister mutants have been shown to generate deficient biofilms and reduced ability to 

swarm compared to the wild-type counterpart 200,201. Although BPM has not been shown to 

generate biofilms in vivo, the formation of biofilm is an indicator of the propensity of 

bacteria to generate persister cells that are a critical in the structural architecture of the 

biofilm, allowing for multi-drug tolerance  147,156. Wild-ty BPM K96243 forms a low-

density biofilm as seen in Figure 11A. Loss of only BPSS0390 resulted in a reduction of 

biofilm formation (Figure 11B). Although swarming is not intuitively linked to 

persistence, this phenotype relies on bacterial communication that leads to the 

differentiation of subsets of bacteria and increased drug tolerance 201-205 . BPM is adept at 

swarming to the extent that it can cover an agar plate completely within 18 h. Loss of any 

of the three toxins resulted in a significant reduction in swarming (Figure 11C).  

The hallmark assay for examining persistence is exposure of a pathogen to supra-

lethal concentrations of antibiotics. Upon exposure to 100x MIC of levofloxacin (Figure 

11D) and ceftazidime (Figure 11E), there was no significant difference in the survival of 

DBPSS0390, DBPSS0395, and DBPSS1584 compared to wild-type. Lastly, the ability of 

the bacteria to reach high titers at stationary phase was tested. Stationary phase is a nutrient-

limited environment that induces “triggered” persister populations until nutrients are 

replenished87; however, when grown in LB, all three toxins mutants showed no significant 

difference in growth compared to the wild-type strain (data not shown). 
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Figure 11: Effect of toxin mutations on Biofilm Formation, Swarming, Antibiotic 
Persistence. and Growth.  

The ability of the bacteria to form biofilm after sub-culturing in LBG. Biofilms were imaged 
(A) and crystal violet solubilized for quantification (B). Swarming was assayed by 
inoculation of bacteria on semisolid agar and allowing bacteria to grow for 24 h. The 
swarms diameter was measured and presented as a percentage of the size (C). Isogenic 
mutants were exposed to 100x MIC of levofloxacin or ceftazidime. Survival was assayed at 
24 h to determine persister frequency (D and E). Each experiment was done in triplicate 
and repeated three times with the exception of the biofilms which were done in sextuplicate. 
* ** P<0.01, **** P<0.0001 
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Survival and Persistence in Macrophages 

Figure 12: Role of toxin mutations on Macrophage Survival 
Invasion and intracellular survival of BPM strains was quantified in RAW 264.7 
macrophages at 3 h (A and B) or U937 derived macrophages (C and D) at 4 h post 
invasion. Each experiment was done in triplicate and repeated three times. NS Not 
significant. 

 

In the host, BPM encounters many stressful stimuli that can lead to the persister 

phenotype; however, an extracellular bacterium that is dormant is vulnerable to detection 

by the immune system. BPM is a facultative intracellular pathogen that has been shown to 

utilize macrophages and dendritic cells to disseminate 66.  Macrophages are also suspected 

to participate in the establishment of chronic infection 66,81,206. To test if the toxin mutants 
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had altered rates of survive in macrophages, RAW 264.7 murine macrophages (Figure 

12A and B) and human U937 derived macrophages (Figure 12C and D) were infected 

and short-term survival assayed. Loss of each of the toxins did not affect uptake and 

survival in macrophages compared to the wild-type strain.  

 

 

Figure 13: Macrophage-Induced Persistence.  
Persistence was assayed by infecting U937 derived macrophages and treating the 
macrophages directly with levofloxacin or isolated bacteria from macrophages then 
treating with levofloxacin (20x MIC). These groups were compared to bacteria only 
exposed to macrophage or naive bacteria treated with levofloxacin. Survival was 
monitored at 0, 2, 5, and 24 h post invasion/experimental start (A, B, C). Survival at 24 h 
is represented in (D, E, and F) and compared to wild-type. Macrophage-induced 
persistence was calculated as the ratio of macrophage infection + levofloxacin or bacteria 
only exposed to levofloxacin (G, H, and I). Each experiment was done in biological 
triplicate and repeated twice. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 
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Because exposure to macrophages confers a fitness advantage by either promoting 

or priming a larger population to enter a persister phenotype compared to levofloxacin 

treatment alone (Figure 2 and 13), toxin mutants were tested to see if they generate the 

same levels of macrophage-induced persisters as wild-type BPM. Bacterial survival of each 

strain was monitored for 24 h in four independent conditions: 1) exposed to macrophages 

and treated with kanamycin (Figure 13 green lines; kanamycin is an extracellular active 

antibiotic; persisters and non-persisters represented here), 2) invasion into U937 derived 

macrophages followed by treatment with levofloxacin (Figure 13, blue lines, cell-

permeable antibiotic that kills non-persisters), 3) invasion into macrophages followed by 

isolation and treatment with levofloxacin (“ex vivo”, red lines), and lastly, 4) bacteria 

exposed to antibiotics only (black lines). All strains survived to the largest extent in 

macrophages exposed to extracellular-active antibiotic (green) while antibiotics alone were 

the most effective at killing the bacteria (black; Figure 12 A-C). In studies with Salmonella 

typhimurium, exposure to the stresses inside a macrophage before supra-lethal treatment 

of levofloxacin (20x MIC) led to higher rates of survival compared to only antibiotic 

treatment 102.  BPM also has a survival advantage, but DBPSS0390 or DBPSS1584 led to a 

significant reduction in survival when intracellular bacteria were exposed to levofloxacin, 

compared to wild-type (Figure 13 D-F, black asterisks). After 24 h of exposure to 

macrophages and levofloxacin (total persister cells; blue),  DBPSS0390, DBPSS395, and 

DBPSS1584 led to 0.03 ± 0.01%, 0.20 ± 0.05, and 0.1628 ± 0.028% of the population 

surviving via persistence, respectively, compared to wild-type. This resulted in an overall 

population entering persistence of 0.4557 ± 0.235% (Figure 13 D-F).  Levofloxacin is 

actively pumped into macrophages (red) 183 and can kill non-persister bacteria. When 

bacteria were isolated from the macrophage and then treated, wild-type and DBPSS0390 

maintained a survival advantage, but DBPSS0395 and DBPSS1584 did not (Figure 13 D-

E) 183. Finally, all strains did not have a significant difference in antibiotic-induced 

persistence rates (Figure 13 A-F black lines/bars).  
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To specifically compare rates of macrophage-induced persistence, all strains 

exposed to macrophages and then levofloxacin were normalized to the persistence rate of 

only antibiotic exposure and compared to wild-type (Figure 13 G, H, and I). Macrophage 

exposure led to 25.7 ± 5.7%, 38.0 ± 10.9%, 17.1 ± 6.2%, and 51.1 ± 16.5% persister cells 

for DBPSS0390, DBPSS395, DBPSS1584, and wild-type, respectively. Once again, 

exposure to levofloxacin could not eradicate the wild-type or toxin mutant strains. 

Although exposure to macrophages improved the ability of the bacteria to survive the 

antibiotic treatment in all strains, the three toxins had significantly lower macrophage-

induced persister cells compared to wild-type.  

 

In vivo Attenuation and Persistent Infection 

Although infection with BPM can occur through many routes, inhalational 

infection is the most severe and results in dissemination of the bacterium as early as 24-48 

h post-infection 63,66,179,207. To assess the attenuation of the DBPSS0390, DBPSS0395, and 

DBPSS1584 mutants, mice were infected with approximately 1,000 CFU (equivalent to 3.5 

LD50 of wild-type). Both DBPSS0395 and DBPSS1584 showed reduced lethality while 

DBPSS0390 led to 100% mortality, like the wild-type strain (Figure 14A). Weight datum 

was consistent with the survival findings showing that post-infection with wild-type and 

DBPSS0390, mice had consistent weight loss (Figure 14B). Assessment of organ burden 

of the surviving mice showed that DBPSS1584 had higher lung colonization while 

DBPSS0395 had a higher burden in the spleen (Figure 14C and D).  

In the same experiment, another group of mice were treated with levofloxacin to 

select for non-replicating “persisters,” early during infection, and to test if the toxin mutants 

had altered their ability to persist in the lungs or spleen of infected animals. As expected, 

all mice survived the infection and the groups had no significant weight differences 

throughout the study (Figure 14E and F). At 21-days post-infection, mice were 
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euthanized, and organ burdens determined. Although attenuated, loss of DBPSS1584 did 

not have a significant effect on organ burden following treatment. Loss of BPSS0390 

significantly impacted the number of bacteria able to survive in the lungs (Figure 14 G), 

based on reduced organ burden, but the mutation did not affect splenic colonization 

(Figure 14 H). Loss of BPSS0395 had the biggest impact on bacterial survival, 

significantly reducing the bacteria’s ability to survive in the lungs and reducing the 

colonization to less than 1 CFU/mg in 4 of the 5 spleens (Figure 14G and 14H). When 

comparing the untreated and treated mice, antibiotic addition did not affect splenic 

colonization of DBPSS1584. In contrast, treatment of DBPSS0395 infected mice reduced 

the burden of the bacteria in both lung and spleen as compared to untreated mice. 
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Figure 14: In vivo Attenuation and Persistent Infection  

BALB/c mice were challenge with approximately 1,000 cfu and monitored for survival (A) 
and weight change (B).  At 21-days post-infection, surviving mice were euthanized and the 
bacterial burden determined in the lungs (C) and spleen (D). A second group of mice 
infected at the same time received 5 days of levofloxacin treatment starting at 24 h post-
infection. Weight change was monitored (E) and at the end of the study, mice were 
euthanized and lung (F) and spleen (G) burden enumerated.   ** P<0.01, **** P<0.0001 
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Nitric Oxide and Nutrient Limitation Priming of Persistence   

Exposure to the macrophage environment offers a fitness advantage which I 

speculate is through the induction of persistence by intracellular stress 208. Several innate 

pathways may inadvertently lead to increased survival of bacteria by inducing or priming 

toward a persister state. Such pathways include the generation of reactive oxygen species, 

NO, nutrient deprivation, or other stimuli. The effect of NO and nutrient limitation were 

tested to see if they alter bacterial persistence through survival in a supra-lethal 

concentration of antibiotics.  

For these studies, LB was not used because it is a rich media that lacks any 

resemblance to the host environment. Here bacteria were grown in RPMI to attempt to 

mimic the host environment. Bacteria were exposed to soluble nitric oxide (sNO) or vehicle 

for 30 minutes before antibiotic exposure. All strains that were exposed to sNO resulted in 

a significant increase in their survival (107 cfu/ml) when treated with 20x MIC of 

levofloxacin and compared to vehicle (104 cfu/ml) (Figure 15A). Compared to wild-type, 

DBPSS0390 could not achieve the same level of drug-tolerant persisters (34.6 ± 3.3% 

compared to 49 ± 6.7%). Loss of DBPSS0395 did not significantly reduce survival and did 

not reach the same levels of persistence as the wild-type strain. Finally, DBPSS1584 led to 

identical levels of persisters as the wild-type strain.  To test the effect of NO in 

macrophages directly, nitric oxide synthase (iNOS) was inhibited with aminoguanidine 

then macrophages were infected. Upon treatment with levofloxacin and an iNOS inhibitor, 

I found no significant difference in bacterial survival between the toxin mutants and the 

wild-type strain (data not shown).  
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Figure 15: Nitric Oxide and Nutrient Starvation Induction of Persistence.  
(A) Bacteria were pretreated with sNO or vehicle control for 30 minutes prior to treatment 
with 20x MIC of levofloxacin after which survival was determined. (B) Bacteria were 
placed in M9 minimal medium for 30 minutes then treatment with 20x MIC of levofloxacin 
after which survival was determined. Each experiment was done in triplicate and repeated 
twice.  ** P<0.01, *** P<0.001 

 

  Next, the effect of nutrient depletion on persister priming was tested. In 

order to look at the response to limited nutrients without affecting the growth state, bacteria 

were grown in RPMI, transitioned to M9, and then treated with antibiotics. Priming the 

bacteria by nutrient limitation led to a significantly lower level of survival in all the toxin 

mutants compared to the wild-type strain (Figure 15B). Although not as efficient as 

inducing persistence when compared to NO, the survival of wild-type bacteria went from 

>108 to 5.5 x 103 cfu/ml and all the mutants survived at a rate of 3-8 x102 cfu/ml. 

 

DISCUSSION 

Investigation of three toxins, BPSS0390, BPSS0395 and BPSS1584 showed that 

none of the toxins influenced antibiotic-induced persistence. The three toxins also did not 

affect survival in macrophage, but following invasion into U937 derived macrophages, the 

DBPSS0390, DBPSS0395, and DBPSS1584 mutants had reduced rates of persister cells. 

This suggests that exposure to macrophages can trigger a subset of bacteria to enter a 

Low Nutrient Effect on PersistenceNO Effect on Persistence
A. B.
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persister state, which is maintained even if the cells are removed from being in contact with 

the macrophage. Similar findings have been shown with Salmonella, indicating that indeed 

macrophage internalization leads to a subset of bacteria that stop growing and are not killed 

by subsequent antibiotic administration 102.   

Transitioning into a murine model of Melioidosis, all mutants displayed a 

colonization defect. Both DBPSS0395 and DBPSS1584 were attenuated and if treatment 

was administered, both DBPSS0390 and DBPSS0395 had reduced colonization. Loss of 

DBPSS0395 had the biggest effect on survival based on its attenuation and near clearance 

of the bacteria from spleens of treated mice. Upon infection, the bacteria have a preference 

for macrophages which are a harsh environment and may lead to induction of persistence. 

However, the exact stimuli that induce the switch to persistence are unknown.  

Previously, several in vitro stimuli such as oxygen limitation, nutrient starvation, 

NO, and reactive oxygen species have been shown to increase drug tolerance 208-211. Here, 

the loss of toxins led to reduced induction of persistence following nutrient limitation or 

NO. Indeed, DBPSS0390 could not generate the same level of persisters after sNO 

exposure, while all three toxins had a significant reduction in persistence due to nutrient 

starvation  212,213. 

The data presented in this chapter clearly shows that toxins that are upregulated in 

response to stress, posed by a host, are important in persistence.  Revisiting the inverse 

correlation between upregulation and conservation that was shown in the previous chapter, 

draws in to question the drugability of these toxins if not completely conserved. Both 

BPSS0390 (5%) and BPSS0395 (84%) lack complete conservation across all BPM strains 

and are completely absence in B. mallei strains. TAS have been shown to be encoded in 

and acquired by mobile elements such as plasmids, phages, and transposable elements. B. 

mallei originated from BPM after undergoing reductive evolution. This information 

prompts the hypothesis that the toxins, BPSS0390 was acquired more recently as a means 

to better survive in the host and BPSS0395 was lost and not necessary for fitness in B. 
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mallei. On the other hand, BPSS1584, is completely conserved among BPM and B. mallei 

strains, indicating that it was likely acquired prior to the origination of B. mallei and has 

been maintained.  

As the persistence field has progressed, more and more families of toxins are being 

identified. If the upregulated toxins are to be the primarily studied as candidates for drug 

targets, they should only be done so only if the toxins are highly conserved. The next 

problem to face with targeting toxins is how to go about targeting the toxins. A benefit of 

toxins that are upregulated is potential to target them at a post-translational level or a 

mRNA level using novel RNA technology such as CRISPR. Although CRIPSR is not 

currently used to combat bacterial infection it does provide and avenue that eliminates the 

need to fully understand the protein biology. One simply needs to know that knocking out 

a gene drastically limits the bacteria’s pathogenicity.  
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CHAPTER 7 INVESTIGATION OF HIGHLY CONSERVED AND CONSTITUTIVELY ACTIVE 

TOXINS IN HOST PERSISTENCE 

 

INTRODUCTION 

Up until now, toxin-antitoxin research has primarily focused on active genes that 

respond to an environmental stress and little consideration has been placed on genes that 

do not respond at an mRNA level. In our prediction model, it showed an association 

between the host environment and of toxins that do not respond to over 80 conditions, 

suggesting constitutive expression. These toxins were also found to be more highly 

conserved compared to toxins that are upregulated during stress. This brings up an 

interesting question of whether lack of upregulation across several conditions is a good 

indicator of a toxin with a broad-spectrum role. One can argue that the TAS are regulated 

at a post-transcriptional level and unless examined at a protein level, there is a lack of 

evidence to initiate investigate.  However, from an energy conservation standpoint, 

continuous expression is expensive and from an evolutionary perspective, continuous 

presence of the TAS proteins lack dependence on mRNA transcription and provides a faster 

response time. 

In this chapter, toxins from clusters one were examine for functionality and 

BPSS0899, BPSS1321, and BPSL1494 were further investigated through mutagenesis. 

Both BPSS0899 and BPSL1494 are putative Doc toxins. Doc toxins are involved in 

regulating bacterial replication and lead to reversible growth arrest by inhibiting protein 

translation machinery214. BPSS1321 is a putative PemK/MazF-like toxins, which are toxins 

that initiate persistence by cleaving mRNA in a ribosome-independent manner215. Both 

toxin types have been found in plasmid addiction which led to bacterial death of progeny 
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that do not have the plasmid214-216. The toxins also have been reported to lead to the 

induction of reversible cellular arrest which is focus here 214-216.  

 

RESULTS 

Over Expression of Toxins in Surrogate Organisms 

All five toxins in cluster one were cloned into pBAD and over-expressed in E. coli 

DH10b (Figure 16A). When toxin expression was induced, 3 of 5 toxins, BPSS0899, 

BPSS1321, and BPSL1494 reduced the growth rate compared to induction of bacteria 

carrying an empty vector. Reduced growth indicated some form of functionality in growth 

arrest. Often, E. coli over-expression is called into question as being too much of an 

artificial system; therefore, expression of BPSS0899, BPSS1321, and BPSL1494 were 

investigated in the more suitable surrogate, B. thailandensis. B. thailandensis is a BSL1, 

nonpathogenic bacterium, that shares 85% of its genes with BPM 7. Due to the high 

homology with BPM the functionality of toxins in this model would more accurately 

replicate the functionality that is expected to be seen in BPM. When over-expressed using 

the Burkholderia specific plasmid pSCRba2, only BPSL1494 showed a reduction in 

growth compared to induction of a strain carrying the empty plasmid (Figure 16B).  

It is important to note that B. thailandensis carries orthologous operons for 

BPSS1321 and BPSS1494 which may have abrogated the over-expressed toxins’ activity 

by binding of the orthologous antitoxin. When bacteria are stressed, antitoxins no longer 

repress toxin activity, usually through antitoxin degradation. To promote antitoxin 

degradation and test functionality of the three toxins, B. thailandensis was grown with or 

without the inducer and then exposed to 5 – 10x MIC (10 µg/ml) of levofloxacin and 

survival was assayed. After 24 h of antibiotic exposure, expression of BPSS1321 conferred 

a survival advantage (Figure 16C).  
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Figure 16: Overexpression of Cluster 1 Toxins 

(A) Toxins were cloned into pBAD expression plasmid and transformed into E. coli DH10b 
or into pSCRba2 and transformed into B. thailandensis (B). Bacteria were grown overnight 
in minimal medium (with glycerol and casamino acids). Bacteria were diluted and grown 
to an OD600 of 0.20 after which the cultures were split into 6 tubes and toxin expression 
induced with 0.2% arabinose (pBAD), 0.2% rhamnose (pSCRba2), or mock treated with 
PBS and growth monitored by optical density. (C) Induced and repressed B. thailandensis 
strains were treated with 5x MIC of levofloxacin to assay if toxin overexpression affected 
persistence. **** P<0.0001. 
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Phenotypic Characterization of Toxin Mutants: Growth Rate, Swarming and 
Morphology 

Isogenic mutations were made in the toxin genes BPSS0899, BPSS1321, and 

BPSL1494 (Figure 17 A, B, and C). Because persistence relies on growth rate, it was 

hypothesized that the lack of a functional toxin would prevent the bacteria from sensing 

nutrient limitation when grown to higher titers. To test this, growth curves were completed 

for the three toxin mutants and compare to wild type in both a basic laboratory medium 

(LB) and a host-like medium (RPMI.) In both environments all three toxin mutants grew 

to higher titers than the wild type strain at 48 h (Figure 18A and B). Reduces swarming 

has been found in bacteria that have lower persistence rates. The mutants were tested to 

see if toxin loss affected the ability to swarm59,217. All three strains had reduced capacity to 

swarm even when supplemented with a higher level of glucose (Figure 18C). 

 

 

Figure 17: Confirmation of Isogenic Mutations 
Isogenic mutations were made for BPSS0899 (A), BPSS1321 (B), and BPSL1494 (C). An 
intergenic deletion was made leaving approximately 30 bp to keep upstream and 
downstream genes intact. The PCR products here represent amplification of the gene and 
the surrounding1000 bp. 
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BPM can have several different colony morphologies. The BPM K96243 strain at 

UTMB has two predominant colony morphologies (Figure 18D; unpublished). Loss of 

BPSS0899 and BPSS1494 resulted in morphological changes leading to halo-like colonies 

when plated on LB agar (Figure 18D). Loss of BPSS1321 retained one of the two colony 

morphologies found in the wild type strain. Some morphology types have been attributed 

to severity of virulence or persistence, for example, small colony morphotypes are 

associated with persistence for several pathogens such as BPM, L. monocytogenes, and S. 

aureus 218-221. When exposed to antibiotic stress, all strains presented with a small colony 

variant (not shown).  
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Figure 18: Phenotypic Characterization of Toxin Mutants  

(A and B) Bacteria were grown in either LB or RPMI overnight then diluted to and OD600 
of 0.01 and growth monitored over 48 h. (C) Reduced swarming motility is linked to 
persistence. To test swarming, bacteria were spotted on the center of a semi-solid agar 
plate with or without glucose supplementation and diameter swarmed measured after 24 h 
of incubation at 37°C. (D) Morphology of each strain under investigation was examined 
72h after plating on LB agar. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 
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Persistence 

Although this study is focused on the role of toxins in host persistence, antibiotic 

persistence was tested in vitro to gleam if these toxins may respond to antibiotics. 

Traditional persister assays were conducted by exposing the bacteria to 20x MIC of 

levofloxacin. The experiments were done on bacteria in both LB medium (Figure 19A), 

which is the traditional medium used, and RPMI (Figure 19B) to try to mimic the human 

host more closely. LB led to higher persister frequency than RPMI. Upon treatment with 

the antibiotic, DBPSS0899 resulted in a significant increase of persistence in RPMI, but 

not LB (Figure 19A and B). In contrast to DBPSS0899, DBPSS1321 and DBPSL1494 had 

reduced persistence in LB only (Figure 19A). In RPMI, DBPSS1321 and DBPSL1494 had 

similar persister rates to wild type (Figure 19B).  

 

Figure 19: The effect of toxin mutants on Persistence 

BPM wild type and toxin mutants DBPSS0899, DBPSS1321, and DBPSL1494 were grown 
in either LB (A) or RPMI (B), and then exposed to 20x MIC of levofloxacin. * P<0.05, ** 
P<0.01. 
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Figure 20: Invasion, Survival, and Persistence in Macrophages 

Macrophages were derived by incubating the U937 pleural monocytic cell line with PMA 
for 48 h. Invasion (A), survival (B) and persistence (B) was assayed after 30 minutes of 
uptake followed by a 24 h incubation with or without 20xMIC of levofloxacin.  (C) To 
further investigate the role of macrophage pressure on survival, U937 derived 
macrophages were polarized to a M1phenotype by IFNg  16 h prior to infection.  One-way 
ANOVA was used to evaluate the difference with in a treatment group and * P<0.05, **** 
P<0.0001. 
 

 Evidence shows that macrophages assist in dissemination of BPM and are 

hypothesized to be a chronic infection niche37. To assess the survival and persistence in a 

human host-like environment, U937 derived macrophages were infected then uptake, 
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significantly lower uptake of only DBPSL1494 compared to wild type (Figure 20A). 

General survival at 24 h post-uptake was obtained by incubating the infected macrophages 

with extracellularly restricted kanamycin. All three mutants had a significantly lower 

capacity to survive, suggesting a defect in intracellular adaptation (Figure 20B). To enrich 

for intracellular persistent bacteria, the cell permeable antibiotic levofloxacin was added to 

kill actively growing bacteria (Figure 20B). There was no significant difference in 

intracellular persistence between the mutants and wild type.  Compare to levofloxacin 

treatment alone macrophage exposure increased persistence as previously shown (Figure 

20B).  

 The reduced survival of DBPSS0899, DBPSS1321, and DBPSL1494 in 

macrophages indicated a potential increase in susceptibility to innate antimicrobial 

pathways in the macrophage. Previous studies show that M1 differentiated macrophages 

kill BPM more efficiently than MO macrophages through NO production208. U937 cells 

were differentiated with PMA then stimulated with IFNg to promote an M1 phenotype prior 

to infection. Activated cells were more readily able to kill BPM; however, there was no 

significant difference between wild type or mutant strains (Figure 20C). 

 

Effect of Toxin Loss on Persistence Induction Following Host-Like Stimuli  

All three toxin mutants had a reduced capacity to survive in the macrophage but 

behaved the same as wild type when levofloxacin was added in the macrophage-induced 

persistence assays. This suggest that in the absence of levofloxacin, non-persister bacteria 

are dying, other TAS are being activated by the antibiotic, or a population is entering a 

viable but not culturable cells state which would be undetectable regardless of antibiotic 

presence. To answer this, wild type BPM and mutant strains were assessed for persistence 

induction after exposure to macrophage-like stimuli. Two predominate stimuli that would 

be found in a macrophages and that effect persistence are nutrient limitation and NO. 
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Nutrient limitation has been shown to be important in persister formation across many 

species of bacteria including B. pseudomalle75,222,223. NO is produced by infected 

macrophages as an antimicrobial 174. BPM exposure to NO increases persistence to 

imipenem and levofloxacin by several logs75,208.   

To better mimic the human host for these assays, bacteria were grown in RPMI then 

exposed to the stress condition (NO or nutrient limitation) prior to antibiotic addition. For 

nutrient limitation, bacteria were also grown in RPMI and then diluted into M9 to examine 

their acute response to nutrient starvation (Figure 21A). When exposed to the nutrient 

limited environment, DBPSS0899 and DBPSS1494 has a significant defect in survival. 

Loss of BPSS1321 trended toward lower survival but was not statistically different from 

wild type.  Exposure to NO for 30 minutes prior to levofloxacin treatment led to a reduction 

in survival of DBPSS1321 and DBPSL1494 (Figure 21B). Note that DBPSS0899 has a 

significant survival advantage in traditional RPMI persistence (Figure 18), but here it does 

not, suggesting a negative effect of NO on DBPSS0899 survival (Figure 21B). 

To start teasing out additional stimuli that these three toxins might respond to, 

PaperBlast (http://papers.genomics.lbl.gov/cgi-bin/litSearch.cgi) was used to interrogate 

functions of homologous genes. BPSS1321 is a putative SAM dependent 

methyltransferase. BPSS1321 had a limited number of homologs for which their roles are 

largely unknown.  BPSS0899 homology PA2949 in P. aeruginosa is upregulated in M9 

and is down regulated in an escape mutant of the novel antimicrobial agent BAL30072, an 

iron chelating siderophore monosulfactam224 225. When the toxin mutants were exposed to 

iron prior to levofloxacin, not only did DBPSS0899 have reduced persisters, but all three 

mutants had reduced persister rates (Figure 21C). BPSS1494 homologs are highly induced 

in S. aureus and B cenocepacia under oxygen limation226,227.  Our lab does not have the 

capacity to test the role of oxygen limitation in our BSL3 facility, so this was not tested. 

Several homologs to BPSL1494 have also been shown to be copper responsive 

transcriptional regulators228,229.  When persistence following copper exposure was tested, 
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DBPSL1494 and DBPSS1321 had significantly lower rates of persistence compared to wild 

type. 

 

Figure 21: The Effect of Nutrient Limitation, NO, and Metal Exposure on Persistence 

Bacteria were grown overnight in RPMI then exposed to (A) nutrient limitation, (B) nitric 
oxide (NO), or (C) 100uM copper or iron, for 30 minutes prior to exposure to 20x MIC of 
levofloxacin.  One-way ANOVA was done with in each conditional group or between 
conditions for one strain. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
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In the chapter 6, DBPSS0395 and DBPSS0390 had reduced bacterial colonization 

after an acute infection and treatment with an antibiotic.  The same experimental protocol 

was conducted with DBPSS0899, DBPSS1321, and DBPSS1494 with the exception that 

attenuation studies were not carried out (Scheme in Figure 22A). Throughout the 

experiment, the mice did not regain the weight they lost due to infection (Figure 22B).  

Mice infect with DBPSS0899 and DBPSL1494 had transiently higher weights on days 14- 

18. At 20 days post-infection, lung, liver, and spleen were collected. All three mutants had 

lower splenic weight (Figure 22C). Examination of gross pathology showed that spleens 

from mice infect with wild-type (Figure 21D) BPM had more severe splenic abscesses and 

DBPSS1321infected mice had either severe abscess or no visible pathology (Figure 22D 

panel 3 and 4).  Infection with DBPSS0899 or DBPSL1494 resulted in mostly 

unremarkable spleens. Quantitation of bacterial burden showed no significant difference in 

bacteria in the spleens, lungs, or livers (Figure 23A-C).  
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Figure 22: In vivo Persistence of DBPSS0899, DBPSS1321, and DBPSS1494 

(A) Mice were infected with 3.5 LD50 and treated for 5 days with 25 mg/kg/day of 
levofloxacin as depicted. (B) Weight was monitored for the 20-day period after which mice 
were euthanized and organs collected, (C) weighed, and (D) imaged. Representative 
images are displayed two images are displayed for BPSS1321 due to the wide variety pf 
pathology seen. Statistics were completed using Two-Way ANOVA in panel B and One-
Way ANOVA in panel C. * equates to P<0.05 and ** P<0.01. 
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Figure 23: Organ Burden Following Infection and Treatment 
Organs were homogenized, and bacteria cultured on agar to assess bacterial burden in the 
(A) lung, (B) liver, and (C) spleen. Statistics show no significant difference.  

 

DISCUSSION 

In this chapter, the toxins BPSL2775, BPSS2196, BPSS0899, BPSS1321, and 

BPSL1494 were investigated based on the predicted association with host persistence. It 

was uncovered that these genes are actually constitutively expressed and have high 

conservation. Our findings led us to the few whether the few constitutively expressed genes 

are important in host persistence which was tested here. 

Functionality assays indicated that BPSS0899, BPSS1321, and BPSL1494 are 

functional and promote growth senesces in E. coli. Data from B. thailandensis over-

expression assays shows that BPSL1494 was functional but BPSS1321 and BPSS0899 do 

not induce a growth reduction. This can be explained by expression of homologous or 

orthologous antitoxins by B. thailandensis. To test this, B. thailandensis expressing each 

of the three toxins were exposed to antibiotic to promote degradation of any homologous 

antitoxin. BPSS1321 was the only toxins that led to a survival advantage.   

The toxins BPSS0899, BPSL1321, and BPSL1494 were further investigated using 

BPM genetic knock out strains. Phenotypic assays done on these mutants departed from 
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the data seen in chapter 6 in the following assays: growth kinetics, persistence and 

macrophage-induced persistence. All three mutants grew to significantly higher titers 

compared to wild type indicated a role in growth modulation. Overall, BPM grows faster 

in LB compared to RPMI. Persistence was also higher in LB compared to RPMI. Factors 

that may be contributing to the persistence difference between LB and RMPI include: the 

rate of replication (slower in RPMI), bacterial titer (LB>RMPI), a component of the media, 

or a combination of all three.  It is well established that stationary cultures led to higher 

persister rates than logarithmic stage cultures. It is important to note that all assays use 16-

hour cultures and LB cultures reach stationary phase closer to 30 h. 

Examination of antibiotic persistence of DBPSS0899, DBPSS1321, and 

DBPSL1494 revealed a significant increase of persistence of DBPSS0899 in RPMI, but not 

LB. Irrelevant of the statistics, DBPSS0899 RPMI persistence rate is similar to the LB 

persistence rate, highlight. In both medias DBPSS0899 grows faster, than wildtype so the 

difference is likely due to a medium component or overcompensation by other toxins due 

to the loss of BPSS0899. Although mutation of BPSS1321 and BPSL1494 had higher 

growth titers at 48h, they had reduced persistence in LB only. This was not true in RMPI 

suggesting a dependence on growth rate or an influence of a medium component. 

The increase in antibiotic persistence seen of DBPSS0899 did not translates to an 

increase on macrophage induced persistence, instead, all toxins behave similar to wild type. 

In the absence of cell permeable antibiotics, all three toxins have a significant reduction in 

survival. Based on these findings, it is suggested that the three toxins prevent killing by the 

host specifically, which would corroborate with our prediction that these toxins might play 

a role in host associated persistence. This was further supported by the effect innate 

antimicrobial stresses on antibiotic revealed persistence. Exposure to nutrient limitation 

BPSS0899 and BPSS1494 had persistence defects while nitric oxide pre-exposure reduced 

BPSS1321 and BPSS1494 persistence.  
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When tested in an in vivo model of murine inhalational Melioidosis, there was no 

effect on colonization following treatment. These findings are consistent with the results 

from the macrophage-induced persister assay where host stress and antibiotics are 

combined the mutants survived just as well as the wild type. If the in vitro assays with 

macrophages are true predictors of in vivo colonization it could be hypothesize that 

infection in the absence of antibiotics may result in difference; however, in this model, lack 

of treatment wild type BPM is a fully lethal infection to answer this question requires model 

development and therefore was not tested. One difference that was found was the reduced 

splenic pathology of BPSS0899 and BPSS1494.  This indicates a potential role for these 

toxins in immunes system modulation or antigen expression.  

The findings in this chapter clearly showed that constitutively expressed toxins play 

a role in bacterial survival within macrophages. When antibiotics were added the bacteria 

was as resilient as their wild type counterpart. This data, although interesting only applies 

to fluoroquinolone and interaction needs to be tested with different antibiotic classes. In 

the persistence field, the goal is to find an anti-persister compound that improves antibiotic 

efficacy. Here, the data suggest that targeting some toxins without antibiotics can increase 

bacterial clearance by the host. The next question warranting investigation is whether these 

toxins play a role in modulating the host immune response.  
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CHAPTER 8 DISCUSSION 

Antibiotic failure is a growing problem worldwide; however, until the past two 

decades, the research field has focused on understanding the mutations behind particular 

resistances. This avenue of research has been fruitful in identifying methods of reversing 

resistance by subverting bacterial mechanisms, most notably with the discovery of beta-

lactamase inhibitors that extend beta-lactam antibiotic usefulness. Formation of resistance 

is theoretically possible for all classes of antibiotics, as well as for disinfectants; however, 

the underlying mechanism that results in the generation of all forms of resistance or 

survival without resistance is rarely studied. Bacterial persistence is a mechanism that 

microbes have developed to become transiently refractory to antibiotics and host defenses 

126. Recently, growing evidence supports bacterial persistence as a precursor mechanism of 

resistance. Not only do the two phenomena share several mechanisms, but persisters have 

been shown to be hypermutable. Importantly, persistence prolongs survival of the bacteria 

and increases the chances of successful resistance generation112,113,116,120. Aside from the 

importance as a resistance precursor, persistence generation has been associated with 

nearly all bacteria that have the propensity to cause chronic infections156.  The phenomenon 

is evident in several instances in which patients experience treatment failure without the 

isolation of a resistant organism106. 
 

Currently, there are three main anti-persister avenues under investigation: reduce 

or interfere with the formation of persisters, directly kill persisters, or sensitize persisters 

to antibiotics by promoting resuscitation103. All three avenues of persister targeting have 

both advantages and disadvantages as treatment options103. Because persistence is a 

phenomena seen in bacteria, fungi, archaea, and human cancer cells, finding a bacterial 

specific compound that does not have broad off-target effects is one of the more difficult 

challenges 144,230,231. Restimulation of bacterial growth via metabolic supplementation has 

shown promise, but metabolites have broad effects on the immune system and other co-
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colonizing bacteria, which may lead to undesirable side effects such as microbiota 

disregulation157-159. Similarly, trying to kill persisters directly has been shown to be a fruitful 

approach, as several drugs have been identified with anti-persister activity103. Several 

compounds identified are used as cancer therapies which have side effects unsuitable for 

general antibiotic treatment, however, can be used in a life-threatening situation.  Lastly, 

preventing persister formation is largely done by the investigation and targeting of toxin-

antitoxin systems, which initiate persistence. This method provides more bacterial specific 

targets; however, many pathogens harbor numerous systems suggesting redundancy144,162.  

In this dissertation, I investigated the role of toxin-antitoxin systems in BPM and 

successfully produce a method for rational selection of toxins to study (Illustration 13 -

Figure 9). 

 Over the past several decades, novel toxin-antitoxin systems have been identified 

and homologous systems have been found in a wide variety of organisms144. A seminal 

paper in the field examining 126  prokaryotes, identified  a correlation between free-living 

organisms and increased toxins numbers, while host-restricted organisms had fewer 

toxins144. This is likely due to the greater number of bottlenecks faced in a changing 

environment compared to an organism whose niche is more stable. The capacity of an 

organism to cause epidemics is also associated with a higher number of toxins due to the 

increased ability to adapt and evade killing in a new environment, thus making bacteria 

more difficult to combat232. Although the role of TAS in persistence induction has been 

questioned, there has been strong evidence of these systems playing a role in more complex 

organisms, such as Salmonella typhimurium,  Mycobacterium tuberculosis, and based on 

our research with BPM233. This lack of confidence in the role of toxins in persistence may 

stem from the investigation in non-pathogenic systems that lack evolutionary pressure to 

promote survival mechanisms. Alternatively, we know that the environment shapes a 

bacterial population’s behavior, but we still use rich medium that lacks any resemblance to 

host environments234. This general practice may be leading to misleading data.  
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Additionally, persistence field has been limited itself to testing all toxins for survival  in 

one condition and that is antibiotic exposure 234. On this planet there are an infinite number 

of stresses that can be found; thus, a toxin may be important for something as abstract as 

surviving at 37°C when a bacterium normally lives in a thermophilic environment. This 

issue could confound data, leading to false negative results by testing toxin functionality 

in the wrong condition. 

 Here is where a challenge arises, of all the toxins being identified, how do predict 

which toxin(s) to focus our research on? Approaching the issue with a focus on persistent 

infection, I wanted to find a way to rationally select toxins to study using a data-driven 

approach. Prior to predicting a toxin’s conditional functionality, an updated search of 

toxins was done that led to the identification of 103 putative toxins in BPM K96243 

(Figure 4). These genes were subjected to unsupervised bipartite network analysis to 

examine their conditional associations.  There was a dominate pattern indicating that most 

toxins were associated with a majority of conditions. This data complements the findings 

that free-living organisms have more toxins likely to promote adaptation to changing 

surroundings144. Because BPM is a soil and water dwelling organism, the network indicated 

a dependence on toxins for several environments.  Infection-associated conditions had a 

different pattern, with fewer genes of importance found specifically in three distinct 

clusters. Further examination of the clusters showed an inverse correlation between 

expression and conservation. Nearly all the genes that did not change their expression 

across the 82 different conditions were conserved among all available BPM genomes 

(Table 7). These finding indicate an importance of constitutive genes, contrary to general 

trends of placing importance on upregulated genes.  

To untangle the role of upregulated, moderately conserved genes compared to 

highly conserved, constitutively expressed genes, mutagenesis studies were conducted on 

three toxin genes selected from each class. Examination of loss of three moderately 

conserved, but upregulated toxins (BPSS0390, BPSS0395, and BPSS1584) showed no 



131   

effect on antibiotic persistence and macrophage survival. When the two conditions were 

combined; however, the mutants had a survival defect in macrophage induced persistence 

(Chapter 6).  Because the stress produced in macrophages increases persistence of wild 

type bacteria but not in DBPSS0390, DBPSS0395, and  DBPSS1584, the three toxins likely 

activated by stress stimuli in macrophages. 

To the contrary, loss of BPSS0899, BPSS1321, and BPSS1494, which are highly 

conserved genes that are expressed at a steady state, had altered antibiotic persistence levels 

and reduced macrophage survival. The survival defect, however, was lost when 

macrophage induced persistence was assayed (Chapter 7). These findings indicate that the 

selective role of BPSS0899, BPS1321, and BPSS1494 in surviving the harsh environment 

of the host cell, but their loss is compensated by activation of other toxins when antibiotics 

are added.  

Persistence has been shown to be dependent on growth; therefore it is important to 

take a closer look at the difference in persister rates of DBPSS0899, DBPSS1321, and 

DBPSL1494234. First, the discrepancy between the rate of persistence induced in LB versus 

RPMI may be due to the fact that BPM has a higher rate of replication in LB, bacterial titer 

(LB>RMPI), a component of the media, or a combination of all three (Figure 19). It is 

well established that stationary cultures led to higher persister rates than logarithmic stage 

cultures. It is important to note that all assays use 16-hour cultures and LB cultures reach 

stationary phase closer to 30 h. The lack of a difference in DBPSS0899 persistence when 

grown in LB and RPMI is may due to the ability of DBPSS0899 to grows faster, the 

difference medium component, or overcompensation by other toxins due to the loss of 

BPSS0899 (Figure 18A and B). When exposed to LB, both DBPSS1321 and DBPSS1494 

had a persistence defect (Figure 19). During replication kinetics both DBPSS1321 and 

DBPSS1494 grew faster than wild type suggesting they would have a persistence 

advantage, which is not the case (Figure 19). This data suggests that both  DBPSS1321 
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and  DBPSL1494 are true functional toxins, confirming the utility of my data-driven 

approach to identify toxins to study.  

In a murine model of Melioidosis, loss of BPSS0390 and BPSS0395 attenuated the 

bacteria. When antibiotic treatment was administered in an acute infection model, loss of 

BPSS0395 and BPSS1584 had rescued colonization, improving the outcome of infection 

(Figure 14). For the mutants BPSS0899, BPSS1321, and BPSL1494, we only studied an 

acute infection with treatment to examine bacterial dissemination and end-point burden. 

Similar to the macrophage-induced persister assay (Figure 20), that bacteria exposure to 

the host (mouse) and antibiotics had no effect on colonization (Figure 23). We speculated 

that this was because although the toxins were important for host survival, other toxin 

systems were responding to the antibiotic and promoting a persister state.  

This study was focused on host-associated persistence, I investigated the potential 

triggers that lead to toxin activation. Host innate pathways constitute several stresses that 

bacteria are exposed to, including serum, acidification, ROS, NO, nutrient sequestration, 

etc. For this study, NO and nutrient limitation were tested and because these conditions do 

not necessarily lead to bacterial killing, we examined if these conditions altered antibiotic 

persistence. When exposed to nutrient limitation, all toxin mutants had a survival 

disadvantage (Figure 15 and 21). When exposed to NO DBPSS0390 and DBPSS1494 had 

reduced persistence, indicating stimuli selectivity of these toxins (Figure 15 and 21). Use 

of a protein-based literature search indicated that  DBPSL1494 may sense and respond to 

copper, while data has shown that abrogation of iron acquisition alters expression of a 

BPSS0899 homolog. Evaluation of the influence of iron and copper influence on the 

induction of persistence identified that indeed iron exposure reduced  DBPSS0899 

persistence and copper exposure reduced  DBPSL1494 persistence (Figure 21).  

Collectively these studies confirmed the utility of in silico approaches developed in this 

project. 
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At the completion of this dissertation, the evaluation of the BPM persistence 

phenotype perpetuates the idea that BPM is a difficult organism to control and much more 

work is needed to further decipher the mechanisms behind the persister cells that lead to 

chronic Melioidosis. Our findings indicated that the in silico prediction model accurately 

predicted toxins associated with the host and our mutagenesis work clearly shows there is 

a cluster specific phenotype when toxins are mutated. The two different phenotypes 

indicated that targeting the toxins can improve treatment in different ways. Targeting 

upregulated genes (BPSS0390, BPSS0395, and BPSS1584) can be a method for 

supplementing current antibiotics treatment, while targeting constitutively toxins 

(BPSS0899, BPSS132, and BPSL1494) function without antibiotic supplementation and 

identifies a new method for the development of anti-microbial agents. Future directions  

Contrary to popular belief, toxins that were constitutively expressed were highly 

conserved and played a role in macrophage persistence without antibiotics. This is very 

important finding for the development since many toxins across bacterial species lack 

100% conservation. The major issue that this work highlights, is the ability to test true host 

persistence in the absence of antibiotics. In Thailand, 80% of people seroconvert to BPM 

by age 4 and maintain high levels of antibodies throughout their life. This suggests that 

there is asymptomatic carriage of the organism and further implicated the ability of the host 

to promote persistence in the absence of antibiotics. To overcome this drawback in 

persistence research, future work should aim at identifying organism specific markers that 

correlate to growth states in the human host. Until then, the findings here shift the paradigm 

of toxin-antitoxin research to use a data-driven approach and indicate the utility of 

approaches that investigate constitutively expressed toxins as major regulators of the 

persistence phenotype. 
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