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Abstract 

 The Lyme disease pathogen Borrelia burgdorferi responds to changes in the 

environment, including changes in nutrient availability and pH, throughout its enzootic 

lifecycle in Ixodes spp. ticks and vertebrate hosts. This project examined the role of the 

transcriptional regulator DnaK suppressor protein (DksA) in B. burgdorferi responses to 

environmental changes associated with its lifecycle. The role of DksA in regulating 

transcriptional responses of B. burgdorferi in a nutrient starved environment was assayed 

by microarray. Transcriptional analyses of wild-type and dksA-mutant B. burgdorferi 

revealed that DksA was likely required for global downregulation of genes encoding 

flagellar components, ribosomal proteins, and DNA replication machinery in response to 

starvation. An in vitro transcription assay developed with the RNA polymerase extracted 

from B. burgdorferi determined DksA inhibited transcription from RpoD-dependent 

flagellar and ribosomal promoters that are highly expressed, demonstrating the role of 

DksA in transcriptional regulation. The regulation of DksA and regulatory molecule 

guanosine tetraphosphate (ppGpp) were tested in a culture environment mimicking the tick 

midgut to understand their potential regulatory role. DksA levels were reduced in pH 6.8 

culture mimicking the tick environment, while ppGpp levels became elevated. The 

presence of DksA was also conditional for the expression of infection associated 

lipoproteins in pH 6.8 culture. The requirement of DksA to complete the vector-host 

infection model was tested. Strains lacking DksA were unable to infect mice, however, 

DksA was unnecessary for long term survival in I. scapularis. Together, these results 

indicate that DksA direct the transcriptional responses required for B. burgdorferi to 

transition from the tick midgut environment to the mammalian host environment.



iv 

 

Acknowledgements 

  

This work was made possible by a fostering environment cultivated by the 

community of scientist acknowledged here. I am excited to have participated in such a 

highly collaborative environment during my time at Creighton University. In no particular 

order, I thank everyone who has contributed to this dissertation.  

 

Thank you to Dr. Frank Gherardini lab at Rocky Mountain Labs (RML), NIAID, 

NIH for hosting me for nearly year-and-a-half to develop the in vitro transcription system 

in B. burgdorferi and to conduct animal and vector model studies. At RML, I received 

training from Dr. Daniel Dulebohn for FPLC purification of proteins and enzymatic 

reactions involving radiolabeled nucleotides. Dr. Crystal Richards provided me training for 

HPLC analysis, animal studies, and more. I am grateful for her generous support. Dr. 

Richards performed measurements of GTP and ppGpp by HPLC. Dr. Richards and Dr. 

Dulebohn also performed portions of the animal studies. Dr. Julie Boylan, who was then 

at RML and Dr. Daniel Sturdevant at the genomics unit performed RNA expression 

measurements by microarray. Anthony Armstrong at the bioinformatics and computational 

biosciences branch at the Bethesda campus generated the model structure of the B. 

burgdorferi RNA polymerase. Dr. Gherardini’s kind and generous support was 

instrumental in completing my thesis. I would also like to thank Sandy Stewart, Philip 

Stewart, Chad Hillman, Denise Severson, and the RML post-docs, and others at RML for 

their kind support.  



v 

 

I would like to thank Dr. D. Scott Samuels lab at the University of Montana for 

invaluable contribution to this work. Communications with Dr. Dan Drecktrah was key in 

accelerating my work on the B. burgdorferi stringent response. Dr. Drecktrah performed 

measurements of ppGpp by thin layer chromatography and shared with me insights on 

(p)ppGpp-dependent phenotypes. Laura Hall generated the 5A4-RpoC-HIS10X strain used 

in the extraction of the B. burgdorferi RNA polymerase. Laura Hall’s work laid a 

foundation to rapidly develop the in vitro transcription system. Dr. D. Scott Samuels was 

and remains kind and supportive of these pursuits.  

 

Individuals from numerous institutions contributed to this study. Dr. Ashley M. 

Groshong who was then at Dr. Jon S. Blevins lab at University of Arkansas for Medical 

Sciences generated the 297 ΔdksA strain analyzed in this study.  Dr. Liam Fitzsimmons 

and Dr. Ju-Sim Kim who were trained by Dr. Andrés Vázquez-Torres lab at University of 

Colorado Anschutz Medical Campus provided valuable expertise on the purification and 

troubleshooting of RNA polymerase function. Dr. Saumya Gopalkrishnan at Dr. Richard 

Gourse Lab at University of Wisconsin – Madison provided me with materials and 

suggestions required to run control reactions of E. coli RNA polymerase. Dr. Sandor Lovas 

at Creighton University, Department of Biomedical Sciences provided the instrument and 

generous training required to perform circular dichroism for this study.  

 

Thank you to my committee members Dr. Travis Bourret, Dr. Anna Selmecki, Dr. 

Jason Bartz, Dr. Nancy Hanson, and Dr. Joseph Knezetic for your support and mentorship. 

Dr. Travis Bourret fostered a most generous and friendly environment in his lab, in his 



vi 

 

mentorship, and collaborations. My lab mates Jeff and Amanda, who shared my 

experiences with me in and out of lab were integral to completing my thesis. I would like 

to recognize the numerous instances the conversations with and hard work of my lab mates 

have shaped my thinking. These five years were truly productive and enjoyable, while 

being a catalyst for my personal growth.  

 

  



vii 

 

Table of Contents 

 INTRODUCTION..................................................................................................... 1 

1.1 Relevance of bacterial stringent response to aspects of Lyme Disease ................ 1 

1.2 Essential components of the bacterial stringent response ..................................... 5 

1.2.1 The role of bacterial stringent response .............................................................. 5 

1.2.2 Guanosine pentaphosphate and guanosine tetraphosphate [(p)ppGpp] .............. 6 

1.2.3 DnaK Suppressor Protein (DksA) ..................................................................... 10 

1.3 Defining aspects of B. burgdorferi physiology ...................................................... 11 

1.3.1 B. burgdorferi is a fastidious bacterial pathogen adapted to growth in a 

mammalian-associated environment ............................................................................. 11 

1.3.2 Surviving vector associated stressors................................................................ 13 

1.3.3 Current knowledge about the B. burgdorferi stringent response ...................... 14 

1.4 Scope of the study.................................................................................................... 16 

 METHODS AND TECHNIQUES ......................................................................... 18 

2.1 Role of DksA in transcriptional response to starvation ...................................... 18 

2.1.1 Summary of approach ....................................................................................... 18 

2.1.2 Bacterial strain and growth conditions ............................................................. 19 

2.1.3 Genetic transformation...................................................................................... 19 

2.1.4 Incubation of spirochetes in RPMI ................................................................... 24 

2.1.5 RNA extraction ................................................................................................. 25 



viii 

 

2.1.6 RT-qPCR analysis ............................................................................................. 25 

2.1.7 Microarray analysis ........................................................................................... 26 

2.1.8 SDS-PAGE and immunoblot ............................................................................ 29 

2.1.9 Measurement of (p)ppGpp by thin-layer chromatography ............................... 30 

2.2 Developing an in vitro transcription assay for DksA functional testing ............ 31 

2.2.1 Summary of approach ....................................................................................... 31 

2.2.2 RNA polymerase structure modeling ................................................................ 32 

2.2.3 Genetic transformation...................................................................................... 33 

2.2.4 RNA polymerase purification ........................................................................... 34 

2.2.5 Sigma-factor purification .................................................................................. 36 

2.2.6 Protein identification ......................................................................................... 37 

2.2.7 Quantitative western blots................................................................................. 37 

2.2.8 Generation of templates for in vitro transcription ............................................. 38 

2.2.9 In vitro transcription ......................................................................................... 39 

2.2.10 Recombinant DksA expression ..................................................................... 41 

2.2.11 Zinc release assay ......................................................................................... 42 

2.2.12 Circular dichroism (CD) ............................................................................... 42 

2.3 Role of DksA during B. burgdorferi transmission ................................................ 43 

2.3.1 Summary of approach ....................................................................................... 43 

2.3.2 Bacterial strains and culture conditions ............................................................ 44 

2.3.3 Genetic transformation...................................................................................... 44 

2.3.4 Mouse model of infection ................................................................................. 48 

2.3.5 Artificial infection of I. scapularis larvae and nymphs .................................... 49 



ix 

 

2.3.6 Transcriptional profiling from cultures ............................................................. 50 

2.3.7 Transcriptional profiling from I. scapulairs samples by droplet digital PCR 

(ddPCR) ........................................................................................................................ 50 

2.3.8 Immunoblotting................................................................................................. 53 

2.3.9 Quantification of nucleic acids ......................................................................... 53 

 RESULTS ................................................................................................................ 55 

3.1 Role of DksA in transcriptional response to starvation ...................................... 55 

3.1.1 Characterization of a putative DksA encoded by bb0168 ................................ 55 

3.1.2 B. burgdorferi ΔdksA and trans-complemented ΔdksA pDksA strains ............ 56 

3.1.3 Adaptation of the ΔdksA and ΔrelBbu mutants to prolonged starvation ............ 60 

3.1.4 Global transcriptome of the dksA mutant during logarithmic phase growth .... 63 

3.1.5 DksA mediates transcriptional responses to starvation .................................... 69 

3.1.6 Increased expression of plasmid-encoded genes in response to starvation 

conditions ...................................................................................................................... 75 

3.1.7 The ΔdksA strain overproduces (p)ppGpp ........................................................ 82 

3.2 Development of an in vitro transcription assay to test DksA function ............... 89 

3.2.1 Structure model of the B. burgdorferi RNA polymerase .................................. 89 

3.2.2 Purification of the RNA polymerase................................................................. 91 

3.2.3 Initial characterization of the RNA polymerase from B. burgdorferi .............. 93 

3.2.4 RNA polymerase activity from double stranded DNA templates .................... 97 

3.2.5 RNA polymerase activity is pH- and temperature-dependent .......................... 97 

3.2.6 B. burgdorferi RNA polymerase requires Mn2+ for activity ............................. 99 



x 

 

3.2.7 RpoD-dependent promoter selectivity ............................................................ 104 

3.2.8 Transcriptional regulation by DksA and ppGpp in vitro ................................ 108 

3.3 Role of DksA during B. burgdorferi transmission .............................................. 114 

3.3.1 Levels of DksA are regulated by pH of the growth medium .......................... 114 

3.3.2 Levels of (p)ppGpp are regulated by the pH of the growth environment ....... 121 

3.3.3 B. burgdorferi expresses dksA within I. scapularis ........................................ 123 

3.3.4 DksA is required for mammalian infection .................................................... 126 

3.3.5 DksA is not critical required for long term survival within I. scapularis ....... 130 

 DISCUSSION AND CONCLUSIONS ................................................................ 135 

4.1 The role of DksA-dependent transcription for response to starvation ............ 135 

4.2 Potential role of transcription factors other than DksA in the phenotype of the 

dksA mutant strain ........................................................................................................ 139 

4.3 Characterization of the B. burgdorferi RNA polymerase .................................. 141 

4.4 Likely role of ppGpp and DksA in B. burgdorferi transcription ...................... 144 

4.5 Levels of DksA and ppGpp respond to conditions mimicking the tick 

environment ................................................................................................................... 146 

4.6 Role of DksA in the lifecycle of B. burgdorferi ................................................... 148 

4.7 Findings relevant to the future of Lyme disease research ................................. 151 



xi 

 

 APPENDIX ............................................................................................................ 154 

 REFERENCES ...................................................................................................... 206 

 



xii 

 

List of Figures 

Figure 1. The bacterial stringent response. ........................................................................ 4 

Figure 2. The stringent response balances the rate of protein synthesis through the 

ribosome to available amino acid resources. ...................................................................... 7 

Figure 3. Amino acid sequence analysis of B. burgdorferi bb0168-encoded dksA. ........ 57 

Figure 4. Clustal Omega alignment of DksA amino acid sequence among Borrelia. ..... 58 

Figure 5. Mutagenesis of conserved B. burgdorferi bb0168-encoded dksA. ................... 59 

Figure 6. Evaluation of B. burgdorferi growth rate. ........................................................ 61 

Figure 7. Dark field microscopy of wild-type, ΔdksA, and ΔdksA pDksA strains. ......... 62 

Figure 8. Evaluation of B. burgdorferi survival during long-term starvation.................. 64 

Figure 9. Genes expressed in wild-type (WT) and ΔdksA during logarithmic phase growth.

........................................................................................................................................... 65 

Figure 10. Relative RNA expression between wild-type (WT) and ΔdksA strains during 

logarithmic phase growth. ................................................................................................. 66 

Figure 11. RT-qPCR confirmation of relative RNA expression between wild-type (WT) 

and ΔdksA during logarithmic phase growth. .................................................................. 68 

Figure 12. Wild-type and DksA-mutant strain transcriptional response to starvation. .... 71 

Figure 13. DksA mediates transcriptional responses to starvation. ................................. 72 

Figure 14. Protein expression in wild-type and ΔdksA spirochetes do not change 

significantly during starvation. ......................................................................................... 76 

Figure 15. Overexpression of DksA in the ΔdksA pDksA strain coincides with increased 

expression of plasmid-encoded infectivity genes. ............................................................ 78 



xiii 

 

Figure 16. Expression of starvation-regulated genes among wild-type, ΔdksA, and ΔdksA 

pDksA strains. ................................................................................................................... 80 

Figure 17. Reference gene RNA expression in response to starvation. ........................... 81 

Figure 18. Evaluation of growth and RPMI survival phenotypes for B. burgdorferi 297 

wild-type (WT) and the 297 ΔdksA strains. ...................................................................... 83 

Figure 19. Comparison of dksA-dependent gene expression in B31-A3 and 297 strains. 84 

Figure 20. The ΔdksA mutant strain constitutively overproduces (p)ppGpp. .................. 85 

Figure 21. (p)ppGpp-dependent gene expression in response to serine hydroxamate. .... 87 

Figure 22. Model of the B. burgdorferi RNA polymerase core. ...................................... 90 

Figure 23. Purification of RNA polymerase core from B. burgdorferi. .......................... 92 

Figure 24. Determination of the molar ratio of the core subunits β and α. ...................... 94 

Figure 25. Screening for the required co-factors for RNA polymerase activity. ............. 96 

Figure 26.  The accumulation of in vitro transcription product from the flgB promoter 

increases with σ factor RpoD concentration. .................................................................... 98 

Figure 27. pH and temperature dependent activity of RNA polymerase. ...................... 100 

Figure 28. Detection of Mg2+ and Mn2+ dependent RNA polymerase activity. ............ 102 

Figure 29. Evaluation of Mg2+ and Mn2+ dependent RNA polymerase activity. ........... 103 

Figure 30. RNA polymerase domains and metal binding sites of B. burgdorferi RpoC and 

alignment of the amino acids at the catalytic site. .......................................................... 105 

Figure 31. Test of promoter discrimination by the RNA polymerase holoenzyme. ...... 107 

Figure 32. Measurement of B. burgdorferi DksA α-helicity. ........................................ 109 

Figure 33. Measurement of B. burgdorferi DksA zinc-binding. ................................... 110 



xiv 

 

Figure 34. Screening for the effects of ppGpp and DksA on in vitro transcription reactions 

initiated on 7 B. burgdorferi promoters. ......................................................................... 112 

Figure 35. Test of DksA promoter discrimination. ........................................................ 113 

Figure 36. Western blots of whole cell lysates collected from B. burgdorferi 297 wild-type 

(WT), relBbu-deficient mutant (Δrel), dksA-deficient mutant (ΔdksA), and trans-

complemented dksA strain (ΔdksA::pDksA) along with empty vector control 

(ΔdksA::pEmp). ............................................................................................................... 115 

Figure 37. RNA expression from B. burgdorferi 297 wild-type (WT), ΔdksA, and the trans-

complemented dksA strain (ΔdksA::pDksA). ................................................................. 117 

Figure 38. The genomic arrangement of wild-type, dksA and complementation strains 

pDksA and cDksA. ......................................................................................................... 119 

Figure 39. Detection of shifts in DksA protein levels with changes in growth media pH 

and organic acid levels. ................................................................................................... 120 

Figure 40. Growth rates of B. burgdorferi in acidic environment. ................................ 122 

Figure 41. Shifts in GTP and (p)ppGpp content of B. burgdorferi cells in response to 

culture media pH and organic acid content. .................................................................... 124 

Figure 42. Evaluation of dksA transcript expression by B. burgdorferi within artificially 

infected I. scapularis nymphs. ......................................................................................... 125 

Figure 43. Seroconversion to inoculation with B. burgdorferi 297. .............................. 129 

Figure 44. Evaluation of DksA requirement for survival in unfed I. scapularis nymphs.

......................................................................................................................................... 131 

Figure 45. Evaluation of the requirement for DksA for transstadial colonization of I. 

scapularis......................................................................................................................... 132 



xv 

 

Figure 46. Working model of the B. burgdorferi stringent response. ............................ 138 

Figure 47. Role of DksA in the B. burgdorferi lifecycle ............................................... 152 

Figure A1. Identification of peptides co-purified with the B. burgdorferi .................... 196  



xvi 

 

List of Tables 

Table 1. Bacterial strains used to study the role of DksA in B. burgdorferi starvation 

response............................................................................................................................. 20 

Table 2. Plasmids and oligonucleotides used in this study for mutagenesis. ................... 22 

Table 3. Oligonucleotides used for RT-qPCR. ................................................................ 27 

Table 4. Oligonucleotides used for in vitro transcription template generation. ............... 40 

Table 5. Bacterial strains used to study the role of DksA during B. burgdorferi 

transmission. ..................................................................................................................... 45 

Table 6. Oligonucleotides used for chromosomal introduction of dksA. ........................ 46 

Table 7. Primer probe sets for RT-ddPCR. ...................................................................... 52 

Table 8. Oligonucleotide size for each tested template encoding a promoter................ 106 

Table 9. Evaluation of the potential for DksA-deficient B. burgdorferi to cause infection.

......................................................................................................................................... 128 

Table 10. DksA is required for transmission of B. burgdorferi from I. scapularis ........ 134 

Table A1. Genes expressed higher by DksA-deficient B. burgdorferi during logarithmic 

growth. .............................................................................................................................150 

Table A2. Gene expressed higher by wild-type B. burgdorferi during logarithmic growth.  

..........................................................................................................................................161 

Table A3. Genes differentially regulated by wild-type in response to starvation condition. 

..........................................................................................................................................171 

Table A4. Genes differentially regulated by the DksA-deficient strain in response to 

starvation condition. .........................................................................................................194 



xvii 

 

Table A5. Top five LC-MS identified peptides represented in each sample excised from 

RNA polymerase mixture separated by SDS-PAGE.  .....................................................197 

 

  





1 

 

Chapter 1 

 Introduction 

1.1 Relevance of bacterial stringent response to aspects of Lyme Disease 

 

Borrelia burgdorferi, a causative agent of Lyme disease, is currently the most 

prominent vector-borne pathogen in the United States with 300,000 estimated infections 

each year [1]. B. burgdorferi are transmitted to humans by a tick bite from either the eastern 

deer tick, Ixodes scapularis, or the western deer tick, Ixodes pacificus, which can acquire 

B. burgdorferi from a zoonotic infection [2-4]. Lyme disease is definitively diagnosed with 

a two-tiered serological test [5, 6]. Because serological responses to pathogens take two to 

three weeks to develop, early intervention currently relies on a non-definitive empirical 

determination. Development of an erythema migrans rash following a bite of I. scapularis 

ticks is reliable positive sign of B. burgdorferi infection, but its absence cannot be used to 

rule out infection [7]. Despite diagnostic efforts, many infections go undiagnosed or 

diagnosed late due to individuals being unaware of the tick bite or due to the non-specific 

symptoms associated with the illness. Early stage Lyme disease initially manifests as a 

febrile illness [8]. Left untreated, Lyme disease results in a range of chronic symptoms, 

including neurological difficulties, joint paint, fatigue, and depression which are associated 

with a severe loss in quality of life [9, 10]. Because early detection of Lyme disease is 

challenging, and Lyme disease has severe effects on quality of life, low-risk and effective 

prevention and therapy methods are important for public health.  

 



2 

 

B. burgdorferi infections are typically treated with a three week regimen of 

doxycycline [11]. This antibiotic treatment is extended to three months, sometimes with 

the addition of another broad-spectrum antibiotic, depending on the course of the illness. 

The treatment of B. burgdorferi infections with antibiotics is effective and clears the body 

of culturable B. burgdorferi to below detectable levels; however, the therapy is not without 

risk. Current treatment regimen for Lyme disease is associated with a 10 – 20% probability 

of developing a chronic condition called Post Treatment Lyme Disease Syndrome 

(PTLDS) [12]. PTLDS symptoms are similar to those experienced during Lyme disease, 

including fatigue, joint pain, and neurological problems [13]. Since no culturable B. 

burgdorferi can be detected in these patients, a prevailing hypothesis is that PTLDS is a 

predominantly immunological syndrome that antibiotic treatment has exacerbated [14]. 

Arthralgia can occur in a small percentage of people who were immunized to the B. 

burgdorferi OspA antigen and in mice immunized with B. burgdorferi peptidoglycan 

which suggest B. burgdorferi antigens alone can lead to Lyme disease symptoms mediated 

by the immune system [14, 15]. Doxycycline (a tetracycline class antibiotic) has a broad 

spectrum of activity and alters the microbiota of the human intestinal tract [16-18], and 

alterations in intestinal tract microbiota can play a role in development of autoimmune 

disorders [19-21]. Moreover, disruption of the normal gut flora can clear way for 

pathogenic microorganisms to colonize the gut and adds risk to the treatment of Lyme 

disease [11]. The PTLDS outcomes and negative associations with broad spectrum 

antibiotics has led to a push for alternative treatments to doxycycline that may help reduce 

the rate of PTLDS. Therefore, a preferred treatment would be effective in eliminating B. 

burgdorferi without altering the gut microbiota.  
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Because PTLDS symptoms are similar to those of Lyme disease, some hypothesize 

the development of these symptoms is a result of persistent infection by B. burgdorferi [12, 

22, 23]. Without treatment, B. burgdorferi infections disseminate systemically and persist 

in mammalian hosts. B. burgdorferi reach the extremities of the body and colonize joints, 

connective tissue, and epithelia [24, 25]. Efficacy of antibiotics treatment in humans can 

vary depending on many variables such as  weight, metabolic capacity, and circulation 

[26]. Antibiotics do not disperse evenly throughout time and space within the body. These 

drugs must diffuse or be transported across gut epithelium, vascular tissue, and then be 

exposed to the detoxifying mechanism in the liver before reaching wide-spread circulation. 

B. burgdorferi in poorly vascularized extremities of the body potentially experience a 

reduced drug dose compared to elsewhere. Following treatment with antibiotics, antigenic, 

non-culturable B. burgdorferi-like spirochete forms can remain detectable by tissue 

staining methods within locations such as the joint [27, 28]. Further investigation is 

required to understand the potential for B. burgdorferi to form live, non-culturable, 

persistent cells in the human body.   

 

This study focuses on the role of regulators of the bacterial stringent response in B. 

burgdorferi. The stringent response is essential for persistence of many bacterial pathogens 

in hostile environments [29]. Understanding the stringent response in Borrelia will provide 

mechanistic insights into Borrelia survival in both the vector and host environments, 

allowing parallels to be drawn about the role of stringent responses in these environments 

among bacterial pathogens (Figure 1). The bacterial stringent response interfaces with cell  
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Figure 1. The bacterial stringent response. 

The stringent response signaling mechanisms play a role in activation of various survival 

strategies of pathogens. The stringent response is activated by hostile nutrient limiting 

environments and are modified by the antibiotics, as discussed in chapter 1. Figure adapted 

from Jain, et. al. [30]. 
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machinery involved in transcription, translation, and cell replication [31]. These 

aspects of Borrelia physiology are broadly relevant to current problems in Lyme disease 

therapy. The tetracycline class of bacteriostatic antibiotics, which target the bacterial 

ribosome, represent the most common class of drugs used to treat Lyme disease [32, 33]. 

Ribosomes control the stringent responses of bacteria, and tetracycline class antibiotics 

modulate stringent responses in many bacteria [34]. Yet, very little is known about the role 

of the stringent response in B. burgdorferi infections [35]. Moreover, vital components of 

bacterial physiology regulated by the stringent response, such as gene transcription carried 

out by RNA polymerase, can be targeted by antibiotics [36, 37]. Borrelia are 

phylogenetically distant from common gut microorganisms and vital components of 

Borrelia physiology do not always function similarly to those of more well-studied 

organisms [38]. A study of the stringent response necessitates assays of B. burgdorferi 

RNA polymerase and ribosomes, which can be leveraged in the future to screen new classes 

of antibiotics for Lyme disease specific treatment. Therefore, better understanding of the 

Borrelia stringent response could inform a future targeted therapy against Borrelia 

infections.  

 

1.2 Essential components of the bacterial stringent response  

 

1.2.1 The role of bacterial stringent response 

 

The stringent response contributes to bacterial survival by safeguarding 

polypeptide synthesis. The stringent response in its fundamental form balances the level of 
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active translation to the levels of amino acid availability. During conditions that deplete 

amino acids available for formation of new polypeptides, the stringent response shifts 

resources away from translational throughput [31, 39, 40]. The stringent response works to 

cease transcription and translation of new ribosomes and inhibits cell replication. Levels 

of guanosine triphosphate (GTP), which powers polypeptide elongation during translation, 

are decreased [39, 41, 42]. Concurrently, upregulation of aminoacyl-tRNA synthesis and 

glycolysis pathways occur to prevent stalling of protein synthesis in the cell [43]. These 

responses safeguard the bacteria’s ability to generate new polypeptides (Figure 2) and 

preserves the cell’s ability to adapt to the dynamic extracellular environment.  

  

1.2.2 Guanosine pentaphosphate and guanosine tetraphosphate [(p)ppGpp]   

 

A hallmark of the stringent response is the production of the signaling molecules 

guanosine pentaphosphate and guanosine tetraphosphate [(p)ppGpp] [31, 44]. (p)ppGpp is 

produced in response to nutrient limitation and precedes a cell’s adaptation to stationary 

growth phase during in vitro culture. (p)ppGpp production is well conserved among 

bacteria and carried out by (p)ppGpp synthetases (Rel) which consume adenosine 

triphosphate (ATP) and GTP to produce (p)ppGpp and AMP [45, 46]. (p)ppGpp production 

is typically triggered by amino acid limitation, but can be regulated by multitude of signals, 

such as limitation of carbohydrates, fatty acids, phosphates, and iron, depending on the 

organism [47-49]. In this way, (p)ppGpp transduces cues about the growth constraints of 

the environment to a molecular signal. The production of (p)ppGpp serves multiple 

purposes in the cell [50]. (p)ppGpp sequesters guanosine, reducing the potential GTP pool  
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Figure 2. The stringent response balances the rate of protein synthesis through the 

ribosome to available amino acid resources. 

Bacteria metabolize precursor molecules to amino acids. Amino acids are loaded on amino-

acyl-tRNAs for ribosomal peptide synthesis. Proteins serve a variety of functions including 

cell replication and peptide synthesis. During nutrient limitation the cell must preserve the 

ability to synthesize proteins. The stringent response selectively slows the through-put of 

protein synthesis to match the cell’s available precursor and amino acid levels.  
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available for powering translational machinery. (p)ppGpp also serves as a non-

hydrolysable substrate for GTP binding proteins, regulating their activity [51]. (p)ppGpp 

binds to RNA and peptides [52], including the core component of RNA polymerase, and 

fundamentally changes the outcome of transcription and translation processes [53, 54]. 

Transcriptional regulation by (p)ppGpp is credited with contributing greatly to bacterial 

adaptation entailing the stringent response in model bacteria. 

 

During in vitro culture, the role of (p)ppGpp can be assessed by activating 

(p)ppGpp synthesis using molecules which block amino-acyl-tRNA synthesis such as 

serine hydroxamate [45, 47]. Subsequently, the contribution of (p)ppGpp synthase to 

global changes in RNA expression is measurable [31, 55]. Molecular studies of (p)ppGpp 

by in vitro transcription assays replicate the direct regulation of (p)ppGpp suggested by 

transcriptomic studies in gram-negative bacteria [56]. (p)ppGpp directly downregulates 

ribosomal RNA synthesis and upregulates amino acid biosynthesis genes by the RNA 

polymerase [57]. (p)ppGpp enables bacterial response mechanisms through its interaction 

with RNA polymerase. 

 

(p)ppGpp production leads to global transcriptional regulation of genes which 

prepare the bacterial cell for persistence in the environment [29]. When faced with a hostile 

environment, pathogens respond through a variety of mechanisms, such as sporulation, 

biofilm formation, persistence states, evasion, and inhibition of host defenses [29, 49, 58-

61]. These responses allow pathogens to cause infections by overcoming host defenses and 

can contribute to increased antibiotic resistance and antibiotic tolerance [62-68]. Rel-
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mutant strains, defective in (p)ppGpp production, are often incapable of mounting these 

responses and the transcriptional programming dependent on (p)ppGpp interaction with 

the RNA polymerase appears to contribute largely to these responses.  

 

In gram-negative bacteria, the global transcriptional regulation required for 

pathogen adaptation often occurs through the RNA polymerase σ-factors [29, 43]. σ-factors 

dictate the RNA polymerase transcription initiation sites on double stranded DNA. The 

main RNA polymerase σ-factor for the bacterial cell, designated σ70 or RpoD, normally 

controls the majority of transcription initiation [69]. During the stringent response, RpoD-

dependent transcription is repressed by the production of (p)ppGpp [70, 71] and alternative 

σ-factors such as, RpoS, expressed during nutrient limitation, take a greater role in 

transcription initiation [72, 73].  Bacterial utilization of alternative σ-factors, therefore, can 

depend on regulation through stringent response. The alternative σ-factor RpoS contributes 

to the adaptation of E. coli to growth constraints in the environment by initiating expression 

of osmotic and oxidative stress response genes and glycolysis pathway genes. Alternative 

σ-factors direct transcription to respond to the environment and often are required for 

virulence gene expression in pathogens. Shigella flexi, Salmonella enterica, and Legionella 

pneumophilia all require control of alternative σ-factors through the stringent response to 

survive within host cells, where nutrients are limited [74-76]. In this way, (p)ppGpp 

gatekeeps activation of virulence traits of pathogens by regulation of alternative σ-factors 

[73, 77-79].  
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1.2.3 DnaK Suppressor Protein (DksA) 

 

DksA is essential for the bacterial response to the environment and is a regulator of 

the stringent response. Without DksA, (p)ppGpp regulation of rRNA expression and amino 

acid biosynthesis pathways by ppGpp are muted [57, 73, 78-81]. DksA-deficient strains 

are also auxotrophic and fail to effectively utilize alternative σ factors [57, 79]. DksA is a 

15-17 kD protein of a class of transcriptional regulators that bind the secondary channel of 

RNA polymerase [82-85]. In E. coli and Salmonella, DksA acts synergistically with 

(p)ppGpp in transcription [56, 80, 86] and extensive characterization in Escherichia has 

indicated DksA and (p)ppGpp bind the RNA polymerase together [86, 87]. Therefore, 

DksA regulation is modulated by the presence or absence of ppGpp in E. coli.  

 

DksA and other secondary channel binding proteins directly control a variety of 

functions carried out by the RNA polymerase, including transcription initiation, 

elongation, stalling, fidelity, and back tracking [88, 89]. Secondary channel binding 

proteins other than DksA, such as GreA/B (transcription elongation factor), Rnk (regulator 

of nucleoside kinase), and TraR (tra operon regulator for F element DNA transfer), 

compete for the same binding site on the RNA polymerase, implying complex regulatory 

roles for these proteins [89-92]. While DksA is required for the stringent response, the 

functional role of DksA can reach beyond the stringent response [71].  

 

The activity of DksA is regulated by the intracellular environment of E. coli and 

Salmonella. In E. coli, DksA is essential for survival in low pH culture environments 
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analogous to the stomachs of mammalian host [93]. DksA activity and RNA polymerase 

binding are both increased by a shift from pH 7.6 to pH 6.7 within in vitro transcription 

assays, and pH appears to facilitate conformational changes in DksA that increase its 

affinity for RNA polymerase. In Salmonella, DksA is important in coordinating defenses 

to reactive oxygen and nitrogen species [94, 95]. DksA of Salmonella and other organisms, 

including B. burgdorferi, encodes a C-terminal zinc-finger containing four cysteines that 

are sensitive to oxidation [96]. Oxidation of DksA changes its regulatory activity in in vitro 

transcription reactions. In these cases, DksA represents a transcription factor which can 

directly sense the intracellular environment to regulate transcription. DksA is a 

transcription factor that is fundamental for bacterial response to the environment to avoid 

constraints on survival. 

 

1.3 Defining aspects of B. burgdorferi physiology 

 

1.3.1 B. burgdorferi is a fastidious bacterial pathogen adapted to growth in a 

mammalian-associated environment 

 

B. burgdorferi, a causative agent of Lyme disease, is a highly fastidious host-

associated bacterium [97, 98]. B. burgdorferi is thought to be specialized to a vector-host 

life cycle and possesses a condensed 1.3 mega-base genome with limited metabolic 

capability [99, 100]. The genome lacks genes encoding components of the tricarboxylic 

cycle, the electron transport chain, amino acid biosynthesis, and fatty acid biosynthesis 

pathways, wholly relying on the transport of environmental sugars, fatty acids, and amino 
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acids for survival [100-102]. Growth of B. burgdorferi in culture requires a nutrient-rich 

environment, similar to mammalian cell culture media, and physical parameters of the 

culture like temperature and dissolved oxygen dramatically affect spirochete growth [97]. 

These environmental constraints to growth indicate the ability of B. burgdorferi to replicate 

is closely tied to its environment. 

 

B. burgdorferi grows in the extracellular environment of mammalian hosts, which 

poses additional constraints on growth. In particular, the host competition for iron is 

hypothesized to have resulted in complete elimination of iron utilization by B. burgdorferi 

[103-105]. Instead, manganese (Mn2+) is thought to largely replace iron as a metal co-factor 

for metabolic enzymes [104]. Additionally, B. burgdorferi interacts directly with host 

innate and humoral immune defenses in the extracellular space. B. burgdorferi requires the 

expression of outer membrane (OM) lipoproteins to avoid elimination by host defenses, 

[106, 107] and many OM lipoproteins function to either subvert the host immune response 

(e.g. outer surface protein C [OspC]) or to promote binding to the extracellular matrix (e.g. 

Decorin binding protein [DbpA]) [106, 108-110] [111-113]. The contribution of the OM 

lipoproteins to B. burgdorferi survival can be detected by in vitro serum killing assays and 

in mammalian infection models [109, 112, 114, 115]. Many OM lipoproteins are antigenic, 

and B. burgdorferi can vary the expression of OM lipoproteins encoded on numerous 

plasmids throughout its infectious cycle, indicating the host immune system is a constraint 

to B. burgdorferi survival [106, 116].   
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1.3.2 Surviving vector associated stressors 

 

B. burgdorferi transits through considerably different environments to complete its 

enzootic life-cycle [4, 38, 117]. I. scapularis acquire B. burgdorferi during a blood meal 

from an infected mammalian host. Thereafter, B. burgdorferi persist in the tick midgut 

while I. scapularis absorb nutrients from the bloodmeal and molt to the next life stage over 

the next four to eight weeks. I. scapularis molted from larval stage to nymphal stage, or 

nymphal stage to adult stage, search for larger vertebrate hosts by questing. A subset of 

midgut-localized B. burgdorferi are transmitted to a vertebrate host when the next 

bloodmeal is acquired by the tick, which may occur up to ten months after the initial 

acquisition  of  B. burgdorferi by I. scapularis [118-120]. As Ixodes ticks progress through 

their life stages, the dynamic milieu of the midgut presents B. burgdorferi with multiple 

challenges, including variations in osmolarity, pH, temperature, nutrient availability, as 

well as oxidative and nitrosative stresses [117, 119, 121-123]. 

 

B. burgdorferi respond to changes in their environment through alterations in 

replication, metabolism, and outer surface protein expression [38, 117, 124-126]. B. 

burgdorferi is a fastidious organism and an extreme amino acid auxotroph [100, 102, 103]. 

The tick midgut following a molt and prior to a bloodmeal is a nutrient-limited and 

challenging growth environment for B. burgdorferi. Following a bloodmeal, nutrients are 

absorbed and sequestered by the tick midgut. B. burgdorferi responds by ceasing 

replication and instead upregulating genes required to utilize available carbon sources, 

including glycerol and chitobiose [127-130].  Expression of genes encoding tick-associated 
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outer membrane proteins (ospA and lp6.6), as well as nitrosative and oxidative defenses 

(napA/dps/bicA and uvrB) are also required for transmission of B. burgdorferi from the tick 

vector to the mammalian host [117, 121, 124, 127, 131-135]. 

 

B. burgdorferi remaining in the I. scapularis midgut following a molt are presented 

with renewed challenges from an incoming blood meal. The bloodmeal is a nutrient-rich 

mixture that carries increasing concentrations of host immune components, organic acids, 

and higher osmolarity [122, 123, 136]. Concurrent with the flow of the bloodmeal, I. 

scapularis generates higher levels of nitric oxide to prepare for its own physiological 

transformation [119, 121]. Within this environment, B. burgdorferi rapidly replicate and 

shift global gene expression to produce transmission-associated OM-lipoproteins, such as 

DbpA and OspC [124]. While the mechanism regulating the expression of transmission-

associated genes are still under study [137-141], growth of B. burgdorferi in culture 

medium that mimics the tick midgut organic acid levels (20 - 30 mM acetate) or pH levels 

(pH 6.8) are shown to increase expression of DbpA, OspC, and numerous other OM-

lipoproteins [123, 136, 141, 142]. Organic acids and pH levels have an additive effect on 

the acidifying potential of the intracellular environment. Higher proton levels in the 

environment allow higher levels of protonated organic acids to more easily diffuse into the 

intracellular environment. Response to tick-midgut environment by the expression of OM-

lipoprotein prepares B. burgdorferi for host infection [143]. 

 

1.3.3 Current knowledge about the B. burgdorferi stringent response 
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In B. burgdorferi, recent studies have shown that (p)ppGpp plays an important role 

in controlling expression of genes required for survival within I. scapularis [144-146]. B. 

burgdorferi (p)ppGpp synthetase, RelBbu, is required for the global regulatory effects of 

(p)ppGpp [144, 145]. Starvation of B. burgdorferi in the defined culture medium RPMI 

induces the stringent response and a measurable increase in (p)ppGpp production [144, 

147]. The Borrelia transcriptomic response to cellular starvation provides insights into 

RelBbu-mediated regulation. The presence of (p)ppGpp increases the expression of genes 

that promote B. burgdorferi survival within Ixodes ticks, including glycerol and chitobiose 

utilization pathways, and napA/dps/bicA. In addition, (p)ppGpp represses the expression 

of flagellar, DNA replication, and translation-related genes, suggesting the control of these 

genes during starvation conditions in vivo is due to the stringent response. Consistent with 

these phenotypes, RelBbu functions to aid persistence in ticks and transmission from 

infected nymphs to mice [144].  

 

The B. burgdorferi stringent response, mediated through (p)ppGpp, plays a key role 

in survival within I. scapularis [144]; however, the role of DnaK suppressor protein (DksA) 

has not been investigated. DksA has emerged as an important transcriptional regulator 

bacteria [29]. DksA holds a key regulatory role in the life cycle of several bacterial 

pathogens and is implicated in virulence gene expression [29, 60, 76, 148]. In 

enterohemorrhagic E. coli, DksA-dependent regulation is required for the enterocyte 

effacement response during intestinal colonization [74, 149]. In Pseudomonas aeruginosa, 

the stringent response mediates colonization of surfaces by biofilm formation [150]. 

Salmonella enterica requires the stringent response to respond to acidic, oxidative, and 
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nutrient-limited environments within macrophages [75, 151]. In these cases, DksA works 

synergistically with the stringent response and is indispensable for adaptation. As seen in 

other bacteria, B. burgdorferi responds to starvation by production of (p)ppGpp [144, 147], 

but the contribution of DksA to the regulation of the stringent response in B. burgdorferi 

is unknown. 

 

1.4 Scope of the study 

 

The role of DksA in the B. burgdorferi life cycle was investigated to better 

understand the stringent response of B. burgdorferi. DksA and ppGpp are considered the 

key regulators of the stringent response. The stringent response orchestrated through 

(p)ppGpp and DksA is required by many bacteria to survive in hostile environments and is 

fundamental to the virulence of many pathogens [29, 56, 60, 148-151]. (p)ppGpp-

dependent regulation plays a distinct role in the B. burgdorferi lifecycle. Yet, we currently 

have no framework of how DksA may function as a regulator in B. burgdorferi. Because 

the stringent response in other organisms requires the activity of both DksA and ppGpp, 

the central hypothesis for this study is that DksA plays a role in (p)ppGpp-dependent 

phenotypes of B. burgdorferi. The role of DksA will be clarified by assessing aspects of 

(p)ppGpp-dependent phenotypes and evaluating DksA-dependent phenotypes beyond 

(p)ppGpp. The overlap in the roles of (p)ppGpp and DksA will be evaluated to constrain 

or expand the potential roles DksA may play in the B. burgdorferi life cycle.  
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The evaluation of the central hypothesis in this thesis that DksA plays a role in 

(p)ppGpp-dependent phenotypes was informed by three separate efforts described in bold. 

The role of DksA in transcriptional responses to starvation in culture was determined 

to provide phenotypic evidence that DksA contributes to stringent response following 

nutrient limitation. In this effort, we took a transcriptomic approach. If DksA plays a role 

in (p)ppGpp-dependent regulation, then DksA- and (p)ppGpp-dependent gene regulation 

are expected to overlap. Next, an in vitro transcription assay was developed to directly 

test DksA function. We carried out the first in vitro characterization of the B. burgdorferi 

RNA polymerase and DksA function. In organisms where DksA plays a role in (p)ppGpp-

dependent regulation, both (p)ppGpp and DksA have been shown to act upon RNA 

polymerase during in vitro transcription assays. The regulation of RNA polymerase 

provides the mechanistic basis for co-regulation by DksA and (p)ppGpp. Finally, the role 

of DksA during B. burgdorferi transmission was assayed to assess its contribution to 

each part of the B. burgdorferi life cycle. (p)ppGpp is indispensable for transmission, and 

we suspect the regulation of DksA and (p)ppGpp are interdependent during transmission. 

The approach in these three efforts will be described separately in the following chapter.  
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Chapter 2 

 Methods and Techniques 

2.1 Role of DksA in transcriptional response to starvation 

 

2.1.1 Summary of approach 

 

To expand the understanding of the B. burgdorferi stringent response, the role of 

DksA in the adaptation of B. burgdorferi in nutrient limitation. We generated a dksA mutant 

strain of B. burgdorferi and starved the spirochetes in mammalian cell culture medium, 

RPMI, to evaluate the role of DksA during the stringent response. Compared to the 

modified Barbour-Stoenner-Kelly medium (BSK II) used for culture of B. burgdorferi, 

RPMI medium lacks numerous nutrients required for growth of B. burgdorferi including 

fatty acids, oligopeptides, N-acetylglucosamine, along with a lower concentration of 

glucose [97, 152, 153]. During starvation in RPMI, B. burgdorferi cease replication and 

increase synthesis of (p)ppGpp [144, 147]. A global transcriptomic analysis using a custom 

B. burgdorferi Affymetrix microarray chip [154-157] was performed to examine the 

response of wild-type and dksA mutant spirochetes to nutrient limitation. Additionally, to 

assess phenotypic similarity of relBbu- and dksA-mutant strains, growth rate and survival 

phenotypes during starvation were determined. Together the results of these efforts were 

used to evaluate the role of DksA in B. burgdorferi as a stringent response regulator. 

 

 



19 

 

2.1.2 Bacterial strain and growth conditions 

 

Low-passage B. burgdorferi B31-A3 [158] and 297 [159] strains and their 

respective dksA and relBbu mutants, and trans-complemented ∆dksA pDksA strains were 

cultured in BSK II medium [97] at pH 7.6 under microaerobic conditions (5% CO2, 3% 

O2) at 34°C (Table 1). BSK II media was freshly prepared within two weeks prior to use 

and was inoculated with B. burgdorferi at a cell density of 1 x 106 spirochetes · ml-1 and 

grown to mid logarithmic phase (3 - 5 x 107 spirochetes · ml-1). Spirochete densities were 

determined by dark-field microscopy, with eight fields counted per time point, and four 

biological replicates. Cultures from frozen stocks were subcultured two times at 1:100 

before performing assays.  

 

2.1.3 Genetic transformation 

 

The bb0168 mutant strain, ΔdksA, was generated in the B. burgdorferi B31-A3 

background by homologous recombination. Homologous regions flanking the bb0168 ORF 

(accession no. NP_212302.1) immediately upstream and downstream were amplified by 

PCR into DNA fragments. The upstream fragment was amplified using the TB-bb0168-

F1-5′ primer containing BamHI restriction site and the TB-bb0168-F1-3′ primer containing 

EcoRI restriction site, creating a 495 bp fragment (F1). The downstream fragment was 

amplified using the TB-bb0168-F2-5′ primer containing the ClaI restriction site and the 

TB-bb0168-F2 3′ primer containing the XhoI restriction site, creating a 499 bp fragment 

(F2). The homologous fragments were joined to a streptomycin resistance cassette, aadA,  
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Table 1. Bacterial strains used to study the role of DksA in B. burgdorferi starvation 

response. 

Bacterial strain Missing plasmids Source 

B. burgdorferi B31-A3 lp-5,  [158] 

B. burgdorferi B31-A3 ∆dksA lp-5, 21, 25, 28-4 This study 

B. burgdorferi B31-A3 ∆relBbu lp-5, 21, 25, 28-4 This study 

B. burgdorferi B31-A3 

∆dksA::pDksA 

lp-5, 21, 25, 28-4 This study 

B. burgdorferi 297 cp32- 6 [159] 

B. burgdorferi 297 ∆dksA cp32- 6 This study 

B. burgdorferi 297 ∆dksA::pDksA lp28-1, 28-5, 38, cp32- 6  This study 
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driven by flgB promoter. The F1 and F2 fragments were digested using EcoRI and ClaI 

restriction enzymes, respectively. The aadA expression cassette was amplified from 

pKFSS1 [160] using the primers aadA-5′-EcoRI and aadA-3′-ClaI, and then digested with 

both EcoRI and ClaI. Each DNA fragment was purified by PCR-purification kit (Thermo 

Fisher Scientific, Grand Island, NY, United States) and then ligated with T4 DNA ligase. 

The homologous recombination construct containing fragments F1, flgBp-aadA, and F2 

was inserted into a pPCR-script plasmid with a subsequent round of restriction digestion 

with BamHI and XhoI, and ligation reaction. The resulting plasmid, pCm-ΔdksA-aadA, 

was electroporated into B. burgdorferi B31-A3 and B. burgdorferi were plated on pBSK 

with streptomycin for selection [161]. PCR was used to assess the presence of the dksA 

gene, the aadA gene, and plasmid content in cloned isolated from the transformed B. 

burgdorferi (Table 2) [161-163]. 

 

A ΔdksA strain was also generated in the B. burgdorferi 297 strain [159] 

background by homologous recombination. The upstream fragment (F1) was amplified to 

include an engineered AscI site at the 3′ end and produced a 982 bp product (AG-bb0168-

F1-5′ and AG-bb0168-F1-3′. The downstream fragment (F2) was amplified to include an 

engineered AscI site at the 5′ end and produced a 1,079 bp product (AG-bb0168-F2-5′ and 

AG-bb0168-F2-3′). The F1 and F2 fragments were individually TA cloned into pGEM-T 

Easy (Promega Corp., Madison, WI, United States) and confirmed by sequencing. The F2 

fragment was excised from pGEM-T Easy using BssHII and ligated into the AscI-

linearized F1 vector. A kanamycin cassette, flgBp-aphI-T7t [164], was inserted between 

the F1 and F2 fragments via the engineered AscI site. The resulting mutagenesis construct  
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Table 2. Plasmids and oligonucleotides used in this study for mutagenesis. 

Plasmid Purpose Source 

pCm::∆dksA-

aadA 

Deletion of dksA by homologous recombination 

in B. burgdorferi B31-A3 

This study 

pJSB636A Deletion of dksA by homologous recombination 

in B. burgdorferi 297 

This study 

pCm::∆relBbu-

aadA 

Deletion of relBbu by homologous recombination 

in B. burgdorferi B31-A3 

This study 

pKFSS-1 B. burgdorferi plasmid vector, confers 

streptomycin resistance  
[160] 

pBSV2G B. burgdorferi plasmid vector, confers 

gentamycin resistance  
[165] 

pKFSS-1::dksA-

FLAG (pDksA) 

Confer streptomycin resistance and expression 

of dksA 

This study 

pBSV2G::dksA-

FLAG (pDksA) 

Confer gentamycin resistance and expression of 

dksA 

This study 

Primers Sequence (5′ to 3′) Application 

TB-bb0168-F1-5′ ACTGCTGGATCCAGTTATGGACTTCAAGG

CTG 

Mutagenesis 

TB-bb0168-F1-3′ AACAGCTTTTTGCATGAATTCTCCCTATA

AATTACA 

Mutagenesis 

TB-bb0168-F2-5′ GAAAAAAAGAACAAAAATCGATACATCT

TAAGTTAGTTA 

Mutagenesis 

TB-bb0168-F2 3′ ACTGCTCTCGAGAACCAACATTTTAAAAT

GATTGG 

Mutagenesis 

aadA-5′-EcoR1 ACTGCTGAATTCTACCCGAGCTTCAAGGA

A 

Mutagenesis 

aadA-3′-ClaI ACTGCTATCGATTATTTGCCGACTACCTT

G 

Mutagenesis 

AG-bb0168-F1-5′ CAGCGTAAATAAGCAAGGAGAATATACA

ATAGGAGC 

Mutagenesis 

AG-bb0168-F1-3′ GGCGCGCCGGCTTGTGAAAGAGAGATTG

CTAGGGAG 

Mutagenesis 

AG-bb0168-F2-5′ GGCGCGCCTCTTCAATAAACTCATGCTCA

GAAACAGC 

Mutagenesis 

AG-bb0168-F2-3′ GCGCGCGATGCTGCACTTATCAAGATAG

ATAACATTC 

Mutagenesis 

flgBp-aphI-T7t 5′ GGCGCGCCTAATACCCGAGCTTCAAGGA

AG 

Mutagenesis 
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flgBp-aphI-T7t 3′ GGCGCGCCAGATCCGGATATAGTTCCTCC

TTTC 

Mutagenesis 

dksA KpnI F ACTGTAGGTACCTACAATTCCTTCAGTTT

CAATAGCTTC 

pDksA 

plasmid 

construction 

dksA FLG XhoI R ACTGCTCTCGAGTTATTTATCTGTCGTCA

TCGTCTTTGTAGTCTCTTTTGTTCTTTTTT

TCTTTTTTTGTCTG 

pDksA 

plasmid 

construction 

P1 GCGGGATCCGGATTCTTTTACAATTCC Mutant 

Confirmation 

P2 AAAGCATAAGGAATAGCTAAAAGTCTC Mutant 

Confirmation 

P3 ACTGCTGAATTCTACCCGAGCTTCAAG Mutant 

Confirmation 

P4 ACTGCTGAATTCTATTTGCCGACTACC Mutant 

Confirmation 

aacC1 F GCGGCTAGCTAGGTAATACCCGAGCTT Mutant 

Confirmation 

aacC1 R CGCCTGCAGTTAGGTGGCGGTACTTGGG Mutant 

Confirmation 

dksA flanking F TTAAAAATGTAATTTATAGGGAGG Mutant 

Confirmation 

dksA flanking R TCCTAAGTCCTCCCC Mutant 

Confirmation 

aadA F ACTGCTGAATTCTACCCGAGCTTCAAG Mutant 

Confirmation 

aadA R ACTGCTGAATTCTATTTGCCGACTACC Mutant 

Confirmation 

kan F ATGAGCCATATTCAACGGG Mutant 

Confirmation 

kan R TTAGAAAAACTCATCGAGCATCAAATG Mutant 

Confirmation 

relBbu flanking F GAGCAAGGGCGCTGATATTGGGG Mutant 

Confirmation 

reBbul flanking R GTGGGGCCTGTTGAGCTAAGC Mutant 

Confirmation 
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(pJSB636A) was confirmed by sequencing and contains the kanamycin cassette in the 

forward orientation. pJSB636A was electroporated into B. burgdorferi 297 and plated with 

kanamycin for selection. Positive transformants were recovered and evaluated by PCR for 

kanamycin replacement of bb0168 and for plasmid content (Table 2) [162]. 

 

A complementation vector encoding a wild-type copy of dksA (pDksA) was 

constructed in the pBSV2G [165] and pKFSS1 [160] shuttle vectors to restore the 

expression of DksA in the ΔdksA strains. A genomic DNA fragment encoding the dksA 

gene along with a 600 bp upstream sequence encoding the dksA promoter was amplified 

by PCR using primers dksA KpnI F and dksA FLAG XhoI R. The amplification product 

retains the predicted native transcriptional start site for dksA and introduces a C-terminal 

DYKDDDDK(FLAG) epitope tag. The dksA amplicon was inserted in the background 

plasmid by restriction digest with KpnI and XhoI and ligation with T4 DNA ligase. 

Expression of dksA RNA and DksA protein was detected by RT-qPCR and western blot, 

respectively. 

 

2.1.4 Incubation of spirochetes in RPMI 

 

Incubation of spirochetes in RPMI and growth in semi-solid plating BSK II medium (P-

BSK) were performed under microaerobic conditions (5% CO2, 3% O2, 34°C). Mid-

logarithmic growth cultures were pelleted by centrifugation at 3,200 x g for 20 min at room 

temperature. The BSK II supernatant was discarded, and the pellet was resuspended in the 

original volume of RPMI 1640 [153] with 2.0 mM L-glutamine (Sigma-Aldrich, St. Louis, 



25 

 

MO, United States). The spirochetes were incubated for 6 hours to compare transcription 

between strains or for 0 – 48 hours to compare survival following long-term incubation. 

For quantification of viable spirochetes, B. burgdorferi were plated in 25 ml P-BSK as 

previously described [161], after culture density was reduced by serial dilutions in BSK II 

medium. 

 

2.1.5 RNA extraction 

 

Total RNA was extracted from 14 ml cultures at a density of 5 x 107 spirochetes · 

ml-1 in BSK II or RPMI. B. burgdorferi cells were pelleted by centrifugation at 4°C, 3,200 

x g for 17 min. Pellets were washed once in HN buffer (10 mM HEPES, 10 mM NaCl, pH 

8.0) and then dissolved in 1 ml of RNAzol (Sigma-Aldrich, St. Louis, MO, United States) 

for RNA isolation according to the kit protocol. RNA integrity was confirmed by 

evaluation of ribosomal RNA following gel electrophoresis [166]. The RNA was 

quantified by spectrophotometry using a TAKE3 plate and a Cytation 5 multi-mode plate 

reader combination (Biotek, Winooski, VT, United States). 

 

2.1.6 RT-qPCR analysis 

 

cDNA synthesis was performed with approximately 1 μg of RNA with the RNA 

High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, 

United States). The reverse transcriptase quantitative PCR (RT-qPCR) was performed on 

the cDNA sample using Bullseye EvaGreen Master Mix (MIDSCI, Valley Park, MO, 
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United States) with oligonucleotide primers specific to the gene of interest (Table 3) and 

detected by the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 

United States). All Cq values were calculated by the CFX regression method. The Cq 

values of raw RNA inputs into the cDNA reaction (minus RT control) ensured that samples 

were DNA-free. 16S rRNA transcript levels were utilized as the reference. Typically, 

rRNA levels are significantly reduced during the stringent response, and DksA in E. coli 

has specifically been implicated in controlling the expression of rrnB1, however, the Cq 

values of 16S rRNA were less responsive to varying conditions and strains than other 

commonly used B. burgdorferi reference genes such as flaB and rpoD (Figure 13). The 

RT-qPCR data were analyzed in Excel (Microsoft, Redmond, WA, United States) using 

the ∆Cq method to represent transcript levels relative to 16S rRNA. Graphing and 

statistical comparisons were performed with Prism (GraphPad software, La Jolla, CA, 

United States).  

 

2.1.7 Microarray analysis 

 

Fragmented biotin-dUTP-labeled cDNA was prepared from purified RNA by 

following the Affymetrix prokaryotic target preparation protocol (Affymetrix, Santa Clara, 

CA, United States). The cDNA was hybridized to an Affymetrix-based Rocky Mountain 

Lab Custom Chip 1 [155, 157].  Each Affymetrix chip contains three intra-chip locations 

for strand-specific 16 antisense perfect match and mismatch probe sets against each of the 

1323 ORFs of the B. burgdorferi strain B31 genome. One chip was used to assay for the 

transcriptome per biological sample. Initial quality analysis was performed on the   
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Table 3. Oligonucleotides used for RT-qPCR. 

Primers Sequence (5′ to 3′) 

bb0332 RT F ACCTCTGGATGGATTACAGAAAG 

bb0332 RT R CTACGTTGGGCATGCTAAGA 

dksA RT F AATCTTGAAGCGTTAGGTTTTGTT 

dksA RT R AAAGCATAAGGAATAGCTAAAAGTCTC 

flaB RT F AGCTCCCTCACCAGAGAAA 

flaB RT R GCATCACTTTCAGGGTCTCA 

fliZ RT F GTCGGAAGAAGAGCTGGA 

fliZ RT R CCTCAAGTTTAACATAATCATTCCC 

relBbu RT F GGAGCAAACAAAGAGCAAAG 

relBbu RT R CATTGTGCACTATTATTTCGTCTT 

rplL RT F TTCAGTAGGTTCGGCTGATTC 

rplL RT R CTCCAAGACCAAGTCCTGTAAT 

rpoD RT F TCTGATCAAGCTCGCACAAT 

rpoD RT R ATCCAAGCCTGTCTGAAAGC 

ptsP RT F CTTTCGGGCACTTAGGATGTAT 

ptsP RT R GCATAGGAACCATTACCCTTATCT 

glpF RT F AAGTCCCGAAATACCAGGAG 

glpF RT R TTCTTGCTGCTGTGTAAATACC 

glpK RT F TTATCTATTGATCAAGGTACTACTAGCTCG 

glpK RT R CCTGTATTTTTTTCCCATATAACCG 

bba66 RT F CTGCTTCTGGTGTGTTAGAGTT 

bba66 RT R GCTAGATGTTATTTCAAGTGCTAAAG 

ospC RT F CAGGGAAAGATGCGAATACATCTGC 

ospC RT R TAAGCTAAAGCTAACAATGATCC 

dbpA RT F GCTGCTCTTAAGGGCGTAAA 

dbpA RT R TAGCTCGCACTTTTGCTTCA 

mlpI RT F ACTGGTGCTGGAGAATTTGAT 

mlpI RT R CCTTAACCACCTCTTTGAAGGT 
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Affymetrix Command Console version 3.1 and hybridization signals were normalized by 

the Affymetrix expression console version 1.1.2800 using scaling based on average cell 

intensity. Average normalized signal intensity for an ORF from three intra-chip locations 

and three biological replicates (a total of 9 observations) were used for subsequent 

calculations. Signal intensity principle components analysis was performed using the 

Partek Genomics Suite software v6.6 6.13.213 (Partek, Inc. St. Louis, Mo., United States) 

verifying that variability among biological replicates remained small compared to 

variability between strains and conditions. An ANOVA was performed within the Partek 

Genomic Suite to obtain multiple test corrected p-values using the false discovery rate 

method with threshold of 5% false discovery rate [167]. Fold change values and signal 

confidence were calculated in custom Excel templates. Importantly, our B. burgdorferi 

B31-A3 ΔdksA strain lacked lp-5, 21, 25, and 28-4 plasmids and the chip hybridization 

locations for these plasmids were excluded from the analysis. 

 

The number of genes regulated in genomic locations or in functional categories was 

quantified using filters coded in RStudio (Boston, MA, United States). Affymetrix probe 

sets representing the gene comparisons with above background signal, ANOVA value (p 

< 0.05), and relative expression difference of two-fold or more were selected for 

representation. The number of genes that passed the criteria were totaled for each genomic 

segment, or alternatively, each higher or lower expressed gene was categorized by gene 

ontology as previously described [144, 145].  The total gene numbers were visualized with 

Prism (GraphPad software, La Jolla, CA, United States). 
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2.1.8 SDS-PAGE and immunoblot 

 

Total cell lysates were prepared from 45 ml cultures. Spirochetes were pelleted at 

4 °C, 3,200 x g for 17 min. Spirochetes were washed twice with HN buffer and 

subsequently lysed in lysis buffer (4% SDS, 0.1 M Tris-HCl, pH 8.0). The lysate loading 

was equalized to 4 μg per sample, roughly 5 x 107 spirochetes, by BCA assay (Thermo 

Fisher Scientific, Grand Island, NY, United States). SDS-PAGE was performed on the 

Mini-Tetra System (Bio-Rad, Hercules, CA, United States). Proteins were detected using 

the EZstain system on the Gel Doc EZ imager (Bio-Rad, Hercules, CA, United States). 

Protein was transferred to PVDF membrane with the Transblot Turbo system (Bio-Rad, 

Hercules, CA, United States). The DYKDDDDK(FLAG)-tag monoclonal mouse antibody, 

1 μg · ml-1, (Thermo Fisher Scientific, Grand Island, NY, United States) was diluted 1:2000 

in Tris-buffered saline with Tween 20 (TBST) for blotting for recombinant protein 

detection. A custom rabbit polyclonal anti-DksA antibody (Genscript, Piscataway, NJ, 

United States) was diluted at 1:2000 in TBST for DksA protein detection. Mouse sera from 

B31-A3 infected mice were diluted 1:200 for immunogenic protein blotting. The antibody 

binding was detected with the addition of an anti-mouse horse radish peroxidase (HRP)-

conjugated secondary antibody and subsequent imaging using ECL chemiluminescence 

substrate (LI-COR, Lincoln, NE, United States) and the ChemiDoc Imaging system (Bio-

Rad, Hercules, CA, United States).  
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2.1.9 Measurement of (p)ppGpp by thin-layer chromatography 

 

Relative quantities of (p)ppGpp were measured by TLC of radiolabeled nucleotides 

as previously described [144]. B. burgdorferi 297 wild-type, the isogenic ΔdksA, and 

ΔdksA pDksA strains were cultured to 1 x 108 spirochetes · ml-1 in BSK II containing 20 

μCi/ml 32P-orthophosphate (PerkinElmer, Waltham, MA, United States) in 500 µl, pelleted 

by centrifugation at 9,000 x g for 7 min, and resuspended in RPMI. Cultures were collected 

by centrifugation at 20,800 x g for 5 min at 4°C, cells were washed once with Dulbecco’s 

phosphate buffer (dPBS), and the cell pellet was lysed with 6.5 M formic acid (Thermo 

Fisher Scientific, Grand Island, NY, United States). Cell debris were removed by 

centrifugation at 20,800 × g for 5 min at 4°C. The nucleotides were separated by TLC on 

polyethylenimine cellulose plates (EMD Millipore, Burlington, MA, United States) in 1.5 

M KH2PO4, pH 3.4 buffer. After drying the TLC plates, radioactivity was detected 

following 48 – 72 h exposure to an intensifying screen and screens were imaged by a 

Fujifilm FLA-3000G Phosphorimager (Fujifilm Life Sciences, Stamford, CT, United 

States). Values are expressed as a ratio of (p)ppGpp/((p)ppGpp + GTP) from the 

densitometry of three independent experiments. Mean values from three independent 

experiments were analyzed using one-way ANOVA and Tukey’s post-hoc test to determine 

if differences were statistically significant. 
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2.2 Developing an in vitro transcription assay for DksA functional testing 

 

2.2.1 Summary of approach 

 

To develop an B. burgdorferi specific in vitro transcription assay, we pursued 

purification of intact RNA polymerase core enzyme, σ-factor, and the transcription factor 

DksA. The bacterial RNA polymerase is composed of four polypeptide subunits designated 

β′, β, α, and σ. The largest subunit β′ houses the active site responsible for the RNA 

polymerase activity. In the cell, the β′ subunit is associated the β and α subunits and forms 

a core enzyme composed of the subunits β′β2α which is capable of transcription elongation 

on single strand DNA [168]. A purification of B. burgdorferi RNA polymerase was carried 

out from a strain harboring a C-terminal His-10X affinity tag on the RNA polymerase β′ 

subunit (provided by Dr. D. Scott Samuels).  We performed a characterization of the 

subunit composition and reaction buffer requirement of the RNA polymerase purified from 

B. burgdorferi. Following initial characterization, the in vitro transcription assay was 

refined to test the regulation of transcription initiation by the stringent response. An 

addition of RNA polymerase subunit σ is required for the recognition of the promoter site 

and opening of the DNA double-helix [169]. The activity of recombinant B. burgdorferi 

RpoD was assayed on previously identified B. burgdorferi promoter sites. Once the 

promoter-dependent transcription initiation could be verified, the activity of ppGpp and 

DksA on RpoD-dependent promoters was evaluated using the newly developed in vitro 

transcription system. The results of these efforts were used to evaluate the molecular role 

of DksA as a transcriptional regulator. 
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2.2.2 RNA polymerase structure modeling 

 

Amino acid sequence of the RNA polymerase subunits (NP_212636, 

YP_008686574, NP_212522.1, and NP_212954) were individually submitted to the 

Iterative Threading Assembly Refinement (I-TASSER) server 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) for modeling with no specification of 

template [170-172]. I-TASSER models were aligned with the Align command in PyMOL 

(The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC) to the 

corresponding subunits from a molecular model of the E. coli RNA polymerase core 

deposited under accession number 3lu0 in the Protein Data Bank.  To relieve clashes arising 

from the piece-wise modelling and assembly approach taken to generating the B. 

burgdorferi RNA polymerase core model, the assembled complex was subjected to 

minimization and limited molecular dynamics simulation with the program NAMD. 

NAMD was developed by the Theoretical and Computational Biophysics Group in the 

Beckman Institute for Advanced Science and Technology at the University of Illinois at 

Urbana-Champaign [173]. The system was solvated using VMD specifying a water box 

extending 12 Å beyond the extent of the protein in each of the three dimensions [174]. The 

system was neutralized with NaCl and the same added to a final concentration of 250 mM. 

The system was then minimized using 5,000 steps of conjugate gradient minimization. To 

allow the water molecules to relax about the protein, the system with protein fixed was 

then equilibrated for 100 ps with a 2 fs time step in the NPT ensemble. Temperature was 

maintained at 310 K using Langevin dynamics, and pressure was controlled using a Nose-

Hoover Langevin piston method with a decay of 50.0 fs [175].  Electrostatic interactions 

https://zhanglab.ccmb.med.umich.edu/I-TASSER/
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were calculated using Particle Mesh Ewald summation and a cutoff for non-bonded 

interactions of 12 Å with a switching distance of 10 Å was specified. The system was 

subjected to a second round of 5,000 steps of conjugate gradient minimization before the 

entire system was equilibrated for 500 ps as previously except that the protein was allowed 

to move. The system was then subjected to 500 ps of production simulation using the same 

parameters as the final equilibration and system snapshots were recorded every 2 ps. As 

this approach results in non-ideal bonds and angles, the resulting positionally-averaged 

model with hydrogens removed was minimized using the Rosetta Idealize protocol [176].  

Hydrogens added back by Rosetta were then removed from the resulting pdb file, and the 

model geometry was assessed using the comprehensive validation pipeline in Phenix [177].  

Based on the output it was determined that some proline residues remained distorted 

following the Idealize step and required additional regularization.  For these residues, using 

the program Coot, backbone atoms were fixed, and side chain atoms were regularized 

[178].  The output from this step was taken as the final model which was inspected in 

PyMOL to determine the location of polypeptide chain termini. 

 

2.2.3 Genetic transformation 

 

A C-terminal 10X-His affinity tag was introduced to the chromosomal copy of 

rpoC in the 5A4 strain background by homologous recombination [179]. The C-terminal 

end of the rpoC gene was amplified using primers encoding a 10X-His affinity tag 

(rpoC_3285F:  TGCATCTTATGTATTACCAG and rpoC_4131R +10xHis +AatII+ 

AgeI:  ACCGGTACTGACGTCTCACTAGTGATGATGATGGTGATGATGGTGATG 
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ATGAACTTCAGAATCGATATTT). The PCR product was TOPO-cloned into the 

PCR2.1-TOPO vector (Thermo Fisher Scientific, Grand Island, NY, United States). The 

genomic sequence down stream of rpoC was amplified by PCR using the primers 

rpsL_U149F + AatII: GACGTCTGGACATTTAATTCCTACTG and rpsG_385R+AgeI: 

ACCGGTATGCATTTAAAAGTTCGTTT. The PCR product recoding the downstream 

region and the PCR2.1-TOPO-RpoC-10x-His vector were digested by AatII and AgeI 

restriction enzymes and ligated together with T4 DNA ligase for cloning. Selectable marker 

encoding the flgBp-aaaC1-trpLt (Drecktrah 2015) was inserted on the 3′ end of rpoC-10x-

His. AatII restriction digest of the PCR2.1-TOPO-RpoC-10x-His vector and the PCR 

product encoding the selectable marker was ligated by T4 ligase (Invitrogen, Carlsbad, CA, 

United States) for cloning of the vector plasmid used for homologous recombination.  B. 

burgdorferi B31-5A4 strain was transformed with PCR2.1-TOPO-RpoC-10x-His plasmid 

by a previously described protocol using 30 µg · ml-1 gentamycin for selection [161].   

 

2.2.4 RNA polymerase purification 

 

The B. burgdorferi B31-5A4-RpoC-10x-His strain was maintained under 

microaerobic conditions (5% CO2, 3% O2) in BSK II medium, pH 7.6 at 34 °C. Cultures 

were passaged in 3 L BSK II media and allowed to reach a cell density of 3 – 5 x 107 cells 

· ml-1 density. Cells were collected by centrifugation at 10,000 x g for 30 minutes and then 

washed once in HN buffer (10 mM HEPES, 10 mM NaCl, pH 8.0) to remove the BSK II 

supernatant. Cell pellets were resuspended in 20 ml of ice-cold lysis buffer containing 50 

mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, 2mM dithiothreitol 
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(DTT), 5X protease inhibitor cocktail (Invitrogen, Carlsbad, CA, United States) and 200 U 

· mL-1 Turbonuclease (Sigma-Aldrich, St. Louis, MO, United States). Cells were lysed by 

pushing the cell suspension through a 1-inch diameter French Pressure Cell twice at 3000 

PSI. Cell free lysates were generated by removing insoluble cell debris from the lysed cell 

suspension with centrifugation at 4 °C, 20,000 x g for 30 min and then filtering the resulting 

supernatant through a 0.45 µm pore size syringe filter. His-tagged proteins were separated 

by nickel affinity chromatography. Lysates were loaded into a UPC-900 FPLC (Amersham 

Biosciences, Little Chalfont, United Kingdom) and pumped through HisTrapFF 1 mL (GE 

Healthcare, Chicago, IL, United States) column. The column was washed with 9 mL of 5% 

and 6 mL 10% elution buffer containing 50 mM sodium phosphate, 300 mM sodium 

chloride, 250 mM imidazole, and 2 mM dithiothreitol. The resin bound proteins were 

collected into elution fraction by increasing gradient of elution buffer. The liquid volume 

of the RNA polymerase containing elution fractions were reduced by filtration in Amicon 

Ultra – 4 (Millipore, Burlington, MA, United States) 10 kD pore size centrifugal filter 

columns. RNA polymerase was subjected to buffer exchange into a storage buffer 

containing 40 mM HEPES, 200 mM sodium chloride, and 2 mM DTT with a PD10 

Sephadex G-25 column (GE Healthcare, Chicago, IL, United States). The liquid volume 

was reduced to concentrate RNA polymerase once more on a centrifugal filter column and 

final protein concentration was measured by BCA assay and spectrophotometry. The RNA 

polymerase was stored in 50% glycerol at -80 °C. 
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2.2.5 Sigma-factor purification 

 

Oligonucleotides encoding the codon optimized version of B. burgdorferi rpoD 

were commercially synthesized and cloned into the BamHI/EcoRI site (GenScript, 

Piscataway, NJ) of the pMAL-C5X plasmid expression vector (New England Biosciences, 

Ipswich, MA, United States). The expression vector was transformed into Top Shot BL21 

(DE3) pLysS Chemically Competent E. coli (Invitrogen, Carlsbad, CA, United States) to 

produce N-terminal Maltose binding protein (MBP)-tagged RpoD. Overnight E. coli 

cultures were passaged 1:200 into LB-lennox broth containing 2 g · L-1 glucose and 100 

µg · ml-1 ampicillin and then incubated at 32 °C until culture density reached optical density 

(OD 600 nm) of 0.5. The culture was incubated for an additional 2 hours under with 0.3 

mM isopropyl β-D-1-thiogalactopyranoside to allow protein expression under the lac 

operator. MBP-tagged proteins were purified from total cell extracts by amylose resin 

affinity chromatography as described in the pMAL-C5X protein expression system 

protocols (New England Biosciences, Ipswich, MA, United States). To remove the MBP-

tag from the RpoD, 30 mg of purified protein was incubated over night with 200 µg Factor 

Xa protease in the presence of 2 mM calcium chloride. The mixture containing RpoD was 

separated by heparin affinity chromatography by flowing the mixture though a HiTrap 

Heparin HP column.  Elution of the column with an increasing gradient of sodium chloride 

led to the release of recombinant RpoD to apparent homogeneity. RpoD was prepared for 

storage and use as described under the RNA polymerase purification section.  
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2.2.6 Protein identification 

 

The purified RNA polymerase mixture was separated by SDS-PAGE. Protein 

bands stained with Imperial Protein Stain (Thermo Fisher Scientific, Grand Island, NY, 

United States) were excised for analysis by LC/MS/MS at the Research Technology 

Branch, NIAID, NIH, (Bethesda, MD, United States). Following trypsin gel digest, protein 

samples were injected an Orbitrap Tribrid Mass Spectrometer equipped with Nano-LC 

Nano-Electrospray source (Thermo Fisher Scientific, Grand Island, NY, United States). 

Data were analyzed with PEAKS v8.5 (Bioinformatics Solutions Inc. Waterloo, ON, 

Canada) to discover sequences matching proteins encoded in the B. burgdorferi B31 

genome. Sequence matches were collated, and protein identities were ranked based on 

highest number of sequence matches normalized to predicted protein size. 

 

2.2.7 Quantitative western blots 

 

Custom polyclonal antibodies were generated to full length recombinant Borrelia 

RNA polymerase subunits β and α and σ factor RpoD (GenScript, Piscataway, NJ, United 

States). Linear detectable ranges of the polyclonal antibodies α-RpoB, α-RpoA, and α-

RpoD were determined by linear regression analysis. Analysis was performed on 

densitometry signals resulting from western blots loaded with 2-fold dilutions of 

recombinant target proteins and incubated with 1:2000 dilution of primary antibodies for 

16 hours. Purified RNA polymerase was loaded in amounts to produce densitometry 

signals within the linear range (100 - 150 ng of purified protein) to quantify the RNA 
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polymerase subunits purified by affinity chromatography. For western blotting, proteins 

were separated by SDS-PAGE in the Mini-Tetra Gel System (Bio-Rad, Hercules, CA, 

United States) and transferred to PVDF membrane using the Transblot Turbo System (Bio-

Rad, Hercules, CA, United States). Primary antibodies were incubated with the membrane 

at 1:2000 dilution for 17 hours. The antibodies bound to antigen were labeled by incubation 

of the membrane with HRP-conjugated protein-A (Invitrogen, Carlsbad, CA, United 

States) at 1:4000 dilution for 1 hour and then the membrane was subjected to five 15-

minute washing steps in TBST. Labeled antibodies were detected by soaking the membrane 

with Super Signal West Pico chemiluminescent substrate kit (Thermo Fisher Scientific, 

Grand Island, NY, United States) on the ChemiDoc MP imaging system (Bio-Rad, 

Hercules, CA, United States). Chemiluminescent signals were quantified from ChemiDoc 

images by densitometry in Image Lab Software (Bio-Rad, Hercules, CA, United States). 

 

2.2.8 Generation of templates for in vitro transcription 

 

A single stranded circular DNA template was generated for RNA polymerase 

activity detection without RNA polymerase σ factor supplementation. A 45 bp 

oligonucleotide NC-45 

(CTGGAGGAGATTTTGTGGTATCGATTCGTCTCTTAGAGGAAGCTA) was 

combined with splint oligonucleotide (CTCCAGTAGCTT) to promote double strand 

complex and phosphodiester bond formation by T4 DNA ligase resulting in single strand 

NC-45 oligonucleotide circularization [180]. Double stranded linear DNA template was 

generated to detect σ factor-dependent transcription from B. burgdorferi promoters. 
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Transcriptional start sites upstream of genes of interest that were previously identified by 

either primer extension or RNAseq were targeted for template generation [127, 181-183]. 

Primers were generated to amplify a 500 bp region that contain the transcriptional start site 

in the middle of the amplicon (Table 4). DNA was amplified by PCR with Q5 High Fidelity 

Polymerase (New England Biosciences, Ipswich, MA, United States) from B31-A3 

genomic DNA. PCR products were purified using the QIAquick PCR purification kit 

(QIAgen, Hilden, Germany).  

 

2.2.9 In vitro transcription 

 

The in vitro transcription reaction was carried out under the following conditions 

unless otherwise stated. A 5 X reaction buffer containing 300 mM potassium glutamate, 

200 mM HEPES pH 7.5, 5 mM dithiothreitol, 0.25% NP40 detergent, 10 mM magnesium 

sulfate, and 25 mM manganese sulfate in HPLC grade water were stored for up to 2 weeks 

at -80 °C and mixed to a 1X concentration in the reaction mixture. The final reaction 

mixture contained 1 X reaction buffer, 0.8 U Ribolock RNase inhibitor (Invitrogen, 

Carlsbad, CA, United States), 21 nM RNA polymerase, 500 nM RpoD, 2 µCi ATP [α-32P] 

(PerkinElmer,Waltham, MA, United States), 20 µM ATP, 200 µM GTP, 200 µM CTP, and 

200 µM UTP. A preliminary mixture containing reaction buffer, Ribolock RNase inhibitor 

(Invitrogen, Carlsbad, CA, United States), RNA polymerase, and RpoD were incubated for 

10 minutes on ice prior to addition of subsequent components. Transcription was initiated 

with the addition of double stranded linear template DNA to a concentration of 10 nM and 

reactions were allowed to proceed for 5 minutes at 37 °C. RNA products were separated  
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Table 4. Oligonucleotides used for in vitro transcription template generation. 

Primer Sequence (5′ to 3′) 

rrlBp F GGACGAACCTCTAGTGTACCAG 

rrlBp R TTTATCTTCCATCTCTATTTTGCC 

napAp F TGCATTGGGGTTGTGCC 

napAp R TTTTGTGAATAACAAAGAAATTGGTATC 

ospAp F AATCAAGACAAACATTGCTGC 

ospAp R GCAATTAGATCGTACTTGCCG 

dbpBp F GCAAAATAACCAATTTGAAATATTTTGGC 

dbpBp R TTCAAAAAGTACACCTTTTCCCG 

gapdhp F GGATTATGTTCAAGAAGGAGCC 

gapdhp R CACAACAATGGCACCATCT 

enop F TGATCAAAGTCAAAGGCAGC 

enop R CTAAGCTCAACAGCCTCG 

groLp F GGAAATGTCCAATGTATTTTGTAAGC 

groLp R CCATCCTTTGTAACCGTTGG 

bbd18p F CTTATCTATATTAGAAGCCTCTACCG 

bbd18p R TTCTTTAAACTTATGGGAATTTTAAAAAAGTC 

flgBp F TGATTTAGATTTAAAGTTTAGTGAGG 

flgBp R TTTAAACCCAGACAGGTGC 

clpCp F AAAACTTTGAGGGGGCC 

clpCp R CTCTAATTTATCTATTTCAGATATAACTTCTTG 

rplUp F TGAGCTTGAATATGGTTTTGGG 

rplUp R AGGTACATCTAATAAGAGAATTTACGAC 

uvrBp F GTATGTAATTGCATATTCCTTGGC 

uvrBp R TTTCCACTGCCTGTAACACC 

rpoSp F CTTGGAGGAAATTGATGGAAACC 

rpoSp R TCTCTTACTGATTTTAAATATATGTTTAAATCCTC 

nagAp F TTCTATTAATTAACTGCCAGGCAC 

nagAp R AAGTCTGTCAGACGTTACAATATC 

glpFp F AAGGAACTTCCAACTCCTTTG 

glpFp R CTTGGAATTTTGTATAATTCATAATTATATCTCC 

rpoDp F TTTATTTGAAAATAATAAAGATTTTTCATTAATGG 

rpoDp R CCAACCTTATTCCCCTATCCTC 

rpoNp F AATTAAACTTTCCTTCCGGGC 

rpoNp R TGGAAGGCAAAATTCCTGC 

ospCp F CGCCAATTTCTCTAATTCTTCTTGC 

ospCp R GCTTCAACCTCTTTCACAGC 
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by gel electrophoresis in 10% TBE -Urea gels (Invitrogen, Carlsbad, CA, United States) at 

180 V for 45 minutes. To detect accumulation of RNA that incorporated the ATP [α-32P], 

gels were placed on a Phosphor Screen (GE Healthcare, Chicago, IL, United States) 

overnight (16 hours) and the resulting signal was detected using the Typhoon FLA 9500 

(GE Healthcare, Chicago, IL, United States). Densitometry measurements were 

determined with Image Lab 6.0.1. Software (Bio-Rad, Hercules, CA, United States). 

 

2.2.10 Recombinant DksA expression 

 

Oligonucleotides encoding an E. coli codon optimized version of B. burgdorferi 

dksA was commercially synthesized (GenScript, Piscataway, NJ, United States). The dksA 

gene was PCR amplified and cloned into the NheI site of the pMAL-C5X plasmid 

expression vector using a Gibson assembly kit (New England Biosciences, Ipswich, MA, 

United States). Top Shot BL21 (DE3) pLysS Chemically Competent E. coli (Invitrogen, 

Carlsbad, CA, United States) were transformed with the resulting expression vector. For 

protein expression, overnight E. coli cultures passaged 1:200 in Lysogeny broth (LB)-

lennox broth containing 2 g · L-1 glucose and 100 µg · ml-1 ampicillin at 37 °C were grown 

until the cell density reached OD = 0.5. Then, cultures were incubated for an additional 2 

hours in the presence of 0.3 mM Isopropyl β-D-1-thiogalactopyranoside. Proteins were 

purified as described in the pMAL-C5X protein expression system protocols (New England 

Biosciences, Ipswich, MA, United States). To cleave the MBP-tag from the extracted DksA 

protein, 2 mM calcium chloride was added to the protein elution fractions. The mixture 

was incubated overnight with Factor Xa protease at a weight ratio of 1:200 of recombinant 
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protein to protease. The mixture containing DksA was separated by cation exchange 

chromatography. The mixture containing DksA was pushed through a HiTrap SP column 

(GE Healthcare, Chicago, IL, United States) to bind the DksA protein and subsequently 

eluted with 50 mM – 1M gradient of sodium chloride. DksA protein was purified to 

apparent homogeneity when proteins in the elution mixtures where separated by SDS-

PAGE and visualized following incubation with by Coomassie stain. DksA was stored in 

50% glycerol, 1 mM 2-mercaptoethanol, and 25 mM Tris buffer pH 7.5. 

 

2.2.11 Zinc release assay 

 

Zinc release from DksA was measured using the metal chelator 4-(2-

pyridylazo)resorcinol (PAR) (Sigma-Aldrich, St. Louis, MO, United States) [95]. A 

standard curve of consisting of various concentrations of ZnCl2 was incubated with PAR 

and absorbance at 500 nm was measured using the Cytation 5 multimode plate reader to 

determine a linear detectable range for the zinc release assay. To assay zinc release from 

DksA protein samples, 25 µL of DksA at a 100 µM concentration was exposed to 0 – 1.25 

mM H2O2 in a 96-well assay plate and free zinc was measured following the addition of 25 

µL of 2 mM PAR after 0, 30, 60, and 90 minutes of exposure.  

 

2.2.12 Circular dichroism (CD) 

 

For CD analysis, DksA was exchanged into a buffer containing 15 mM sodium 

phosphate and 100 mM NaCl over a PD-10 Sephadex column (GE Healthcare Bio-
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Sciences, Pittsburg, PA). DksA protein was loaded into a 0.01 cm pathlength quartz cell 

and CD spectra were scanned at 0.1 nm increments for wavelengths 180 – 260 nm on the 

Jasco J-810 polarimeter. CD spectra accumulated over 30 passes at pH 7.0 and 22 °C were 

averaged and visualized in GraphPad Prism software (La Jolla, CA, United States). 

 

2.3 Role of DksA during B. burgdorferi transmission 

 

2.3.1 Summary of approach  

 

To understand the role of DksA in the B. burgdorferi lifecycle, the viability of ΔdksA and 

ΔdksA strain complemented with a wild-type copy of dksA were tested within the vector 

and host model systems. A preliminary evaluation indicated that gene copy number 

differences of dksA results dysregulation of genes encoding infection-associated 

lipoproteins ospC and dbpA. These observations were followed by experiments that 

indicated levels of the stringent response regulators DksA and ppGpp are regulated within 

culture conditions mimicking pH and organic acid levels found within the tick midgut. The 

viability of B. burgdorferi strains in the host was tested by needle inoculation of mice. 

Isolation of spirochetes from infected tissue and evaluation of serological response of the 

mice were evaluated. The viability of B. burgdorferi strains in the vector was tested 

following artificial infection of I. scapularis ticks. Artificially infected ticks either rested 

for 3 months or experienced bloodmeals and molts. Number of culturable B. burgdorferi 

within ticks were determined by plating on semi-solid media. Together the results of these 
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efforts were used to evaluate DksA dispensability by B. burgdorferi within vector and 

mammalian environments. 

 

2.3.2 Bacterial strains and culture conditions 

 

A low-passage B. burgdorferi 297 strain and respective mutants (Table 5) were maintained 

under microaerobic conditions (5% CO2, 3% O2) in BSK II medium, pH 7.6 at 34°C. 

Cultures from frozen stocks were passaged two times before performing assays. To assess 

B. burgdorferi responses to environment which mimic the pH of the tick midgut, 

spirochetes were cultured in pH adjusted BSK II medium. Mid logarithmic phase (5 x 107 

spirochetes · ml-1) cultures were passaged directly to pH 6.8 medium or with BSK II with 

various levels of acetate and allowed to reach mid-logarithmic phase. Otherwise, mid 

logarithmic phase (5 x 107 spirochetes · ml-1) cultures were or pelleted and resuspended in 

pH 6.8 and incubated for 36 hours at 37 °C as described. 

 

2.3.3 Genetic transformation 

 

To assess the phenotype of a ΔdksA strain complemented in cis with a chromosomal 

copy of dksA, a homologous recombination vector was prepared using a Gibson assembly 

approach for introducing dksA into the 297 ΔdksA strain [161, 184]. To re-introduce dksA 

to its original genomic location, a 3 kB size fragment surrounding the dksA mutagenesis 

site including an aph gene conferring resistance to kanamycin was amplified by the primers 

AG-bb0168-F1-5′ and AG-bb0168-F2-3′ (Table 6). The amplified fragment was cloned  



45 

 

Table 5. Bacterial strains used to study the role of DksA during B. burgdorferi 

transmission. 

Bacterial strain Missing plasmids Source 

B. burgdorferi 297 cp32- 6 [159] 

B. burgdorferi 297 

∆dksA 

cp32- 6 This study 

B. burgdorferi 297 

∆dksA pDksA 

lp28-1, 28-5, 38, cp32- 6  This study 

B. burgdorferi 297 

∆dksA cDksA 

cp32- 6 This study 
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Table 6. Oligonucleotides used for chromosomal introduction of dksA. 

Primers Sequence (5′ to 3′) Application 

AG-bb0168-F1-5′ 

CAGCGTAAATAAGCAAGGAGAATATACA

ATAGGAGC 

TOPO-blunt 

cloning 

AG-bb0168-F2-3′ 

GCGCGCGATGCTGCACTTATCAAGATAG

ATAACATTC 

TOPO-blunt 

cloning 

AG-F2R2  GGAATTGTAAAAGAATCCCTTCC 

Gibson 

assembly 

AG-F2F2  CATGCAAAAAGCTGTTTCTGAGC 

Gibson 

assembly 

dksA-gibson-F- 

F2R2  GGAAGGGATTCTTTTACAATTCC 

Gibson 

assembly 

dksA-gibson-R-

aadA 

CCTTAATAGGAAATCTTCCTTGAAGCAAT

AACTAACTTAAGATGTATCATCTTTTGTT

C 

Gibson 

assembly 

aadA-gibson-F-

dksA GCTTCAAGGAAGATTTCCTATTAAGG 

Gibson 

assembly 

aadA-gibson-R-

kan 

GCTCAGAAACAGCTTTTTGCATGTTATTT

GCCGACTACCTTGGTG 

Gibson 

assembly 

F2-in-seq 
CTAAACATGGTATTTGGAAGGG 

sequencing 

F1-in-seq CCAAATACTATTTAAAGGATGGGG sequencing 

aadA F ACTGCTGAATTCTACCCGAGCTTCAAG sequencing 

aadA R ACTGCTGAATTCTATTTGCCGACTACC sequencing 

kan F ATGAGCCATATTCAACGGG sequencing 

kan R TTAGAAAAACTCATCGAGCATCAAATG sequencing 
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into TOPO-blunt vector and transformed into the Top10 E. coli with kanamycin selection. 

To prepare for a three-fragment Gibson assembly, the Zero Blunt TOPO vector (Invitrogen, 

Carlsbad, CA, United States) containing the 3 kB fragment was amplified by PCR to 

generate a 6.5 kB linear fragment using the primers AG-F2R2 and AG-F2F2. A roughly 

500 bp long fragment encoding a wild-type copy of dksA was amplified by PCR from the 

wild-type B. burgdorferi 297 strain by PCR using the primers dksA-gibson-F- F2R2 and 

dksA-gibson-R-aadA. A roughly 1 kB fragment encoding a streptomycin resistance 

cassette  (aadA) driven by the flgB promoter was amplified from the pKFSS1 plasmid by 

PCR using the aadA-gibson-F-dksA and aadA-gibson-R-kan.[160]. Overlapping 

oligonucleotides for Gibson cloning (Table 6) were encoded on primers and were designed 

to produce the arrangement bb0167-dksA-kan-aadA-bb0169 illustrated in Figure 33. The 

Gibson assembly was performed per manufacturer instructions with a reaction containing 

10-fold molar excess of dksA and aadA insertion fragments to the 6.5 kB backbone 

fragment. Top10 E. coli was transformed with the Gibson assembly reaction mixture with 

50 µg · ml-1 spectinomycin selection. Plasmids isolated from Top10 E. coli clones were 

sequenced using primers used through the cloning process (Table 6). The resulting plasmid, 

TOPO-297-comp-2B, was electroporated into B. burgdorferi 297 ΔdksA and B. 

burgdorferi were plated on P-BSK with 50 µg · ml-1 streptomycin for selection. PCR was 

used to assess the presence of the dksA gene, the aadA gene, and the plasmid content of 

transformed B. burgdorferi [161, 162]. The resulting 297 dksA cDksA strainwas isogenic 

to wild-type and ΔdksA strains and harbored a wild-type dksA allele on the chromosome. 
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2.3.4 Mouse model of infection 

 

A mouse model of infection was initiated to test the ability of B. burgdorferi strains 

to cause infection. Female 6 – 8-week-old Rocky Mountain Laboratories (RML) mice, an 

outbred strain of Swiss Webster mice established at the institution performing the animal 

husbandry were chosen for the model organism. RML mice are susceptible to B. 

burgdorferi infection are a closest approximation for reservoir host with high practicality 

because of well-established animal husbandry protocols. Mice were inoculated with B. 

burgdorferi via intraperitoneal injection as previously described [122, 144]. Prior to 

inoculation B. burgdorferi were enumerated by dark-field microscopy on a Petroff-Hauser 

counter. Mice were injected with an inoculum containing of 105 B. burgdorferi. At 23 days 

post inoculation mice were anesthetized and blood samples were obtained by cardiac 

puncture during euthanasia. The infection of mice with B. burgdorferi was determined by 

dissecting ear, joint, and bladder tissues from individual mice and incubating the tissues in 

BSK II medium with antibiotics (2.5 µg / mL Amphotericin, 20 µg / mL Phosphomycin, 

50 µg / mL Rifampicin). BSK II cultures were incubated at 34 °C in a microaerobic 

conditions and observed continuously for 4 weeks by dark-field microscopy to detect 

outgrowth.  

 

To test the ability for B. burgdorferi strain to transmit from vector to host, I. 

scapularis harboring B. burgdorferi were allowed to feed upon mice. Mice were 

anesthetized while I. scapularis were transferred to the mice by a paint brush. Mice were 

placed in a wire bottom cage to allow for unattached I. scapularis to fall into a live trap. 
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Mice and I. scapularis were monitored continuously for 7 days to observe the completion 

of the bloodmeals by all I. scapularis ticks. B. burgdorferi infection was determined 

identically to the needle-inoculation method of infection. 

 

2.3.5 Artificial infection of I. scapularis larvae and nymphs 

 

Two hundred I. scapularis were artificially infected with B. burgdorferi to assess 

the ability of mutant strains to survive in vivo. I. scapularis larvae and nymphs originating 

from an uninfected tick colony (National Tick Research and Education Resource, 

Oklahoma State University) were housed at 22 °C and 95% relative humidity. Egg masses 

larval ticks were allowed to mature 4 weeks prior to artificial infection. Spirochete density 

was quantified using a  Petroff-hauser counter under dark field microscopy and cultures 

were diluted diluted to 5 x 107 spirochetes · ml-1. Cohorts of 50 – 200 I. scapularis larval 

or nymphal ticks were artificially infected by submersion in 2.0 mL screw cap tubes 

containing 1.5 mL of B. burgdorferi culture in BSK II medium for 2 hours, as previously 

described [185]. Following submersion, ticks were washed twice in PBS pH 8 and dried 

with filter paper. To quantify B. burgdorferi within I. scapularis larvae and nymphs, 

cohorts of ticks were washed in 1.5 mL tubes with solutions of 3% H2O2, 70% ethanol, and 

then PBS pH 8. Washed I. scapularis were dissected with forceps on a microscope slide 

and placed in a tube containing 600 μL BSK II medium. The dissected I. scapularis were 

further disrupted by crushing with a pestle. Volumes of 5, 50 and 500 μL of the BSK II 

medium containing the crushed I. scapularis were plated as previously described [144] 
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with P-BSK medium containing 2.5 µg / mL Amphotericin, 20 µg / mL Phosphomycin, 

and 50 µg / mL Rifampicin. 

  

2.3.6 Transcriptional profiling from cultures 

 

B. burgdorferi cultures were pelleted at 4°C, 3,200 x g for 20 minutes. Cell pellets 

were washed once in HN buffer (10 mM HEPES, 10 mM NaCl, pH 8.0).  RNA isolation 

was performed using RNAzol (Sigma-Aldrich, St. Louis, MO, United States) according to 

kit instructions. The RNA was quantified by spectrophotometry using the TAKE3 plate in 

a Cytation 5 multi-mode plate reader (Biotek, Winooski, VT, USA) and RNA quality was 

assessed by analysis of ribosomal RNA bands visualized following gel electrophoresis by 

SYBR-safe dye incorporation. cDNA was generated from 500 ng of total RNA from each 

sample with the High Capacity cDNA Reverse Transcriptase kit (Applied Biosystems, 

Foster City, CA, United States) following kit instructions. RT-qPCR was performed on the 

cDNA in the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 

United States) using Bullseye EvaGreen Master Mix (MIDSCI, St. Louis, MO, United 

States) reagents and oligonucleotide primers targeting the gene of interest (Table 3). The 

RT-qPCR data were analyzed using the ∆Cq method to indicate copies per 16S rRNA 

transcript levels.  

 

2.3.7 Transcriptional profiling from I. scapulairs samples by droplet digital PCR 

(ddPCR) 
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I. scapularis were transferred to 2 ml screwcap microcentrifuge tubes containing 

700 μl of RNAzol (Molecular Research Center, Cincinnati, OH, United States) and 3.0 mm 

zirconium beads, and then ticks were homogenized for 90 s using a Bead Bug homogenizer 

(MIDSCI, St. Louis, MO, United States). RNA was extracted from the RNAzol solution 

following the manufacturer's protocol. RNA concentrations were quantified with a TAKE3 

plate and a Cytation 5 multi‐mode plate reader (Biotek, Winooski, VT, United States). 

cDNA was synthesized from 500 ng of total RNA using the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, Foster City, CA, United States). Digital droplet 

PCR was performed as previously described [186] using PrimeTime mini qPCR assay 

probe sets (IDT, Coralville, IA, United States), ddPCR master mix, and droplet generation 

oil for probes (Bio-Rad, Hercules, CA, United States) (Table 7). Fluorescent droplets were 

detected by the QX200 droplet reader and data were analyzed using Quantasoft Analysis 

Pro software (Bio-Rad, Hercules, CA, United States). 
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Table 7. Primer probe sets for RT-ddPCR. 

Primer Sequence (5′ to 3′) 

flaB F AGCTCCCTCACCAGAGAAA 

flaB R GCATCACTTTCAGG TCTCA 

flaB Probe FAM-AGCTTCATCTTGGTTTGCTCCAACATG-TAMSp 

dksA F AAAGCATAAGGAATAGCTAAAAGTCTC 

dksA R AATCTTGAAGCGTTAGGTTTTGTT 

dksA Probe FAM-CTCCCTAGCAATCTCTCTTTCACAAGCC-TAMSp 

rel F GGAGCAAACAAAGAGCAAAG 

rel R CATTGTGCACTATTATTTCGTCTT 

rel Probe FAM-CCCTGAATGTAGTCCAACAACAGGTGA-TAMSp 
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2.3.8 Immunoblotting 

 

Cultures were pelleted at 4 °C, 3,200 x g for 20 minutes. Spirochetes were washed 

twice with HN buffer and subsequently lysed in lysis buffer (4% SDS, 0.1M Tris-HCl). 

SDS-PAGE was performed on the Mini-Tetra System (Bio-Rad, Hercules, CA, United 

States) using AnykD polyacrylamide gels and transferred to PVDF membranes using the 

Transblot Turbo apparatus (Bio-Rad, Hercules, CA, United States). PVDF membranes 

were blocked for 1-hour in TBST with 5% milk. Commercially available antibodies for 

OspC or DbpA (Rockland Immunochemicals, Pottstown, PA) or anti-DksA antibody were 

incubated with the PVDF membranes overnight at a dilution of 1:2000 in TBST. 

Antibodies bound to the membrane were detected with the addition of anti-rabbit HRP-

conjugated secondary antibodies and subsequent imaging on the ChemiDoc apparatus 

(Bio-Rad, Hercules, CA, United States) using ECL reagent (LI-COR, Lincoln, NE, United 

States). 

 

2.3.9 Quantification of nucleic acids 

 

Borrelia cell free lysates were analyzed for GTP, ppGpp, and ppGpp(p) 

concentrations by high pressure liquid chromatography. Wild-type B. burgdorferi 297 and 

its derivative 297 ΔdksA strain were grown to mid logarithmic or stationary phase (1 – 2 x 

108 spirochetes · ml-1) as described. One hundred milliliters cultures were centrifuged at 

5,000 RPM and washed twice with HN buffer. Cells were lysed by resuspension in distilled 

water followed by boiling at 99°C for 15 min. Aliquots were removed from each sample 
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for total protein quantification by BCA assay (Thermo Fisher Scientific, Grand Island, NY, 

United States). After boiling, the suspensions were centrifuged, and the supernatants were 

extracted twice, first with 95% ethanol 2 ml, second with 70% ethanol 1 ml. The resulting 

extracts were combined and evaporated under a nitrogen stream at 34°C. Upon 

evaporation, the samples were resuspended in mobile phase A and filtered through a 0.45 

µm nylon membrane syringe filter (GE Healthcare, Chicago, IL, United States). Mobile 

phase A consisted of 0.15 M triethylammonium acetate (TEAA) pH 5.0 and mobile phase 

B consisted 0.15M TEAA in acetonitrile. Prior to use, mobile phases were filtered using a 

0.2 µm filter with a vacuum followed by ultrasonic degassing. Separations were conducted 

using a SUPELCOSILTM LC-18T column, 25 cm x 4.6mm i.d., 5µm particle size (Supelco, 

Bellefonte, PA, United States). Gradient elution was set to 0 – 4 min, 99% A to 99% A (1 

ml/min); 4 – 10 min, 99% A to 85% A (1 ml/min); 10 – 18 min, 85% A to 75% A (0.4 

ml/min); 18 – 20 min, 75% A to 25% A (1 ml/min); 20 min – 24 min, 25% A to 97.5% A 

(1 ml/min); 24 min – 24 min, 97.5% A to 99.0% A (1 ml/min). 20 µl sample injections 

were used and guanosine triphosphate (Sigma-Aldrich, St. Louis, MO, United States) and 

guanosine tetraphosphate (Jena Biosciences, Jena, Germany) were used as standards for 

peak identification and quantification. 
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Chapter 3 

 Results 

3.1 Role of DksA in transcriptional response to starvation 

 

3.1.1 Characterization of a putative DksA encoded by bb0168 

 

DksA homologs are encoded in many bacterial genera, including Borrelia. The 

structure of DksA has been extensively characterized in E. coli [83, 87]. Protein interaction 

studies have demonstrated that the E. coli DksA protein’s α-helices in the coiled-coil motif 

interact with the RNA polymerase secondary channel, and that the coiled coil-tip aspartic 

acid residues mediate DksA function in the RNA polymerase core [82, 187, 188]. In 

addition, DksA harbors a zinc-finger domain that potentially modulates its protein function 

[94, 95]. A SWISS-model was generated for the 125 amino acid DksA protein encoded by 

the B. burgdorferi bb0168 ORF (GenBank AAC66562 ) using an E. coli DksA crystal 

structure (PDB1TJL) as a template [187], and the model was visualized alongside the 151 

amino acid E. coli DksA for comparison (Figure 1A). The B. burgdorferi DksA harbors an 

N-terminal 31 amino acid truncation and is nearly three kDa smaller than the E. coli DksA, 

14.5 compared to 17.5 kDa. The B. burgdorferi DksA model also predicts three additional 

amino acids in an unstructured region between the C-terminal end of the first α-helix and 

coil-tip compared to PDB1TJL. The B. burgdorferi DksA has only 23.6% amino acid 

sequence identity to E. coli DksA; however, the SWISS-model local quality estimate 

indicates high similarity within the coiled-coil motif and the C-terminal region (0.6 – 0.9 

quality score). Moreover, an alignment of the E. coli and B. burgdorferi primary DksA 
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amino acid sequences using the HHPred [189] algorithm predicts conservation of key 

amino acids in DksA, including the coiled coil-tip aspartic acids in the α-helices, and the 

cysteines forming the zinc-finger motif (Figure 1B). Alignment of the amino acid 

sequences of DksA among Borrelia species with Clustal Omega [190] indicates high amino 

acid sequence identity within the Borrelia genus (Figure 2). 

 

3.1.2 Generation of B. burgdorferi ΔdksA and trans-complemented ΔdksA pDksA strains 

 

To study the role of dksA in the B. burgdorferi stringent response, a dksA mutant of 

B. burgdorferi (ΔdksA) was generated in the B31-A3 background. The entire dksA 

(bb0168) ORF was replaced by homologous recombination with a B. burgdorferi flgB 

promoter driven streptomycin resistance cassette (flgBp-aadA) used for selection (Figure 

3A). The dksA mutant strain (ΔdksA) was complemented in trans with the shuttle vector 

pBSV2G [165] containing a dksA allele fused to a sequence encoding a C-terminal FLAG 

epitope-tag along with 600 bp of dksA upstream sequence encoding the dksA promoter 

(pBSV2G::dksA-FLAG, pDksA). The presence of the chromosomal copy of the dksA gene 

was determined by PCR (Figure 3B). The expression of DksAFLAG protein in the ΔdksA 

pDksA strain was confirmed by western blot using antibodies against FLAG and DksA 

epitopes (Figure 3C).  
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Figure 3. Amino acid sequence analysis of B. burgdorferi bb0168-encoded dksA.   

(A) SWISS-model of E. coli (left) and B. burgdorferi (right) DksA proteins illustrate 

predicted structural similarities based on a high-resolution crystal structure 1TJL. Color 

scale from blue (high) to orange (low) encodes Qmean score estimating model quality. 

Peptide N- and C-termini are indicated for each model. (B) Amino acid sequence alignment 

of B. burgdorferi and E. coli DksA proteins. The boxes indicate regions where B. 

burgdorferi DksA likely contain conserved coiled-coil α-helices and a zinc finger based on 

HHPred homology modeling. The asterisks indicate key conserved aspartic acid and 

cysteine residues.  
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Figure 4. Clustal Omega alignment of DksA amino acid sequence among Borrelia. 

The ( * ) indicates an amino acid residue conserved in all species, ( : ) indicates strong 

similarity, and ( . ) indicates weak similarity based on the PAM 250 matrix. 
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Figure 5. Mutagenesis of conserved B. burgdorferi bb0168-encoded dksA.  

(A) A schematic of the bb0168 (dksA) genomic location and homologous recombination 

mutagenesis strategy. The ORF direction is indicated by large arrows, and the positions of 

the primers used in (B) are indicated by small arrows above the genes.  (B) Homologous 

recombination between the B. burgdorferi genome and the plasmid segment containing 

dksA-flanking regions and the aadA antibiotic resistance cassette (blue) was confirmed by 

PCR. The ΔdksA strain no longer possesses dksA (red) as detected primers P1 and P2, and 

contains the aadA gene detected with the primers P3 and P4. Additionally, the ΔdksA strain 

was trans-complemented with the pBSV2G-based pDksA plasmid and confirmed by the 

presence of dksA detected by PCR using the primers P1 and P2, aadA gene detected with 

the primers P3 and P4, and gentamicin resistance gene (aacC1) with the primers aacC1 

F/R primers. (C) Complementation was further confirmed by western blot using antibodies 

targeting the FLAG (upper panel) and DksA (lower panel) epitopes.  
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3.1.3 Adaptation of the ΔdksA and ΔrelBbu mutants to prolonged starvation 

 

B. burgdorferi wild-type and ΔdksA strains are morphologically similar during 

logarithmic growth in BSK II media under microaerobic conditions (5% CO2 and 3% O2). 

Wild-type, ΔdksA, and ΔdksA pDksA spirochetes maintain similar maximal growth rates 

during logarithmic growth (Figure 4). The ΔdksA mutant exhibited a prolonged lag phase 

and lower cell densities at stationary phase compared to both wild-type and ΔdksA pDksA 

strains when passaged at equivalent densities (p-value < 0.05). When cultures were 

inoculated at low densities of 1 x 105 spirochetes · ml-1, the ΔdksA mutants exhibited 

elongated morphology compared to wild-type at early time points and at stationary phase 

(Figure 5). The relative lengths of spirochetes were measured using ImageJ software [191] 

and the ΔdksA mutant was significantly longer than wild-type (p-value = 0.004) at 

stationary phase (Figure 5).  

 

To determine if DksA affects survival of B. burgdorferi during nutrient limitation, 

wild-type, ΔdksA, ΔrelBbu, and ΔdksA pDksA strains were cultured to 5 x 107 spirochetes · 

ml-1 and then starved in RPMI medium for 0 or 48 h and the number of colony forming 

units (CFUs) were assayed by plating cells in P-BSK medium. A recent study demonstrated 

that a relBbu mutant B. burgdorferi (ΔrelBbu) exhibited a defect in adapting to starvation in 

serum-free RPMI medium [144]. We generated a ΔrelBbu strain in the B31-A3 background 

as described [144], and, consistent with previous results, ΔrelBbu cultures yielded 

significantly lower numbers of CFUs following 48 h of starvation in RPMI compared to 

wild-type cultures (Figure 6). Following prolonged starvation, ΔdksA cultures exhibited a   
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Figure 6. Evaluation of B. burgdorferi growth rate.  

Growth of wild-type (WT), ΔdksA, and ΔdksA pDksA (passaged at 5 x 105 spirochetes ·  

ml-1) in BSK II was assayed by enumeration of cells by dark field microscopy at 24-h 

intervals. Data points represent the mean of four biological replicates. Error bars represent 

standard deviations and asterisks indicate p-values < 0.05 by one-way ANOVA. 
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Figure 7. Dark field microscopy of wild-type, ΔdksA, and ΔdksA pDksA strains.  

B. burgdorferi cultures in BSK II media were passaged at a density of 1 x 105 spirochetes 

· ml-1, then cultures were wet mounted for imaging every 24 h. At 24 h, 48 h, and at 

stationary phase, elongated forms of the ΔdksA strain are detectable. The relative lengths 

of spirochetes were determined by measuring pixel lengths in ImageJ. Error bars represent 

standard deviation. ANOVA with Tukey’s post-hoc test was performed to compare the 

mean lengths of spirochetes between strains on each day. Asterisks represent statistical 

significance (p = 0.004).  
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reduction in CFUs similar to ΔrelBbu. The ΔdksA pDksA restored CFUs to wild-type levels 

following starvation, suggesting that DksA functions in the adaptation of B. burgdorferi to 

starvation. 

  

3.1.4 Global transcriptome of the dksA mutant during logarithmic phase growth 

 

To investigate DksA-dependent transcription during growth in nutrient-rich media, 

RNA was harvested from wild-type and ΔdksA mutant cultures and analyzed by 

microarray. For these comparisons, genes were considered expressed if the hybridization 

signal in the microarray for an ORF was significantly above background (Figure 7). To 

evaluate differential expression, we constrained the reporting of genes to only the genes 

differentially expressed by two-fold (linear scale) or more, and disregarded genes whose 

average hybridization signals were below background levels or when microarray false 

discovery rate (FDR)-adjusted p-values were 0.05 or more. The differentially regulated 

genes were then categorized by genomic location (chromosome or plasmid, Figure 8A) and 

function based on gene ontology (Figure 8B) to gain insights into DksA-dependent gene 

expression during mid-logarithmic phase growth.  

 

During mid-logarithmic phase growth, the ΔdksA mutant exhibited an altered 

transcriptional profile compared to wild-type spirochetes, suggesting DksA is important 

for gene regulation during growth. The ΔdksA mutant expressed 1212 genes compared to 

1145 genes in the wild-type strain (Figure 7) located across the chromosome and numerous 



64 

 

 

Figure 8. Evaluation of B. burgdorferi survival during long-term starvation. 

Wild-type (WT), ΔdksA, ΔrelBbu, and ΔdksA pDksA cultures grown to a density of 5 x 107 

spirochete · ml-1 in BSK II media were pelleted and resuspended in RPMI for 0 or 48 h 

prior to growth in P-BSK II. Data represent the mean of three independent experiments. 

The p-values were calculated by ANOVA with a Dunnett’s multiple comparison for 

spirochete density following 48 h starvation in RPMI. 
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Figure 9. Genes expressed in wild-type (WT) and ΔdksA during logarithmic phase 

growth. 

Venn diagrams illustrate the total number of genes expressed by WT and ΔdksA strains 

during mid-log phase. Expression of individual genes was determined by detection of a 

microarray hybridization signal above background among three biological and three intra-

chip hybridization replicates (left). Genes expressed by both WT and ΔdksA strainsare 

represented in the intersect of the two circles and the genomic location (chromosome or 

plasmid) is indicated (middle and right).  
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Figure 10. Relative RNA expression between wild-type (WT) and ΔdksA strains 

during logarithmic phase growth. 

(A) The number of genes upregulated (higher levels in ΔdksA than in WT, solid black bars) 

or downregulated (shaded bars) greater than two-fold and their genomic location: 

chromosome (Chr), linear (lp), or circular (cp) plasmids. Only comparisons with FDR-

adjusted p-value ˂ 0.05 are shown. (B) Differentially expressed genes were functionally 

categorized with the following abbreviations: BP, bacteriophage; CD, cell division; CE, 

cell envelope; CM, Chemotaxis and motility; RR, DNA replication and repair; MT, 

metabolism; PD, protein degradation; PS, pseudogene; SR, stress response; TR, 

transcription; TL, translation; TP, transporter proteins; and U, unknown. The bars indicate 

percent of genes upregulated and downregulated relative to the total number of genes of 

each category and numbers above the bars indicate total number of genes within the 

respective functional group.   
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circular and linear plasmids (Figure 7 and 8A). The differential regulation analysis revealed 

that 268 genes were more highly expressed in the ΔdksA mutant compared to the wild-

type-strain (Table A1), while 186 transcripts were expressed at lower levels by the ΔdksA 

mutant (Table A2). Because both ΔdksA and ΔrelBbu mutants are susceptible to starvation 

in RPMI, we assessed the overlap of the putative DksA and RelBbu regulons by matching 

genes similarly regulated by either ΔdksA or ΔrelBbu. Overlap with two previous 

transcriptomic studies identifying genes differentially regulated in the ΔrelBbu strain 

indicate up to 115 genes are cooperatively regulated by DksA and RelBbu (Table A1 and 

A2). The genes encoding glycerol utilization proteins glpF and glpK, and oligopeptide 

transporters oppA1 and oppA2, were similarly downregulated in the ΔdksA and ΔrelBbu 

mutants compared to the wild-type. The expression of genes encoding tick-associated outer 

membrane proteins ospA and lp6.6, and the antioxidant defense gene napA/dps/bicA were 

also similarly regulated in the ΔrelBbu strain. The ΔdksA mutant additionally expressed 

genes associated with stress responses at higher levels than the wild-type strain (Table A1), 

including those encoding chaperones (dnaK and dnaJ), DNA repair proteins (ligA and 

uvrB) and numerous bacteriophage genes (bbl01 and bbn23). In addition, the ΔdksA and 

ΔrelBbu mutants both exhibit increased expression of selected genes encoding ribosomal 

proteins (rpmA, rplB, rplV, rpsS, and rpsC) suggesting both (p)ppGpp and DksA are 

required to suppress these genes. These results suggest that RelBbu and DksA regulons 

partially overlap. 

 

To validate the microarray findings, RT-qPCR was performed comparing wild-type 

and ΔdksA spirochetes during logarithmic phase growth (Figure 9A & B). RT-qPCR   
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Figure 11. RT-qPCR confirmation of relative RNA expression between wild-type 

(WT) and ΔdksA during logarithmic phase growth. 

The differential regulation of select genes with high microarray signal quality or genes 

implicated in stringent response and infectivity were confirmed by RT-qPCR. Differential 

expression data by RT-qPCR and microarray are presented side by side and organized by 

function: ribosome (rplL), stringent response (relBbu), transcription (rpoD, fliZ), motility 

(flaB), transport (bb0332, glpF), metabolism (ptsP, glpK), lipoproteins (dbpA, bba66, 

ospC). Data represent the mean of four biological replicates and error bars indicate standard 

deviations. 
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confirmed the relative expression of genes that produced high microarray signal quality 

(oppB1 and ptsP), are implicated in the stringent response (relBbu, glpF, and glpK), have 

housekeeping functions (rplL, rpoD, and flaB), or are required for infectivity (dbpA, bba66, 

and ospC). Many of these genes (rplL, rpoD, fliZ, flaB, bb0332, and ptsP) are highly 

expressed genes with nearly 100 transcripts per 1,000 transcripts of 16S rRNA during 

logarithmic phase growth. Transcriptional studies have indicated that the glycerol 

utilization pathway is a key metabolic pathway regulated by the stringent response [144, 

145]. Two genes, glpF and glpK, encoding the glycerol transporter and kinase, 

respectively, were expressed at lower levels in the ΔdksA mutant compared to wild-type, 

indicating an overlap in the regulation of the glycerol utilization pathway (Table A2).  

Eleven of the 12 genes assayed exhibited the same direction and similar magnitude of 

relative expression in the RT-qPCR and microarray experiments. These data corroborate 

the findings of our microarray experiments and indicate a global effect of DksA on 

transcription. 

 

3.1.5 DksA mediates transcriptional responses to starvation 

 

DksA orthologs regulate transcription in model bacteria E. coli and S. enterica [56, 

81, 87, 93, 192-194]. Therefore, we evaluated the role of DksA in the B. burgdorferi 

stringent response by comparing differences in the transcriptional responses of wild-type 

and ΔdksA strains to starvation in RPMI. For microarray analysis, RNA was harvested 

from cultures grown to mid-logarithmic growth phase followed by 6 h of incubation in 

serum-free RPMI. Previous study of RelBbu regulon was performed in a similar time frame 
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[144]. In wild-type spirochetes undergoing starvation, there was a dramatic reduction in 

the number of genes exhibiting above background microarray hybridization signals. While 

1,145 genes were expressed in wild-type spirochetes during logarithmic growth in BSK II, 

only 587 genes were detected in wild-type spirochetes following starvation in RPMI, 

revealing a global reduction in transcription (Figure 10A). A total of 274 genes were 

upregulated and 226 genes were downregulated in response to starvation, indicating a 

restructuring of the wild-type transcriptome (Table A3), consistent with previous results 

obtained using differential RNA sequencing analysis [144]. In contrast, the ΔdksA mutant 

undergoing starvation retained the expression of the majority of genes expressed during 

logarithmic growth in BSK II (Figure 10B). Within this sizable subset of genes expressed 

in the ΔdksA mutant, only 47 genes were differentially regulated (Table A4). Thus, 

transcriptional remodeling of the genome during nutrient stress is to a great extent 

dependent on DksA.  

 

Genes differentially expressed by wild-type spirochetes undergoing starvation were 

organized by gene location and functional category to characterize the transcriptional 

response. In wild-type spirochetes, transcriptional downregulation in response to starvation 

is mostly limited to chromosomally-encoded genes (Figure 11A). 213 of the total 226 

downregulated genes were on the chromosome. Downregulated chromosomal genes are 

overrepresented in four functional categories: chemotaxis and motility, DNA replication 

and repair, transcription (and transcriptional regulation), and translation. Among the 

chemotaxis and motility genes, 13 of the 17 downregulated genes encoded flagellar 

components (Table A3). Genes encoding DNA replication proteins were also   
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Figure 12. Wild-type and DksA-mutant strain transcriptional response to starvation. 

(A) The Venn diagram illustrates the number of genes expressed during mid-logarithmic 

growth (BSK II) or during starvation (RPMI) by wild-type (WT) B. burgdorferi or (B) by 

the ΔdksA strain. The data are represented as the total number of genes (left) or divided 

into number of chromosomal (Chr) or plasmid-encoded genes. Genes expressed 

exclusively during mid-log phase or during starvation are represented outside the union of 

the two circles, whereas the genes expressed in both are represented within.  
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Figure 13. DksA mediates transcriptional responses to starvation.  

The number of differentially expressed genes by cultures of WT (A) and ∆dksA strains (B) 

during starvation (RPMI) as compared to mid-log phase cultures (BSK II). Bars represent 

the number of genes differentially expressed on the chromosome (Chr), on the various 

plasmids, or the percent of genes differentially expressed within the annotated functional 

categories relative to genes within the respective functional groups. The bars indicating 

proportions in the following categories: BP, bacteriophage; CD, cell division; CE, cell 

envelope; CM, chemotaxis and motility; RR, DNA replication and repair; MT, metabolism; 

PD, protein degradation; PS, pseudogene; SR, stress response; TR, transcription; TL, 

translation; TP, transporter proteins; and U, unknown. Numbers above the bars indicate the 

total number of genes within respective functional groups.  Genes were considered 

differentially expressed if comparisons with FDR adjusted p-value < 0.05 and differential 

expression of two-fold or more.   
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downregulated, including gyrA and gyrB (3.4- and 2.4-fold respectively) encoding DNA 

gyrase, dnaB (3.2-fold) encoding the replicative DNA helicase, and dnaN (5.2-fold) 

encoding the β-clamp of DNA polymerase. The expression of DNA replication and 

flagellar synthesis genes is required for cell division and B. burgdorferi CFU do not 

increase during starvation in RPMI. Additionally, we identified 39 downregulated genes 

encoding translation machinery including 19 genes encoding ribosomal proteins, 

suggesting a reduction in ribosome synthesis.  A total of 17 genes in the transcription 

functional category were also differentially regulated during starvation. Genes encoding 

core transcriptional machinery were among the 11 downregulated genes, including rpoA 

and rpoZ (6.2-fold and 3.5-fold, respectively) encoding RNA polymerase subunits, rpoD 

(3.7-fold) encoding the housekeeping σ factor, and nusB (7.6-fold) encoding the 

transcription anti-termination factor. Conversely, csrA (6.8-fold) encoding the carbon 

storage regulator, dksA (4.4-fold), and rpoS (3.8-fold) encoding the alternative σ factor 

were among the upregulated transcriptional regulator genes. In summary, the levels of a 

large portion of RNA transcripts encoding crucial components of the replication, 

transcription, and translation machinery were decreased in wild-type spirochetes 

undergoing starvation. Given the functions encoded by these downregulated genes, our 

observations are consistent with stringent responses among other bacteria. None of the 

genes in these four functional categories listed above were differentially regulated in the 

ΔdksA mutant; therefore, the downregulation of these genes during starvation appears to 

be DksA-dependent (Figure 11B).  
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Typically, the stringent response activates the expression of genes encoding 

enzymes for amino acid synthesis, glycolysis, and persistence mechanisms. Consistent 

with the stringent response, B. burgdorferi undergoing starvation also upregulate genes in 

the functional categories of translation, metabolism, and transcription. Expression of genes 

that potentially increase translational efficiency were upregulated (Table A3). These genes 

include infA (4.75-fold) encoding translation initiation factor, efp (2.8-fold) and tuf (5.0-

fold) encoding peptide elongation factors, and five aminoacyl-tRNA synthetases required 

for syntheses of Asp-tRNAasp, His-tRNAHis, Ile-tRNAIle, Leu-tRNALeu, and Val-tRNAVal, 

which recognize 33% of codons utilized by B. burgdorferi open reading frames [195]. The 

B. burgdorferi genome lacks many genes encoding amino acid biosynthesis pathways and 

imports oligopeptides into the cell through transporters to support protein synthesis. Four 

oligopeptide transporter genes were upregulated: oppA5 (6.2-fold), oppF (5.8-fold), oppD 

(2.5-fold), and oppB (2.5-fold). The transcriptional profile of genes involved in translation 

and oligopeptide transport in the ΔdksA mutant did not overlap that exhibited by wild-type 

spirochetes during starvation. Additionally, wild-type spirochetes upregulated five genes 

encoding enzymes involved in glycolysis during starvation: pfk (2.4-fold) encoding 1-

phosphofructokinase, fbaA (2.1-fold) encoding fructose-bisphosphate aldolase, gapdh 

(5.1-fold) encoding glyceraldehyde 3-phosphate dehydrogenase, gmpA (5.5-fold) encoding 

phosphoglycerate mutase, and eno (5.7-fold) encoding enolase. B. burgdorferi lacks an 

electron transport chain and ferments sugars to lactate for generation of ATP. During 

starvation of wild-type spirochetes, no genes encoding enzymes involved in glycolysis or 

transporters for glucose, fructose, and chitobiose were down regulated. In contrast, the 

ΔdksA strain exhibited lower transcript levels of genes encoding key glycolytic enzymes 
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including enolase (eno) and pyruvate kinase (pyk) during logarithmic growth. In addition, 

the ΔdksA strain did not share the breadth of upregulation in genes encoding glycolytic 

enzymes in response to starvation compared to wild-type spirochetes.  

 

3.1.6 Increased expression of plasmid-encoded genes in response to starvation conditions 

 

Wild-type spirochetes undergoing starvation also differentially expressed genes 

carried on the numerous circular and linear plasmids (Figure 11A). Differentially expressed 

genes were largely limited to those encoding lipoproteins and hypothetical proteins, with 

91% of those genes upregulated. These upregulated genes include those encoding nine 

OspE related proteins (erp) and eight multi-copy lipoproteins (mlp) carried on the various 

cp32 plasmids, with 3.1- to 9.8-fold and 4.8- to 13.1-fold upregulation, respectively (Table 

A3). In addition, revA (6.4-fold) and bbk32 (2.6-fold), encoding fibronectin-binding 

proteins, were also upregulated. Specifically, the gene product of bbk32 regulates the 

mammalian host defense system through the classical pathway of complement and is 

important for infection [109, 196]. The biological significance of lipoprotein regulation 

during starvation in RPMI medium is unknown, but likely is related to the interaction of 

the spirochete with its vector or hosts. Overall, protein expression and the level of 

immunogenic protein expression by wild-type and ΔdksA spirochetes remain relatively 

constant following 6 h of incubation in RPMI (Figure 12). Starvation is not thought to 

induce the mammalian infection-associated RpoN-RpoS cascade [38, 197, 198] and, as 

expected, transcription of the RpoS-regulated genes dbpA and ospC was not upregulated 

in response to nutrient limitation in wild-type spirochetes.   
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Figure 14. Protein expression in wild-type and ΔdksA spirochetes do not change 

significantly during starvation. 

 (A) SDS-PAGE gel of lysates harvested from spirochetes at logarithmic growth at 5 x 107 

spirochetes · ml-1
 in BSK-II and spirochetes following 6 h of starvation in RPMI. (B) A 

western blot was performed with protein lysates represented in (A) with serum from wild-

type B. burgdorferi-infected mice. Lanes 1-4 in (B) correspond to respective lanes in (A). 
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Compared to the wild-type strain, the ΔdksA mutant upregulated the expression of 

revA, dbpA, and ospC genes in response to starvation (Table A4). The ΔdksA mutant did 

not share the increased expression of erp or mlp genes with the wild-type strain during 

starvation. We investigated the possibility that these genes were constitutively upregulated  

in the ΔdksA mutant because the expression of many plasmid genes was higher compared 

to the wild-type strains during logarithmic growth (Figure 8A). A total of 41 plasmid-borne 

genes encoding lipoproteins were differentially expressed by the ΔdksA mutant during 

logarithmic growth (Table A1 and A2).  However, revA, bbk32, erp, and mlp genes had no 

clear pattern of constitutively higher expression by the ΔdksA strain. Moreover, we found 

that genes encoding lipoproteins under the control of RpoS, which are important for B. 

burgdorferi transmission from ticks to mammals, such as bba66, dbpA, and ospC, were 

expressed at lower levels by the ΔdksA mutant during logarithmic growth. The stringent 

response regulator RelBbu also regulates genes involved in transmission including rpoS, 

bosR and ospC [144]. These results suggest DksA and the stringent response are required 

for the regulation of the transmission-associated lipoprotein genes bba66, dbpA and ospC.  

 

To confirm that the disparate expression of bba66, dbpA, and ospC was DksA-

dependent, the expression of these genes was compared by RT-qPCR using RNA isolated 

from the wild-type, ΔdksA, and ΔdksA pDksA strains during logarithmic growth and under 

starvation conditions (Figure 13). The expression of bba66, dbpA, and ospC was lower in 

the ΔdksA mutant compared to wild-type, indicating that regulation of these genes under 

starvation is not significant. In our complemented strain, ΔdksA pDksA, dksA was 

overexpressed, which coincided with higher levels of expression of the bba66, dbpA, and 
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Figure 15. Overexpression of DksA in the ΔdksA pDksA strain coincides with 

increased expression of plasmid-encoded infectivity genes. 

RT-qPCR was performed on RNA extracted from wild-type (WT), ΔdksA, and ΔdksA 

pDksA mid-logarithmic phase cultures (black) and cultures starved in RPMI (gray). 

Incubation in RPMI did not induce significant changes in expression of dksA, bba66, dbpA, 

or ospC for wild-type spirochetes. Error bars represent standard deviation calculated from 

four biological replicates. ANOVA with a Dunnett’s multiple comparison test was 

performed for values between strains for BSK II and RPMI conditions. The asterisk 

indicates p-value < 0.01 for expression level comparison between WT and ΔdksA, or WT 

and ΔdksA pDksA.  
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ospC. This observation supports the hypothesis that the expression of a subset of plasmid-

encoded lipoproteins is either directly or indirectly dependent on DksA. Higher levels of 

dksA expression from the pDksA plasmid is consistent with the higher copy number of the 

parent shuttle vector (5 – 10 copies per genome) [199].  Additionally, RT-qPCR was 

performed for rpoD, fliZ, and ptsP to evaluate the effects of in trans-complementation in 

the ΔdksA pDksA strain. In the wild-type and ΔdksA pDksA strains, rpoD, fliZ, and ptsP 

are down regulated in response to starvation, while the ΔdksA mutant failed to similarly 

regulate these genes (Figure 14A). RT-qPCR based comparisons of gene expression 

between logarithmic growth and starvation conditions corroborated the findings by 

microarray and indicated that starvation driven transcriptional regulation of 

chromosomally encoded rpoD, fliZ, and ptsP were restored in the ΔdksA pDksA strain. We 

also assayed for the restoration of glycerol-utilization gene expression (Figure 14B). While 

the ΔdksA mutant showed reduced levels of expression of glpF and glpK compared to the 

wild-type strain, the ΔdksA pDksA strain did not exhibit restored expression of these genes, 

suggesting as yet unknown intricacies in their regulation. The 16S rRNA was used to 

normalize the expression in these analyses as the expression levels of 16S rRNA varied 

less than other commonly used reference genes such as rpoD and flaB within our set of 

strains and conditions (Figure 15). These results suggest that the cellular levels of DksA 

have the potential to play a key regulatory role in controlling plasmid-borne gene 

expression in B. burgdorferi. 
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Figure 16. Expression of starvation-regulated genes among wild-type, ΔdksA, and 

ΔdksA pDksA strains. 

RT-qPCR was performed on RNA extracted from wild-type (WT), ΔdksA, and ΔdksA 

pDksA mid-logarithmic phase cultures (black) and cultures starved in RPMI (gray). Error 

bars represent standard deviation calculated from four biological replicates. The Dunnett’s 

multiple comparison test was performed between strains for cultured in BSK II and RPMI. 

The asterisk indicates a p-value < 0.01 for expression level compared to the wild-type strain 

in BSK II or RPMI culture conditions. Relative changes in expression of rpoD, fliZ, and 

ptsP between logarithmic growth and starvation is restored in the ΔdksA pDksA. While the 

expression of glycerol utilization genes (glpF and glpK) were reduced in the ΔdksA 

background, the in trans complementation did not rescue the expression of these genes.  
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Figure 17. Reference gene RNA expression in response to starvation. 

The Ct value for a RT-qPCR with a normalized 10 ng RNA equivalent input of cDNA and 

primer sets for three commonly utilized reference genes, 16S rRNA, rpoD, and flaB are 

shown. The Dunnett’s multiple comparison test was performed between WT BSK-II RNA 

against all other samples. The asterisk indicates p-value < 0.01 for Ct value. 16S rRNA 

provided the least variable Ct values per ng RNA input. 
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3.1.7 The ΔdksA strain overproduces (p)ppGpp 

 

Production of (p)ppGpp and transcriptional regulation of dksA are intertwined in E. coli 

and (p)ppGpp also acts independently of DksA, resulting in transcriptional repression [87, 

200]. We measured the production of (p)ppGpp by thin-layer chromatography (TLC) in B.  

burgdorferi 297 wild-type, the isogenic ΔdksA mutant, and the complemented ΔdksA 

pDksA strain to test the potential interplay between (p)ppGpp production and DksA 

expression. Similar to the respective, non-isogenic, B. burgdorferi B31 A3 strains, B. 

burgdorferi 297 strains exhibit DksA-dependent phenotypes. The 297 ΔdksA culture 

reached lower cell densities during stationary phase compared to wild-type controls (Figure 

16A). Following 48 h of starvation, the 297 ΔdksA strain produced fewer CFU · ml-1, 

although these results only produced a p-value of 0.15 using an ANOVA with a Dunnett’s 

multiple comparisons test (Figure 16B). When RNA expression by 297 ΔdksA and wild-

type strains were compared by RT-qPCR, the direction of differential expression of rpoD, 

flaB, dbpA, bba66, and ospC genes were similar to the B31-A3 strain (Figure 17).  The 297 

background strains were cultured to early stationary phase (1 x 108 spirochetes · ml-1) in 

BSK II medium containing32P-orthophosphate and nucleotides were isolated before (0 h) 

or after starvation (6 h RPMI) and separated by TLC. The amount of (p)ppGpp in each 

strain was quantified by scanning densitometry from three independent experiments 

(Figure 18A), as previously described [144]. While starvation in RPMI was previously 

demonstrated to increase (p)ppGpp in wild-type spirochetes, we did not detect statistically 

significant starvation-induced increases in (p)ppGpp (Figure 18B). We found the ΔdksA 

strain had significantly elevated levels of (p)ppGpp compared to the wild-type and   
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Figure 18. Evaluation of growth and RPMI survival phenotypes for B. burgdorferi 

297 wild-type (WT) and the 297 ΔdksA strains.  

(A) Spirochetes were enumerated by dark field microscopy. Values represent the average 

from two biological replicates and bars indicate standard deviation. (B) Mid-logarithmic 

phase cultures of 297 wild-type, ΔdksA, and ΔdksA pDksA strains grown in BSK II were 

pelleted and re-suspended in RPMI for 0 or 48 h before plating on P-BSK medium and 

CFUs were enumerated following growth. The results represent the mean and standard 

deviation of three independent experiments. The p-values represent ANOVA with a 

Dunnett’s multiple comparisons test.  
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Figure 19. Comparison of dksA-dependent gene expression in B31-A3 and 297 strains. 

Differential expression data of housekeeping genes (rpoD and flaB) and surface expressed 

lipoproteins (dbpA, bba66, ospC) are represented side by side. Relative expression values 

from RT-qPCR in the 297 strains represent 3 biological replicates and were normalized to 

16S rRNA. Bars represent standard deviation. 
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Figure 20. The ΔdksA mutant strain constitutively overproduces (p)ppGpp. 

(A) Representative TLC image for analysis of radio-labeled nucleotides from 297 wild-

type (WT), ΔdksA, and ΔdksA pDksA strains cultured in BSK II media with 32P-

orthophosphate. Spirochetes were grown to 1 x 108 spirochetes · ml-1 (0 Hours) and starved 

in RPMI (6 Hours RPMI) before nucleotides were isolated and resolved by TLC. (B) 

Quantification of (p)ppGpp levels by densitometry. The values represent mean (p)ppGpp 

levels normalized to (p)ppGpp + GTP from three independent experiments. Error bars 

represent standard deviation. Asterisks indicate p-values < 0.05, as determined using one-

way ANOVA with a Tukey’s post-hoc test.  
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complemented strains not only during starvation (6 h RPMI), but also during growth in 

BSK II media (0 Hours). The overproduction of (p)ppGpp in the ΔdksA strain may 

represent a compensatory mechanism to overcome the loss of DksA. Given the 500 genes 

differentially regulated by wild-type spirochetes in response to starvation (Table A3), 186 

of these genes were already similarly differentially expressed by the ΔdksA strain relative 

to the wild-type strain during growth in BSK II. The microarray data suggest that while the 

ΔdksA strain acts like a (p)ppGpp-deficient strain in the transcription of genes encoding 

the glycerol utilization pathway, oligopeptide transporters, ribosomal proteins, and others, 

the elevated levels of (p)ppGpp may play a role in the overall transcriptomic phenotype of 

the ΔdksA strain.  

 

In model bacteria (p)ppGpp synthesis is tied to the accumulation of unloaded 

tRNAs [39, 40, 43]. Addition of serine amino acid analog serine hydroxamate in the growth 

medium leads to (p)ppGpp synthesis by blocking amino-acyl-tRNA synthesis [39, 47, 80]. 

Conversely, the addition of the antibiotic, tetracycline, which stalls the ribosome without 

the generation of unloaded tRNA leads to the stimulation of (p)ppGpp hydrolase activity 

in the cell and leads to the elimination of (p)ppGpp. To test if (p)ppGpp-dependent 

regulation is activated by serine hydroxamate, RNA was collected from B. burgdorferi 

grown to 5 x 107 spirochetes · ml-1 in BSKI II media and then incubated for 4 hours 

following the addition of serine hydroxamate solution to a concentration of 1 mg · ml-1, a 

tetracycline solution to a concentration of 70 µg, or sterile water. Expression levels of four 

genes, infA, obg, rpoD, rpoN known to be affected by expression of ppGpp in the wild-

type strain were measured by RT-qPCR (Figure 19). A Δrel strain was added to the analysis   



87 

 

 

 

Figure 21. (p)ppGpp-dependent gene expression in response to serine hydroxamate. 

RT-qPCR was performed on RNA extracted following a 4-hour incubation with water, 1 

mg · ml-1 final concentration serine hydroxamate (SHX), or 70 μg · ml-1  final concentration 

of tetracycline (TET). Bars represent average expression levels of the gene from four 

replicate experiments normalized to levels of 16s rRNA. Asterisks indicate p-values < 0.05 

by multiple comparisons test by one-way ANOVA. 
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to detect (p)ppGpp-dependent effects. Expression of infA and obg are increased during 

nutrient starvation in a RelBbu-dependent manner. Following serine hydroxamate treatment 

expression levels of infA and obg increased in the wild-type strain and replicated the 

response to nutrient limitation (Table A3). Levels infA and obg remained constant in the 

ΔrelBbu strain indicating a (p)ppGpp-dependent response. Tetracycline had no effects on 

the expression of infA or obg, suggesting the transcriptional response was specific to 

inhibition of amino-acyl-tRNA synthesis. The expression of rpoD and rpoN are reduced in 

response to nutrient limitation in wild-type B. burgdorferi. Serine hydroxamate treatment 

led to lower expression of rpoD and rpoN in wild-type B. burgdorferi. Additionally, 

blocking the ribosomal activity in the ΔrelBbu strain with serine hydroxamate or in the wild-

type strain with tetracycline led to the increased expression of both rpoD and rpoN, 

suggesting stalling of the ribosome without ppGpp production leads to increased 

expression. These results are consistent with the hypothesis that ppGpp production in B. 

burgdorferi is linked to amino-acyl-tRNA synthesis. 
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3.2 Development of an in vitro transcription assay to test DksA function 

 

3.2.1 Structure model of the B. burgdorferi RNA polymerase 

 

A model of the B. burgdorferi RNA polymerase core enzyme was generated to 

identify potential sites for the addition of a peptide tag for affinity chromatography 

purification. Individual subunit models of β′, β, and α subunits were generated in ITASSR 

and aligned to an E. coli RNA polymerase crystal structure (3LU0). Minimal manipulation 

was required to adjust the interface between the individual subunit models to fit without 

overlapping residues. Purification of active RNA polymerase core enzyme from other 

bacteria has been achieved through affinity chromatography strategies which result in co-

purification of the RNA polymerase protein complex [201]. Typically, the β′ subunit is 

appended with a carboxy-terminal affinity-tag. The potential location of β′ subunit 

carboxy-terminal end is illustrated in Figure 20. The β′ subunit carboxy-terminus appears 

to be surface exposed and away from the interface between the β′ subunit and other 

subunits. Having identified a potentially suitable site for an affinity tag, we generated a B. 

burgdorferi strain harboring a 10X carboxy-terminal histidine tag sequence on rpoC gene 

(encoding the RNA polymerase β′ subunit) by homologous recombination and designated 

the strain 5A4-RpoC-His10X.  
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Figure 22. Model of the B. burgdorferi RNA polymerase core. 

The B. burgdorferi RNA polymerase core model was created by modeling the subunit β′ 

(yellow), β (green), α (pink and purple), and Ω (orange) by Iterative Threading Assembly 

Refinement (I-TASSER) and subsequently aligning the modeled to the E. coli RNA 

polymerase crystal structure 3LU0 in PyMOL.  
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3.2.2 Purification of the RNA polymerase 

 

To test if the B. burgdorferi RNA polymerase would co-purify with the affinity-tagged β′ 

subunit, 3 – 4 L culture of 5A4-RpoC-His10X was grown to mid-logarithmic growth phase 

(~5 x 107 spirochetes · ml-1) and cell lysates generated using a French pressure cell were 

subjected to nickel-metal affinity chromatography. The presence of RNA polymerase in 

the elution fractions from nickel-metal affinity chromatography was analyzed following 

SDS-PAGE separation and Coomassie staining of proteins. Elution fractions containing 

RNA polymerase were pooled and protein concentrations were determined by A280 without 

extinction coefficient adjustment (1 abs at 1 cm = 1 mg · ml-1). The elution mixture 

contained 40 – 50 µg of extracted protein. The components of the RNA polymerase 

holoenzyme (β′, β, α, and σ) in the pooled elution fractions were identified by LC-MS 

following SDS-PAGE protein separation and gel digest (Figure 21A). Minor components 

of the elution fraction mixture included RNA polymerase secondary channel binding 

protein GreA (kD), transcription termination/antitermination protein NusA, chaperone 

protein DnaK, as well as several ribosomal proteins (Figure A1 and Table A5). The 

presence and migration of the co-purified RNA polymerase subunits β, α, and σ were 

subsequently confirmed by western blot using a polyclonal antibody raised against 

recombinant B. burgdorferi RpoB, RpoA, and RpoD (Figure 21B). Together, the results 

indicate B. burgdorferi RNA polymerase holoenzyme subunits co-purify under the affinity 

chromatography conditions tested allowing for affinity purified RNA polymerase 

enzymatic activity to be examined. 
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Figure 23. Purification of RNA polymerase core from B. burgdorferi. 

(A) Coomassie stained SDS-PAGE gel of purified proteins in pooled elution fraction from 

nickel-affinity chromatography performed on lysates generated from B. burgdorferi 5A4-

RpoC-His10X. Protein identities listed on the right side were confirmed by LC-MS. Labels 

on the right side of the gel indicate RNA polymerase subunits detected by Coomassie 

stained gel excision and LC-MS. (B) Western blots on nickel-affinity purified proteins 

using α-Borrelia-RpoB, α-Borrelia-RpoA and α-Borrelia-RpoD antibodies to confirm the 

presence of the target proteins. Numbers indicate the migration of protein molecular weight 

markers. Detection of RpoD required loading μg quantities of purified RNA polymerase 

compared to the ng quantities of RNA polymerase required for detection of the other 

subunits.  
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3.2.3 Initial characterization of the RNA polymerase from B. burgdorferi 

 

To accurately measure the relative amounts of the RNA polymerase subunits purified, the 

concentration of the subunits β, α, and σ was measured by quantitative westernblot. A linear 

detection range was determined for the western blots developed with Borrelia RNA 

polymerase subunit specific polyclonal antibodies α-RpoB, α-RpoA, and α-RpoD by 

loading known quantities of the respective, purified recombinant RpoB, RpoA, and RpoD 

(Figure 22). Chemiluminescence signals resulting from the western blots were analyzed by 

densitometry to determine the linear range. Loading western blots with 100 ng of affinity 

purified RNA polymerase sample was enough to produce chemiluminescence signals 

within the linear range of detection for α-RpoB and α-RpoA, but not α-RpoD. Affinity 

purified RNA polymerase could not be loaded in sufficient amounts to determine σ-factor 

concentration indicating few σ-factors were co-purified through affinity chromatography 

˂68.5 fmol / 100 ng. Quantitative western blots allowed for the determination of the 

limiting subunit in the affinity purified RNA polymerase sample. Canonically, an active 

RNA polymerase core contains minimum of 4 subunits (β′, β, 2α), and a 2:1 ratio of α 

subunit to β subunit is expected. Given a measured concentration of 340 fmol of α subunit 

and 208 fmol of β subunit per 100 ng, an estimate of the molar ratio from the affinity 

purified RNA polymerase was 1.63:1 (α: β). Consequently, we reasoned that the maximum 

concentration of full constituted RNA polymerase in our affinity purified RNA polymerase 

sample was 170 fmols per 100 ng of protein with α as the limiting subunit. The molar 

concentrations of RNA polymerase indicated for all experiments herein are expressed as 

the values determined by quantitative western blot.   
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Figure 24. Determination of the molar ratio of the core subunits β and α. 

Molar ratio quantities were determined by quantitative western blot. Recombinant RpoB, 

RpoA, and RpoD were loaded in amounts indicated above to form a standard curve. 

Purified RNA polymerase samples were loaded with the standard curve for quantification. 

Molar amounts were calculated from theoretical weights of proteins based on amino acid 

sequence. Images are representative of 4 replicate experiments. S represents standard 

deviation of the densitometry measurements.  
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To determine reaction conditions which permit RNA polymerase activity, we 

utilized a dye-incorporation method for detection of RNA polymers which allowed for 

various reaction conditions to be screened [202, 203]. Circular single stranded DNA was 

included in the RNA polymerase reaction as template. RNA polymerase requires a sigma 

factor to initiate transcription from double stranded DNA. Testing of activity from single 

stranded DNA template was advantageous as it removed the requirement for σ-factor 

dependent transcription initiation. A circular single stranded template also allows for 

accumulation of many long RNA transcripts which are easily detectable by intercalating 

dyes such as SYBR-safe. Circular single stranded DNA ranging in size from 45- to 180-bp 

were generated as templates for the RNA polymerase enzymes. RNA polymerase activity 

was tested under various reaction buffer conditions by addition of potassium glutamate, 

MgCl2, ZnCl2, CaCl2, and/or MnCl2 to a base buffer containing a final concentration of 40 

mM HEPES buffer pH 7.5, 0.05% NP40, and 1 mM DTT. Initial in vitro transcription 

reaction mixtures containing 100 nM template, 100 nM RNA polymerase, 200 µM NTP 

were incubated for 5 – 6 hours at 37 °C to allow for the accumulation of RNA polymers 

(Figure 23). Our data indicates reactions containing 12 mM MgCl2 or 2 – 10 mM MnCl2 

had detectable levels of RNA polymer accumulation based on SYBR-safe dye 

incorporation suggesting a metal requirement for RNA polymerase enzymatic activity. 

Further characterization determined RNA products were detectable in minutes when RNA 

polymerase was pre-incubated with 2 – 10 mM MnCl2 prior to addition of the DNA 

template to initiate the reaction. In addition, we observed storage of RNA polymerase 

without glycerol at 4 ºC led to significant reduction of activity obtained with these reaction 

conditions. These experiments established an initial reaction conditions for achieving   
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Figure 25. Screening for the required co-factors for RNA polymerase activity.  

RNA and DNA were separated by gel electrophoresis and detected by incorporation of 

SYBR safe dye. Two representative gels are shown for each reaction condition. Top label 

indicates RNA polymerase from E. coli (Ec) or B. burgdorferi (Bb) species added to the 

reaction. Reaction conditions utilized for multiple reactions are indicated above the gels. 

Divalent metal cation concentration for each reaction is indicated below the gels. Arrows 

indicate migration of circular single stranded template and asterisk (*) indicate dye 

incorporation into RNA polymer products.    
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enzymatic activity from affinity purified RNA polymerase. The subsequent reactions were 

carried out in 60 mM potassium glutamate, 2 mM MgCl2, and 5 mM MnCl2 in addition to 

the base buffer described above. 

 

3.2.4  RNA polymerase activity from double stranded DNA templates 

 

We next generated a double stranded linear template by amplifying the flgB promoter 

(flgBp) from B. burgdorferi gDNA by PCR. The flgBp is likely RpoD-dependent and the 

499 bp PCR product encompasses a region from -248 to +251 surrounding the promoter. 

Levels of RpoD required for RNA polymerase activity initiated from the flgB promoter 

was determined by titration of recombinant RpoD in the reaction (Figure 24). Reaction 

mixtures containing 21 nM RNA polymerase and 10 nM of double stranded linear template 

encoding flgB promoter were supplemented with 500 – 16 nM of recombinant RpoD and 

the accumulation of an RNA product was quantified by the incorporation of ATP [α-32P]. 

The accumulation of RNA products in the reaction increased linearly with increasing molar 

concentrations of RpoD. To maximize the rate of transcription initiation, subsequent in 

vitro transcription reactions were carried out with 500 nM RpoD in the reaction mixture 

(24:1 molar ratio RpoD: RNA polymerase).  

 

3.2.5 RNA polymerase activity is pH- and temperature-dependent 

 

Having established a working reaction condition that permits transcription from a 

DNA template encoding a promoter, we worked to estimate an optimal temperature and  
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Figure 26.  The accumulation of in vitro transcription product from the flgB promoter 

increases with σ factor RpoD concentration. 

RNA was separated by a 10% TBE-urea gel and radiolabeled RNA was detected by 

phosphor screen. The signal from the phosphoscreen was quantified by densitometry. 

Results are representative of two replicate experiments. 
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pH for maximal RNA polymerase activity (Figure 25 A and B). Utilizing a reaction mixture 

containing the affinity purified RNA polymerase, RpoD, and the flgBp template, three pH 

conditions spanning the buffering range of HEPES buffer (pH 6.8 – 8.2) were tested at 30 

°C. The accumulation of the RNA product was detected by the incorporation of ATP [α-

32P]. Accumulation of RNA products increased with each increase in pH increment, 

indicating RNA polymerase had the highest activity at pH 8.2. Additional reactions using 

this pH range and three temperature conditions from 22 °C – 37 °C were performed (Figure 

25 C and D). Accumulation of RNA products also increased over each increased 

temperature increment, indicating the RNA polymerase activity was highest at 37 °C. 

Results indicate RNA polymerase activity responds to temperature and pH, which is 

consistent with previously characterized bacterial RNA polymerases. In addition, we 

observed reactions performed at pH 8.2 do not permit use of pre-mixed reaction buffers, 

likely due to DTT stability. The stability of DTT differ depending on its environment and 

high pH significantly reduces the half-life of DTT [204]. Therefore, subsequent in vitro 

transcription reactions were carried out at pH 7.5 and 37 °C unless indicated otherwise. 

This optimized reaction condition allows for the highest activity from the RNA polymerase 

and insures stability of the reaction buffer.  

 

3.2.6 B. burgdorferi RNA polymerase requires Mn2+ for activity 

 

Initial screening for RNA polymerase activity showed the presence of Mg2+ or Mn2+ 

is required for activity using single stranded DNA templates. To expand on this finding, 

we screened for the metal-dependent activity of RNA polymerase utilizing recombinant   
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Figure 27. pH and temperature dependent activity of RNA polymerase.  

(A) RNA from in vitro transcription reactions at pH 6.8, 7.5, or 8.2, carried out at 30 °C 

were separated on 10% TBE-Urea gel. Radiolabeled RNA was detected by phosphor 

imaging. Positive control reaction was prepared at the start and end of the experiment. (B) 

Signal intensity on the phosphoscreen was determined by densitometry. 4 replicate 

experiments were performed. Asterisks indicate p-value of < 0.01 in a comparison of signal 

intensity between pH values in an ordinary one-way ANOVA. (C) RNA from in vitro 

transcription reaction at pH 6.8 and 22, 30, or 37 °C were separated on 10% TBE-Urea gel. 

(D) Determination of the optimal combination of pH and temperature yielding the highest 

RNA polymerase activity. Signal intensities from phosphor imaging were determined by 

densitometry. Each point represents average of two replicate experiments. Asterisks 

indicate p-value of < 0.01 in a comparison of signal intensity achieved at different 

temperatures in a mixed effects analysis of ANOVA.  
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RpoD, flgBp template, and detection by radiolabel incorporation (Figure 24A). Results 

indicate a lower concentration of Mn2+ is required than Mg2+ for activity. Metal 

contamination in metal salts is common (e.g. MnCl2 contamination of MgCl2 stock), so we 

tested the magnesium (Mg2+)- and Mn2+-dependent activity of the RNA polymerase using 

high purity (>99.9%) metal salts to rule out Mn2+ contamination in our MgCl2 stock as the 

source of the required co-factor for RNA polymerase activity. Reaction buffers containing 

0 – 20 mM MgSO4, 0 – 20 mM MnSO4, or 2 mM MgSO4 with 0 – 20 mM MnSO4 were 

prepared in parallel (Figure 26B - D). The accumulation of RNA products over 5 minutes 

were measured following the addition of DNA templates. Initial reaction mixtures 

containing lower purity (~98%) MgCl2 allowed for RNA polymerase activity in 

concentrations as low as 5 mM, however, reactions in high purity MgSO4 required a 20 

mM concentration for detectable RNA polymerase activity. Conversely, in vitro 

transcription reactions containing high purity MnSO4 required 10-fold less (2 mM) Mn2+ 

for detectable activity and did not require the addition of Mg2+ ions in the reaction mixture. 

Reaction mixtures containing 2 mM MgSO4 along with varying levels of MnSO4 all had 

higher levels of activity compared to reaction mixtures prepared without MgSO4 (Figure 

27). These results indicate Mn2+ is crucial to RNA polymerase activity in B. burgdorferi 

whereas Mg2+ plays a supplementary role. 

 

The B. burgdorferi RNA polymerase β′ subunit was aligned to the characterized 

polymerases of other bacterial species to understand the role of Mn2+. Gram-positive 

species in the genus Bacillus and Clostridium  possess RNA polymerases that are enhanced 

by the presence of Mn2+ [205, 206]. The β′ subunits of these bacteria aligned closer to the   
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Figure 28. Detection of Mg2+ and Mn2+ dependent RNA polymerase activity. 

RNA generated from in vitro transcription containing various concentration of Mg2+ and 

Mn2+ metal ions were separated by gel electrophoresis in a 10% TBE-Urea gel and detected 

by phosphor-screen. (A) A representative gel from an RNA polymerase reaction prepared 

with low purity MgCl2 stock with target Mg2+ concentrations ranging from 0 – 20 mM. 

Representative gels from RNA polymerase reactions prepared in parallel with high purity 

metal salts: reactions containing (B) 0 – 20 mM Mg2+ or (C) Mn2+ and (D) reaction 

containing 2 mM Mg2+ together with 0 – 20 mM Mn2+ are shown. Data are representative 

of three replicate experiments. 
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Figure 29. Evaluation of Mg2+ and Mn2+ dependent RNA polymerase activity. 

Phosphor-screen signals from Figure 26 were quantified by densitometry and plotted over 

varied Mg2+ or Mn2+ concentrations. A paired t test between signal intensity achieved with 

Mn2+ or combinations of Mg2+ and Mn2+ determined a low probability of difference in 

signal intensities to be due to experimental variability alone (p = 0.004) indicating a role 

for Mg2+. 
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β′ subunit in B. burgdorferi (Figure 28). While other Mg2+ dependent RNA polymerases 

aligned more distantly. However, the alignment around the active site, which binds Mg2+, 

revealed no conserved pattern among Mn2+ associating RNA polymerases. This suggests 

these amino acid residues around the active site are not important for the role of Mn2+. We 

hypothesize Mg2+ incorporates in the active site of the B. burgdorferi RNA polymerase 

because the addition of Mg2+ in the reaction mixture provides the highest level of activity 

from the RNA polymerase when in combination with Mn2+. 

 

3.2.7 RpoD-dependent promoter selectivity 

 

To test if the RNA polymerase holoenzyme can discriminate between promoters, 

various transcriptional start sites were targeted for in vitro transcription. Transcription 

initiation sites were chosen from an RNAseq data set which mapped processed and 

unprocessed RNA 5′ ends to accurately predict transcription start sites [181]. Double 

stranded DNA templates were generated by PCR encompassing the transcription start site. 

DNA template size, relative predicted promoter strength based on RNA sequencing, and 

predicted transcript size are found on table 8. In vitro transcription reactions were carried 

out using 18 dsDNA templates. Reaction products were separated by gel electrophoresis to 

detect the relative product size and quantity (Figure 29). Reactions using each of the 

dsDNA templates produced transcription products matching the expected transcript sizes. 

Based on in vitro transcription, the two strongest promoters tested were flgBp and rplUp, 

and among the weakest promoters were plasmid encoded ospCp and bbd18p. Of these 

promoters flgBp was previously identified to be RpoD-dependent and ospCp was identified 

as a RpoS-dependent promoter [183, 207].   
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Figure 30. RNA polymerase domains and metal binding sites of B. burgdorferi RpoC 

and alignment of the amino acids at the catalytic site. 

Genus names Borrelia, and those of bacteria from which the RNA polymerases were 

purified and characterized are shown alongside the amino acid alignment of the catalytic 

site. Aspartates in the positions highlighted in yellow coordinate catalytic metal ions, 

typically Mg2+. 
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Table 8. Oligonucleotide size for each tested template encoding a promoter. 

Template Predicted promoter location 

Relative 

expression 

signal 

Template 

size (bp) 

Predicted 

transcript 

size 

(bp) 

rrlBp chr:438576..438575 (- strand) 23,421.45 526 307 

napAp chr:731171..731170 (+ strand) 8,163.985 486 200 

ospAp lp54:9422..9421 (+ strand) 8,119.39 498 202 

dbpBp lp54:17935..17934 (- strand) 7,871.38 492 204 

gapdhp chr:53495..53494 (- strand) 4,174.81 483 224 

enop chr:345027..345026 (+ strand)  3,164.26 500 194 

groLp chr:688446..688445 (+ strand) 2,851.84 498 199 

bbd18p lp17:11692..11691 (- strand)  2,611.895 491 198 

flgBp chr:303772..303771 (- strand) 2,540.005 499 254 

clpCp chr:886498..886497 (- strand) 1,553.45 543 228 

rplUp chr:818553..818552 (+ strand) 1,262.98 484 239 

uvrBp chr:888243..888242 (+ strand) 1,182.81 504 200 

rpoSp chr:813934..813933 (- strand) 751.705 534 

224 (long) 

112 (short) 

nagAp chr:150912..150911 (+ strand)  658.18 470 182 

glpFp chr:245596..245595 (+ strand) 565.115 511 217 

rpoDp chr:747681..747680 (+ strand) 266.22 484 190 

rpoNp chr:472376..472375 (- strand) 63.745 509 318 

ospCp cp26:16884..16883 (+ strand) 38.135 508 211 
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Figure 31. Test of promoter discrimination by the RNA polymerase holoenzyme. 

The in vitro transcription reactions were initiated with double stranded DNA templates 

encompassing the predicted promoters up stream of the indicated genes. The genes are 

ordered from highest to lowest predicted transcriptional activity from a previously 

published RNAseq data set [181]. The RNA products were separated by gel electrophoresis 

and detected by phosphor-screen. Images are representative of three independent 

experiments.  

  



108 

 

Together, the results indicate the RNA polymerase holoenzyme containing RpoD likely 

discriminates between various promoters.  

 

3.2.8 Transcriptional regulation by DksA and ppGpp in vitro 

 

To better understand the molecular basis of DksA regulation, we evaluated how B. 

burgdorferi DksA structural properties match those of DksA from other organisms. The B. 

burgdorferi DksA is predicted to be an α-helix rich peptide with a carboxy-terminal zinc-

finger motif much like DksA of other organisms (Figure 30A). DksA protein was purified 

to apparent homogeneity by a commercial maltose affinity purification system (Figure 

30B) and the α-helicity of the protein was tested by measurement of circular dichroism 

(Figure 30C). Results show high positive molar ellipticity maximum at 195 and negative 

molar ellipticity maxima at 208 and 222 nm wavelengths indicating that B. burgdorferi 

DksA is an α-helix rich protein. Cysteines coordinating the DksA zinc finger are reportedly 

redox active [94, 95]. The release of zinc from DksA following oxidation of cysteines in 

the presence of reactive oxygen species was tested (Figure 31). Results show 40 µmol of 

metal cation release from 100 µmol DksA when the protein is incubated with 1.25 mM of 

H2O2 for 1.5 hours, demonstrating that release of metal cation in the presence of reactive 

oxygen species is possible. Together, these results indicate purified B. burgdorferi DksA 

is an α-helix rich protein that incorporated a metal cation.  

 

Next, the impact of DksA and ppGpp on RNA polymerase transcription initiation 

was screened using our B. burgdorferi in vitro transcription system. Two strong RpoD-

dependent promoters flgBp and rplUp and five promoters regulated by the stringent   
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Figure 32. Measurement of B. burgdorferi DksA α-helicity. 

 (A) Schematic of DksA predicted structure.  (B) DksA purified to apparent homogeneity. 

DksA purity was assessed by Coomassie stained SDS-PAGE gel. (C) CD spectra of 

recombinant B. burgdorferi DksA measured by phosphate buffer.  
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Figure 33. Measurement of B. burgdorferi DksA zinc-binding. 

Zinc release was measured from 100 uM of DksA mixed with various concentrations of 

H202 by the addition of 4-(2-pyridylazo)resorcinol (PAR). Increase in zinc release with 

higher levels of H202 suggest 4-cysteine zinc finger is capable of coordinating zinc.  
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response clpCp, glpFp, groLp, napAp, and nagAp were chosen to observe if presence of 

DksA or ppGpp change the RNA polymerase activity differently from one promoter to 

another  [80]. Varying levels of ppGpp and DksA were chosen to detect potential titrating 

effects on transcription regulation. Levels of ppGpp at 200 µM and 20 µM can affect in 

vitro transcription in other systems [58, 70], while levels of 500 and 50 nM DksA were 

chosen by a separate titration reaction. In vitro transcription reactions initiated by the 

addition of the double stranded linear template encoding the promoter of interest and RNA 

products were detected by the incorporation of GTP α-32P (Figure 32). No dramatic 

changes in RNA polymerase activity from any of the promoters were detected by the 

addition of ppGpp, suggesting the role of ppGpp in regulation is not assayed by this 

experiment. The addition of 500 nM of DksA (roughly 24 molecules DksA: 1 molecule 

RNA polymerase) led to a reduction of RNA polymerase activity from all promoters. DksA 

appeared to discriminate its effect depending on the promoter. In the absence of DksA, 

higher levels of transcription were observed from the flgBp promoter compared to napAp, 

while in the presence of 500 nM DksA, transcription from flgBp and napAp was similar. 

To test the promoter dependent effect by DksA, differing concentration DksA were added 

to in vitro transcription reactions initiated on flgBp or napAp (Figure 33). Results indicate 

DksA affects both promoters similarly, with increasing levels of DksA leading to lower 

reduced transcription from each promoter. In these promoters the addition of only 250 nM 

DksA (roughly 12 molecules DksA: 1 molecule RNA polymerase) was required for 2 – 4 

times reduction of RNA polymerase activity.  Together, these data support a role for DksA 

as a transcriptional regulator that directly affects RNA polymerase activity from various B.   
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Figure 34. Screening for the effects of ppGpp and DksA on in vitro transcription 

reactions initiated on 7 B. burgdorferi promoters. 

In vitro transcription reactions were prepared containing 500, 50, or 0 nM DksA and 200, 

20, or 0 µM of ppGpp. First, fourth, and sixth lanes contained 200 µM of ppGpp. Second 

and fifth lane contained 20 µM ppGpp. Radio-labeled RNA separated by gel 

electrophoresis on a 10% urea gel are shown.  
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Figure 35. Test of DksA promoter discrimination. 

Relative RNA product amounts after 5-minute in vitro transcription reactions containing 

various concentrations (8 – 1000 nM) of DksA. Two promoters flgBp and napAp which 

appeared to have different levels of response to DksA were tested. Relative RNA 

measurements determined by densitometry (A) of phosphor screen images (B) are shown. 
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burgdorferi promoters, while ppGpp does not appear to have a role in RNAP polymerase 

activity under the conditions tested.  

 

3.3 Role of DksA during B. burgdorferi transmission 

 

3.3.1 Levels of DksA are regulated by pH of the growth medium   

 

B. burgdorferi experience millimolar levels of organic acids and ~pH 6.8 environment 

within I. scapularis. Shifting the in vitro growth environment from pH 7.6 to pH 6.8 and 

higher cell density leads to increased expression of DbpA and OspC in B. burgdorferi [123, 

136, 142]. To evaluate the role of stringent response regulators in the expression of 

transmission-associated lipoproteins such as DbpA and OspC, the peptides expressed by 

B. burgdorferi 297 dksA- and relBbu- mutant strains were analyzed. Whole cell lysates were 

generated from cultures grown in BSK II pH 7.6 media at a density of 5 x 107 spirochetes 

· ml-1 and from cultures shifted into pH 6.8 media and allowed to reach 1 to 2 x 108 

spirochetes · ml-1. Lysates were collected from cultures of wild-type, ΔrelBbu, ΔdksA, and 

a ΔdksA strain complemented with a copy of dksA encoded on a multi-copy plasmid shuttle 

vector (ΔdksA pDksA). The expression of immunogenic proteins was evaluated with 

western blots of B. burgdorferi lysates with sera from mice infected with wild-type B. 

burgdorferi (Figure 34). We observed the wild-type strain changed the level of 

immunogenic protein expression in response to growth in pH 6.8 medium, but neither the 

relBbu- or dksA- mutant strain exhibited the changes observed in the wild-type controls. In 

addition, the dksA-mutant strain complemented with plasmid encoded dksA was observed  
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Figure 36. Western blots of whole cell lysates collected from B. burgdorferi 297 wild-

type (WT), relBbu-deficient mutant (Δrel), dksA-deficient mutant (ΔdksA), and trans-

complemented dksA strain (ΔdksA::pDksA) along with empty vector control 

(ΔdksA::pEmp).  

Peptides expressed in spirochetes during growth in pH 7.6 and pH 6.8 media are shown in 

respective lanes labeled above. (Top) Immunoblot with sera collected from mice infected 

with wild-type B. burgdorferi, with higher signals indicating higher relative seroreactive 

protein expression. Molecular weights are indicated on the left side by the dash lines. 

(Bottom) Presence of FlaB, OspA, OspC, DbpA, and RpoS proteins in the 297 strains were 

detected using respective antibodies. OspC and DbpA are immunogenic proteins required 

for mammalian infection. RpoS is a σ factor controlling OspC and DbpA expression. FlaB 

and OspA are included for loading controls.  
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to exhibit wild-type like levels of immunogenic protein expression. OspC and DbpA 

expression was determined by western blots using α-OspC and α-DbpA antibodies (Figure 

34). Under these growth conditions, the wild-type strain expressed detectable levels of 

DbpA and OspC. In these preliminary blots, both dksA- and relBbu- mutants consistently 

expressed lower observed levels of DbpA and OspC expression. When western blots were 

performed to detect expression levels of RpoS, a known regulator of DbpA and OspC, 

RpoS levels corresponded with levels of OspC (Figure 34) as expected by previously 

reports [197]. Expression of lipoproteins by the ΔdksA pDksA strain did not match exactly 

with the wild-type strain, possibly due to the multi-copy expression of dksA in the ΔdksA 

pDksA strain (Figure 13). These observations indicate stringent response regulators play a 

role in expression of transmission -associated lipoproteins.  

 

Because DksA appears to be required for the expression of transmission-associated 

lipoproteins, RNA was extracted from cultures of wild-type, ΔdksA, and ΔdksA pDksA 

strains to assay for regulation of dksA. B. burgdorferi cultured to a density of 5 x 107 

spirochetes · ml-1 at pH 7.6 and B. burgdorferi cultured in pH 6.8 media to 1 to 2 x 108 

spirochetes · ml-1 density were assayed for the expression levels of dksA and the lipoprotein 

transcripts bba66, dbpA, and ospC by RT-qPCR (Figure 35). Results indicate the 

expression of dksA was reduced in response to growth at pH 6.8, while expression of dbpA, 

ospC, and bba66 all increased. As observed previously, the expression of dbpA, ospC, and 

bba66 were all DksA-dependent and the dksA-mutant strain never expressed these 

lipoproteins at higher levels than wild-type. Additionally, the results show the ΔdksA 

pDksA strain expressed the dksA transcript at higher levels than wild-type and did not fully   
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Figure 37. RNA expression from B. burgdorferi 297 wild-type (WT), ΔdksA, and the 

trans-complemented dksA strain (ΔdksA::pDksA). 

RNA collected from spirochetes at mid-logarithmic growth in pH 7.6 media (Blue) and 

spirochetes at stationary phase growth in pH 6.8 media (Red) are shown. Data are 

representative of 3 replicate experiments. Bars indicate standard deviation. Asterisks 

indicate p-value < 0.05 for multiple t-tests comparisons between pH 7.6 and 6.8 cultures 

where a two-stage linear step-up procedure was used to control for false-discovery.  
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restore DksA-dependent gene regulation to wild-type levels. Together, these results 

suggest levels of dksA expression are important for gene regulation. Because levels of dksA 

expression may impact gene regulation, an isogenic ΔdksA strain harboring a copy of dksA 

re-introduced into the chromosome by homologous recombination (ΔdksA cDksA strain) 

was generated to further test complementation of the ΔdksA strain phenotype (Figure 36). 

The chromosomal complementation strain ΔdksA cDksA strain harbors a single copy of 

dksA compared to the multi-copy plasmid introduced in the ΔdksA pDksA strain.  

 

To better understand the interplay between the regulation of stringent response 

factors and the regulation of transmission-associated lipoproteins, we measured DksA 

protein levels under another condition that strongly regulates the expression of OspC. Since 

OspC is highly expressed when B. burgdorferi is cultured at lower pH or with higher levels 

of organic acids, whole cell lysates were collected for comparison from cultures grown in 

BSK II pH 7.6 or BSK II pH 6.7 + 20 mM acetate. All cultures were collected at mid-

logarithmic phase to eliminate regulation due to growth phase. Cell lysates were collected 

from cultures of wild-type, ΔdksA, and ΔdksA cDksA strains. In addition, a RelBbu-mutant 

strain (∆rel) was included in the analysis to detect potential regulation of DksA by ppGpp. 

Levels of DksA and OspC expression were detected by western blot and quantified by 

densitometry. The levels of DksA and OspC expression were normalized to levels of 

flagellin (FlaB) expression (Figure 37). Results indicate the level of DksA protein is 

reduced by roughly one-half during growth at pH 6.7 + 20 mM acetate. The negative 

regulation of DksA in response to growth pH 6.7 + 20 mM acetate was maintained in the   
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Figure 38. The genomic arrangement of wild-type, dksA and complementation strains 

pDksA and cDksA. 

The pDksA strain over expresses the dksA gene, potentially due to dksA encoded on a multi-

copy plasmid. To limit over expression of dksA, a single copy of the wild-type dksA allele 

was introduced into the genome of the ΔdksA strain.  
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Figure 39. Detection of shifts in DksA protein levels with changes in growth media pH 

and organic acid levels. 

Whole cell lysates were collected from the 297 wild-type (WT), ΔrelBbu(Δrel), ΔdksA, and 

chromosomally complemented ΔdksA (ΔdksA cDksA) B. burgdorferi strains cultured to 5 

x 107 spirochetes · ml-1 in either BSK II-pH 7.6 or BSK II-pH 6.7 with 20 mM acetate. 

Expression of DksA protein levels (A) and OspC protein levels (B) were determined by 

densitometry of chemiluminescence signals and signals were normalized to expression of 

FlaB. The data are representative of 3 replicate experiments. One-way ANOVA with a 

multiple comparisons test adjusted for false discovery rate was performed. Asterisks 

indicate adjusted p-values < 0.05. 
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∆relBbu strain and the levels of DksA were not distinguishably different from the wild-type 

strain (p-value > 0.05). The ∆dksA cDksA strain also expressed DksA at wild-type levels. 

As expected, OspC expression was enhanced by growth in pH 6.7 + 20 mM acetate in the 

wild-type and ∆dksA cDksA strains. The ∆relBbu strain exhibited lower levels of OspC 

expression (p-value < 0.05), while OspC was undetectable in the ∆dksA strain. To assess 

potential growth rate-dependent regulation, the growth rates of dksA- and relBbu- mutant B. 

burgdorferi were assessed in various levels pH and acetate (Figure 38). Results show the 

growth rate of strains were not altered in medium at pH as low as 6.1 with 30 mM acetate, 

indicating growth rate dependent effects were minimal factors in the observed levels of 

OspC [208]. Together, these outcomes show DksA is regulated by the pH of the growth 

environment and the presence of DksA is essential for OspC expression. 

 

3.3.2 Levels of (p)ppGpp are regulated by the pH of the growth environment 

 

(p)ppGpp is required for B. burgdorferi survival in and transmission from I. 

scapularis [144]. Since the regulatory effects of (p)ppGpp and DksA regulation are linked 

in other organisms [29], we determined if ppGpp levels change in response to the pH of 

the growth medium. Additionally, GTP levels typically decrease when (p)ppGpp levels are 

elevated during the activation of the stringent response [39-41]. Wild-type and ∆dksA 

strains were cultured to 1-2 x 107 spirochetes · ml-1 in either BSK II pH 7.6 or BSK II pH 

6.7 with and without 20 mM acetate. GTP and ppGpp levels were quantified from cell 

pellets by high performance liquid chromatography (HPLC). Results indicate both wild-

type and ∆dksA strains had roughly 2-fold lower levels of GTP when cultured at pH 6.7   



122 

 

 

 

Figure 40. Growth rates of B. burgdorferi in acidic environment. 

297 wild-type (WT), ΔrelBbu, ΔdksA, and chromosomally complemented ΔdksA (ΔdksA 

cDksA) B. burgdorferi were cultured in BSK II containing 0 (square), 30 (triangle), and 

100 mM (circle) of acetate. Media pH was not compensated for the addition of acetic acid 

and 0, 30, and 100 mM medium equilibrated to pH 7.6, 6.1, and 4.6 respectively. Growth 

curves are representative of 3 replicate cultures and error bars represent standard deviation.  
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compared to those cultured at pH 7.6 (Figure 39). Both wild-type and ∆dksA strains had 

nearly 10-fold higher levels of ppGpp when cultured at pH 6.7 compared to when wild- 

type spirochetes were cultured at pH 7.6. The ratio of GTP to ppGpp in the cell during 

growth at pH 7.6 was roughly 70:1 while the ratio was near 2:1 during growth at pH 6.7 

indicating a greatly increased molar concentration of ppGpp relative to GTP at pH 6.7. 

Together, results indicate ppGpp levels are regulated by the pH of the environment and 

lower expression levels of DksA coincide with higher levels of ppGpp expression during 

in vitro growth. We previously found that the ∆dksA strain over produces (p)ppGpp relative 

to wild-type spirochetes when cultured at BSK II pH 7.6 (Figure 18) and this observation 

was replicated by this study. Interestingly, results in figure 37 indicate DksA is regulated 

independently of ppGpp, as the relBbu- mutant strain regulated DksA at near wild-type 

levels. Therefore, the regulatory relationship between ppGpp and DksA are not 

symmetrical.  

 

3.3.3 B. burgdorferi expresses dksA within I. scapularis 

 

Because the transcriptional levels of dksA in B. burgdorferi varies depending on in 

vitro growth conditions and levels of DksA expression affect gene regulation, we measured 

the level of dksA transcription during I. scapularis colonization. I. scapularis nymphs were 

artificially infected with wild-type B. burgdorferi and RNA was extracted from 5 cohorts 

of 3 nymphs at 7 days post infection. RT-ddPCR utilizing a DNA primer/probe set specific 

to B. burgdorferi flaB, dksA, and relBbu was performed to quantify RNA expression by B. 

burgdorferi within I. scapularis (Figure 40). The level of dksA and relBbu expression was   
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Figure 41. Shifts in GTP and (p)ppGpp content of B. burgdorferi cells in response to 

culture media pH and organic acid content. 

Wild-type and ∆dksA strains cultured in BSK II pH 7.6 to 2 x 107 spirochetes · ml-1 or in 

BSK II pH with or without 30 mM acetate to 2 – 4 x 107 spirochetes · ml-1. 200 ml of 

culture were collected to measure (A) GTP and (B) (p)ppGpp content of B. burgdorferi by 

HPLC.  Three replicate experiments were performed. Asterisks indicate p < 0.05 following 

a one-way ANOVA with multiple comparisons test on levels of GTP and ppGpp.   
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Figure 42. Evaluation of dksA transcript expression by B. burgdorferi within 

artificially infected I. scapularis nymphs. 

RT-ddPCR was performed on RNA extracted from five cohorts of three ticks one week 

following artificial infection with wild-type B. burgdorferi. Copies of RNA were assayed 

using primer probe sets specific for each B. burgdorferi gene. Asterisk indicates p-value < 

0.05 following a t-test of RNA levels. 
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compared to the flaB gene which is one of the highest expressed genes in B. burgdorferi 

during in vitro culture. The expression level of dksA is high, at roughly 100 copies per 

1,000 flaB. While expression levels of relBbu is 10-fold lower than dksA. Relative 

expression levels of flaB, dksA, and relBbu closely matched those from B. burgdorferi 

strains grown in BSKII medium (Figure 34). 

 

3.3.4 DksA is required for mammalian infection 

 

To better understand the role of DksA in the infectious cycle, we evaluated the requirement 

of DksA for mammalian infection. Naive RML mice were intraperitoneally inoculated with 

5 x 107 B. burgdorferi 297 wild-type, ∆dksA, or ∆dksA cDksA strains. At 23 days post 

inoculation, ear, joint, and bladder tissues from mice were collected and transferred to BSK 

II medium containing an antibiotics mixture to detect Borrelia outgrowth without 

contaminating organisms. Viable spirochetes were isolated from all tissues of mice injected 

with wild-type and ∆dksA cDksA strains, but none of the tissues of mice inoculated with 

the ∆dksA strain showed spirochete growth (Table 9). Additionally, the inhibitory effect of 

antibiotics mixture used for outgrowth were tested and did not inhibit the growth of any of 

the strains tested. Serum collected from mice 23 days post injection was tested against 

wild-type B. burgdorferi cell lysates by western blot to determine seroconversion of mice 

inoculated with various B. burgdorferi strains. Mice infected with the wild-type and ∆dksA 

cDksA strains showed seroconversion, but not mice infected with the ∆dksA strain (Figure 

41). These data indicate the ∆dksA strain is unable to establish an infection in mice or are 

cleared by mice by day 23, suggesting DksA is required for B. burgdorferi mammalian 

infection.  
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Table 9. Evaluation of the potential for DksA-deficient B. burgdorferi to cause infection. 

 

 

 

 

  

Stain Ear Joint Bladder Serology 

Wild-type  4/4(a) 5/5 5/5 5/5 

∆dksA 0/5 0/5 0/5 0/5 

∆dksA cDksA 5/5 5/5 5/5 5/5 

Numbers indicate ratio of positive culture from various tissue sites, ear, 

joint, or heart and positive serology over the number of individual mice 

tested. (a) one culture was lost due to contamination. 

 



129 

 

 

 

Figure 43. Seroconversion to inoculation with B. burgdorferi 297. 

Whole cell lysates from 297 wild-type strain blotted separately against serum collected 23 

days post inoculation with wild-type (A), ∆dksA (B), or ∆dksA cDksA strain (C). Each blot 

was developed and imaged at the same time to control for differences in exposure. 
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3.3.5 DksA is not critical required for long term survival within I. scapularis 

 

To test if DksA is required for sustained B. burgdorferi colonization of I. scapularis, we 

quantified viable spirochetes within larval and nymphal stage I. scapularis post 

colonization at various time points after artificial infection. Since the ∆dksA strain is not 

infectious in mice, ticks could not be colonized by a natural blood meal. Instead, I. 

scapularis were artificially colonized by submersion in BSK II culture containing 5 x 107 

spirochetes · ml-1. The ∆dksA strain exhibits poor adaptation to starvation in culture media 

and we expected ∆dksA spirochetes to be cleared by ticks over time. We first artificially 

infected cohorts of I. scapularis nymphs with B. burgdorferi 297 wild-type, ∆dksA, or 

∆dksA pDksA and then quantified the number of viable spirochetes within individual ticks 

at 0-, 4- and 12-weeks post infection by plating on P-BSK medium (Figure 42). All strains 

were maintained up to 12-weeks post infection at similar levels. We observed variability 

in spirochete loads at each time point and analysis of the results by one-way ANOVA and 

multiple comparisons test indicated differences in mean spirochete loads among the time 

points and strains may be explained by the variability alone (ANOVA p-value = 0.116, 

Tukey’s multiple comparisons of ΔdksA (week 0) vs. ΔdksA (week 12) p-value > 0.999 ). 

Next, larval stage I. scapularis were artificially infected with wild-type, ∆dksA, or ∆dksA 

cDksA and allowed to feed on mice. Spirochetes were quantified by plating on P-BSK 

media at 3 – 5 days following the larval bloodmeal and then following the molt of the 

larvae to nymphs roughly 6 weeks after the bloodmeal (Figure 43). While the I. scapulairs 

colonized with ∆dksA or ∆dksA cDksA strains trended to lower levels compared to wild-

type controls, statistical analysis by one-way ANOVA and multiple comparisons test   
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Figure 44. Evaluation of DksA requirement for survival in unfed I. scapularis 

nymphs. 

B. burgdorferi 297 wild-type (WT), dksA-deficient mutant (ΔdksA), and trans-

complemented dksA strain (ΔdksA::pDksA) were cultured to late-log phase and spirochete 

density was adjusted to 5 x 107 spirochetes · ml-1 for artificial infection of I. scapularis 

nymphs. Following artificial infection nymphs were crushed and plated on P-BSK medium 

to detect number of viable spirochetes. No statistically significant changes in spirochete 

load were deteremined by ordinary one-way ANOVA and multiple comparisons test. 
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Figure 45. Evaluation of the requirement for DksA for transstadial colonization of I. 

scapularis. 

I. scapularis artificially infected with either B. burgdorferi 297 wild-type (WT), dksA-

deficient mutant (ΔdksA), or chromosomally complemented dksA strain (ΔdksA::cDksA) 

were crushed and plated on P-BSK medium to detect the number of viable spirochetes. 

CFUs from crushed larvae 2 – 5 days post feeding and crushed nymphs 1 – 2 weeks post 

following the molting are shown. No statistically significant changes in spirochete numbers 

were found by ordinary one-way ANOVA and multiple comparisons test. 
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indicated differences in means could not be distinguished with statistical confidence 

(ANOVA p-value = 0.270, Tukey’s multiple comparisons test of ΔdksA (fed larvae) vs. 

ΔdksA (nymphs) p-value > 0.999). Moreover, the number of ∆dksA or ∆dksA cDksA 

spirochetes within I. scapularis did not diminish significantly overtime.  Together, these 

data suggest DksA is not required for B. burgdorferi to colonize I. scapularis by artificial 

infection. 

The I. scapularis artificially infected with B. burgdorferi were allowed to feed on 

RML mice to determine the role of DksA in transmission. A total of three mice were fed 

upon by cohorts of 10 I. scapularis nymphs infected with either the wild-type, ΔdksA, and 

ΔdksA cDksA strains matching those I. scapularis sacrificed for quantification of B. 

burgdorferi in figure 43. Three weeks after the I. scapularis bloodmeal, mice were 

euthanized and ear, joint and bladder tissues were collected and placed into BSK II media 

containing Borrelia antibiotics. Outgrowth was detected in the tissues collected from mice 

fed upon by nymphs infected with the wild-type and ΔdksA cDksA strains, but not the 

ΔdksA strain. The number of B. burgdorferi present in I. scapularis infected with ΔdksA 

and ΔdksA cDksA strains were lower than those I. scapularis infected with the wild-type 

strain, confounding our analysis. However, these data suggest either ΔdksA is required for 

transmission from I. scapularis to the host or that dksA-mutant strains are cleared from the 

host prior to detection.  
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Table 10. DksA is required for transmission of B. burgdorferi from I. scapularis 

 

 

 

 

 

  

Stain Ear Joint Bladder 

Wild-type  3/3 3/3 3/3 

∆dksA 0/3 0/3 0/3 

∆dksA cDksA 1/3 1/3 1/3 
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Chapter 4 

 Discussion and Conclusions 

4.1 The role of DksA-dependent transcription for response to starvation 

 

The stringent response, mediated through (p)ppGpp, is required for B. burgdorferi 

to adapt to the changes between the host and vector environments marking a shift in 

nutrient sources [144]. Therefore, we set out to characterize the role of DksA as a 

transcriptional regulator of the B. burgdorferi stringent response by simulating transition 

from a nutrient-rich to a nutrient-limited environment. Our microarray results showed that 

transcript levels of 500 genes changed in response to nutrient limitation (Table A3). Levels 

of replication, ribosomal, and flagellar gene transcripts decreased while levels of amino-

acyl-tRNA synthetases, oligopeptide transporters, glycolysis gene transcripts increased. 

These observations indicate the B. burgdorferi stringent response functions to balance 

amino acid availability with translational throughput by increasing oligopeptide transport 

and amino-acyl-tRNA synthesis.  

 

The majority of transcriptional changes in response to starvation were DksA-

dependent, with the expression of only 47 genes being DksA-independent under the 

nutrient-limiting condition (Table A4). During mid-logarithmic growth, we found 

transcript levels of genes encoding ribosomal proteins (rpmA, rplB, rplV, rpsS, and rpsC) 

and stress response genes (dnaK, dnaJ, and uvrB) to be elevated in the ΔdksA mutant, 

indicating ribosomal genes were expressed at a high level prior to starvation. Additionally, 

our microarray analyses suggest a partial overlap between the DksA and the (p)ppGpp 
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regulons of B. burgdorferi. The ∆relBbu and ∆dksA mutants both express lower levels of 

oligopeptide transporter genes oppA1 and oppA2 and glycerol utilization genes glpF and 

glpK, while (p)ppGpp may independently regulate the glycerol utilization gene glpD [144, 

145] (Table A2). The expression of the genes ospA and lp6.6, encoding tick-associated 

outer membrane proteins, and napA/dps/bicA, an antioxidant defense gene, were reduced 

in ∆dksA mutants, suggesting the regulation of these genes requires the cooperation of 

DksA and (p)ppGpp. In addition, the ∆dksA and ∆relBbu mutants both display poor 

adaptation to starvation since CFUs during prolonged starvation in RPMI were reduced. In 

E. coli, DksA-dependent and (p)ppGpp-dependent regulation overlap to coordinate the 

starvation-induced stringent response  [56, 81, 87, 93, 192-194]. The overlapping 

requirement of DksA and (p)ppGpp for transcriptional regulation is consistent with the 

hypothesis that DksA plays a role in (p)ppGpp-dependent regulation. The coordinated 

activity of both DksA and (p)ppGpp are likely required for a proper response to starvation 

in B. burgdorferi. Wild-type spirochetes reduce transcription of replication, flagellar, and 

ribosomal genes in response to starvation in RPMI medium and, at the same time, 

upregulate genes required for protein synthesis and glycolysis. An explanation for the poor 

adaptation to starvation by both ∆dksA and ∆relBbu mutants is the inability of the mutant 

strains to reduce transcription of growth- and motility-related genes to remain viable.  

 

The two regulators DksA and (p)ppGpp have a close regulatory relationship in B. 

burgdorferi. Two recent transcriptional studies of B. burgdorferi have demonstrated that 

∆relBbu mutants overexpress dksA, suggesting that production of (p)ppGpp represses dksA 

[144, 145]. While the role of dksA upregulation in ∆relBbu spirochetes is unclear, our data 
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demonstrate DksA plays a major role in transcriptional control of gene expression in B. 

burgdorferi. The transcriptomic data indicated the ∆dksA mutant exhibited increased 

expression of select genes during mid-logarithmic growth and was unable to remodel the 

transcriptome during starvation. While the mechanism by which DksA imposes selectivity 

on gene transcription in B. burgdorferi remains to be explored, we found that DksA affects 

(p)ppGpp levels (Figure 18). Levels of (p)ppGpp in the ∆dksA mutant were higher than 

levels in wild-type cells during nutrient limitation. Moreover, ∆dksA spirochetes produced 

these levels of (p)ppGpp prior to incubation in RPMI medium, suggesting altered RelBbu 

activity in the absence of DksA. We propose the stringent response in B. burgdorferi 

requires both DksA and (p)ppGpp (Figure 44). 

 

The stringent response controls virulence gene expression in many pathogens. The 

transcriptional study presented here found the regulation of 41 plasmid-borne lipoprotein 

genes to be DksA-dependent (Table A1 and A2). The transcript levels of plasmid-encoded 

lipoprotein genes bba66, dbpA, and ospC were independently confirmed to be DksA-

dependent in both the 297 and A3 backgrounds (Figure 13 and 17), suggesting a pivotal 

role of DksA in expression of these genes. Moreover, the effects of a dksA deletion are 

likely not polar as complementation of the ΔdksA strain with a plasmid encoding a FLAG 

epitope-tagged DksA led to rescue of the ΔdksA phenotype. B. burgdorferi possesses over 

20 linear or circular plasmids [209, 210]. A disproportionate number of outer membrane 

lipoproteins are encoded on these plasmids and some have been shown to be required for 

B. burgdorferi virulence  
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Figure 46. Working model of the B. burgdorferi stringent response. 

Both DksA and (p)ppGpp must interact with the RNA polymerase to exert transcriptional 

regulation during starvation conditions in vitro. In the absence of DksA, (p)ppGpp-

dependent gene regulation appears largely lost, despite the apparent overproduction of 

(p)ppGpp in DksA-deficient B. burgdorferi. 
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mechanisms such as evasion of immune complement and antigenic variation [106, 107, 

110]. Regulation of these gene products can be complex as exemplified by the expression 

of ospC on the plasmid cp26, which is controlled by many factors including plasmid 

supercoiling, oxygen levels, pH, and several transcriptional regulators [4, 38, 117, 211]. 

This transcriptional study provides additional evidence that the stringent response plays a 

crucial role in regulating the expression of outer membrane lipoproteins.  

 

The overall contribution of DksA to the transcriptional response of B. burgdorferi 

under nutrient-limited conditions may not be fully understood using the custom Affymetrix 

microarray platform used in this study, as both intergenic and antisense non-coding RNAs 

(ncRNAs) are not accounted for [146]. Future transcriptomic studies using RNAseq, which 

facilitate the identification and quantitation of ncRNAs, along with mRNAs, will expand 

the efforts presented in this current study to understand the global regulatory role of DksA 

in B. burgdorferi. 

 

4.2 Potential role of transcription factors other than DksA in the phenotype of the 

dksA mutant strain 

 

The DksA-dependent stringent response regulon potentially intersects with other 

regulatory mechanisms. (p)ppGpp is known to act independent of transcription by 

interacting with GTPases and riboswitches [44, 52].  Since (p)ppGpp is over-produced in 

the ∆dksA mutant, we cannot differentiate the effects of (p)ppGpp from DksA-dependent 

regulation of transcription. Additionally, ATP and GTP homeostasis is likely altered by 



140 

 

consumption of these nucleoside triphosphates when (p)ppGpp is produced at high levels 

in the ∆dksA mutant. The genes encoding xanthine/guanine permease, ribose/galactose 

ABC transporter, and adenine deaminases were also upregulated in the ∆dksA mutant 

(Table A1), potentially altering the flux of ATP or GTP pools. The regulation of cyclic  

diguanylate synthesis may also be altered in the ∆dksA mutant.  The genes encoding 

transmission-associated lipoproteins cspZ, ospD, mlpD, and ospE had higher expression in 

the ∆dksA mutant; the expression of these genes is known to be controlled by cyclic 

diguanylate produced by the response regulator Rrp1 [212, 213]. The RNA-binding protein 

CsrA is a post-transcriptional regulator of motility genes [214, 215]. Downregulation of 

expression of motility-associated genes such as flaB during starvation may occur through 

CsrA. Furthermore, transcription of the infectivity-associated lipoproteins ospC and dbpA 

were decreased in the ∆dksA mutant. The ospC and dbpA genes are regulated through a 

complex regulatory cascade involving RpoN and RpoS [38, 137, 138, 197]. As production 

of (p)ppGpp alters phosphate homeostasis in other bacteria [49, 216], a potential point of 

regulatory interplay is the response regulator Rrp2, which can regulate the RpoN-RpoS 

cascade [38, 138]. The mechanisms regulating Rrp2 phosphorylation are currently 

unknown, but the alteration of levels of phosphorylation in metabolic intermediates or in 

adenosine nucleotides may impact Rrp2 phosphorylation [140]. Regulators sensitive to 

phosphate and nucleotide homeostasis in B. burgdorferi may contribute to the phenotype 

exhibited by the ∆dksA mutant. 

 

 

 



141 

 

4.3 Characterization of the B. burgdorferi RNA polymerase 

 

DksA and (p)ppGpp can interact with the RNA polymerase to exert its 

transcriptional regulation activity in gram-negative bacteria. Our transcriptional study 

suggested that DksA and (p)ppGpp co-regulate transcription in B. burgdorferi. To develop 

a method of testing the transcriptional regulatory activity of DksA and ppGpp, the RNA 

polymerase from B. burgdorferi was extracted and assayed.  

  

The core enzyme of B. burgdorferi RNA polymerase, the first RNA polymerase to 

be characterized in the phylum Spirochaetes, consist of the β′, β, and α subunit homologs. 

Major components in the nickel affinity purified RNA polymerase mixture were identified 

as the subunits β′, β, and α by immunoblotting and LC-MS. No other subunits were 

required for RNA polymerase transcriptional activity using single strand DNA templates. 

Quantitative western blotting determined that the α subunit was the most abundant subunit 

in the mixture but constituted less than 2-fold the number of β′ or β, suggesting B. 

burgdorferi RNA polymerase enzyme consists of the typical β′β2α arrangement with only 

a portion of the polymerases carrying a full complement of subunits (Figure 22). We 

suspect some of the α subunits are capable of dissociating either in the cell or during the 

purification process to produce non-productive RNA polymerases in the mixture, limiting 

maximal enzymatic activity. Similarly, a significantly smaller quantity of σ-factor was co-

purified with the RNA polymerase, requiring supplementation with additional σ factor 

subunits for measurable RNA polymerase activity from dsDNA templates. Other co-

purified products were present in low abundance and included proteases and transcription 
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factors (Table A5). This study did not rule out a role for these factors which may interact 

with subunits of the RNA polymerase and alter its activity.  

 

A unique feature of B. burgdorferi physiology is its accumulation of Mn2+ in the 

intracellular environment along with B. burgdorferi lack of intracellular iron [104, 105]. 

Mn2+ levels in B. burgdorferi are maintained by a transporter system [217, 218] and 

spirochetes actively accumulate Mn2+ in the cytosol. Levels of intracellular Mn2+ in B. 

burgdorferi can change depending on the Mn2+ concentration in the culture media [217, 

219]. Additionally, Mn2+ levels were shown to affect the transcription of virulence genes 

and are hypothesized to be an environmental cue required for B. burgdorferi transmission. 

In this study, we determined the RNA polymerase of B. burgdorferi is likely Mn2+-

dependent suggesting optimal intracellular levels of Mn2+ are required for transcription. 

 

Varying levels of metal co-factors were assayed to determine the requirement for 

these co-factors for the B. burgdorferi RNA polymerase activity. Without the ruse of high 

purity metals salts, B. burgdorferi RNA polymerase had maximal activity with 5 mM 

MnCl2 or with 10 mM MgCl2. These maximal activities are nearly identical to those 

reported for some of the RNA polymerases purified from the Firmicutes phyla, including 

Clostridium acetobutylicum, Bacillus subtilis, and Lactobacillus curvatus [206, 220, 221]. 

In addition, the amino acid sequence of the β′ subunit of B. burgdorferi matches most 

closely with those species from the Firmicutes phyla, suggesting a potential similarity 

between these polymerases. Mn2+ is a common contaminant in MgCl2 stocks and utilizing 

ultrapure Mg2+ revealed a requirement for Mn2+ in the B. burgdorferi RNA polymerases.  
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A role of Mn2+ in the B. burgdorferi RNA polymerase should be carefully 

considered due to its numerous potential roles in physiology. Mn2+ was required for 

transcription elongation from both ssDNA and dsDNA in vitro. These observations suggest 

the B. burgdorferi RNA polymerase does not require Mn2+ for associating with dsDNA or 

with a σ factor, because these steps are necessarily by-passed during initiation from 

ssDNA. However, B. burgdorferi appears to utilize a combination of both Mg2+and Mn2+ 

for optimal activity using dsDNA templates. Therefore, it is unclear if RNA polymerase 

binds Mg2+, Mn2+, or both within the catalytic site of the RNA polymerase. Some 

previously characterized polymerases utilize Mn2+ in regulatory roles, such as transcription 

stalling, while others seemingly require Mn2+ to for transcriptional activity [89, 206, 220-

223] [224]. The possibility that Mn2+ plays a regulatory role was not ruled out in this study.  

 

Currently, several transcription factors are proposed to respond to environmental 

cues and to regulate transcription initiation in B. burgdorferi. These transcription factors 

include Rrp2, the ferric uptake regulator (Fur), homologue (BosR), the Borrelia host 

adaptation regulator (BadR), and DksA [38, 139, 164, 225-229]. Our newly developed In 

vitro transcription assays can confirm the functional activity of these factors as activators 

or repressors of transcription from cognate promoters. In this study, an intact RNA 

polymerase was purified from B. burgdorferi by affinity chromatography and an in vitro 

transcription was developed through optimization of reaction buffer, pH, temperature, and 

metal concentration. This in vitro transcription system was capable of confirming 
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previously annotated transcription start sites by RpoD-dependent transcription, allowing 

for assays to test regulation of transcription initiation.   

 

4.4 Likely role of ppGpp and DksA in B. burgdorferi transcription 

 

 We found B. burgdorferi DksA acts as a genuine transcription factor in vitro. B. 

burgdorferi DksA possesses an alpha-helix rich structure with a zinc-finger which holds a 

divalent metal cation [93, 95]. The activity of DksA on transcription initiation was assayed 

by titrating amounts of DksA using our in vitro transcription assay targeting seven separate 

promoters. A dose-dependent effect of DksA on transcription was observed and the level 

of transcriptional regulation varied exponentially with the amount of DksA in the reaction 

[87, 93, 94]. DksA appears to regulate the activity of the RNA polymerase at RpoD targeted 

promoters, exerting its strongest effect on highly expressed promoters such as flgBp and 

rplUp. Roughly 250 to 500 nM of DksA was enough to obtain an observable change in 

RNA polymerase activity using in vitro transcription assays (Figure 33). The relative 

quantities of DksA required to observe changes in RNA polymerase activity were similar 

to those observed in other systems such as E. coli and Salmonella enterica, where 2 to 5 

µM of DksA were added to the reaction mixture to observe regulation. The findings of the 

transcriptomic study of B. burgdorferi dksA-mutant strain which indicated DksA is likely 

involved in constraining transcription are consistent with the observation that DksA down 

regulates RpoD-dependent promoters.  
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Screening for an overlapping regulatory role of ppGpp and DksA during in vitro 

transcription revealed DksA regulation is not dependent on ppGpp in our assay. While the 

regulation of DksA on transcription was clear at 250 nM, we failed to detect a role for 

ppGpp in regulating B. burgdorferi RNA polymerase activity at concentrations as high as 

200 uM. While ppGpp did not modulate RNA polymerase activity in this assay, numerous 

aspects of (p)ppGpp regulation were not tested. The role of the guanosine pentaphosphate 

(pppGpp) was not tested because very little pppGpp was detected in B. burgdorferi cells 

by HPLC (Figure 39). The difference in pppGpp and ppGpp binding to RNA polymerase 

remains to be tested. The conditional activity of ppGpp by interaction with another factor 

such as the omega subunit of the RNA polymerase or by regulating the activity of 

alternative σ factors was also not tested [230, 231], however, these possibilities will be 

subject to future studies on the regulation of the B. burgdorferi RNA polymerase. Bacteria 

of the genus Clostridium and Bacillus are more closely related to Borrelia than genus of 

model bacteria like Escherichia and Salmonella. The role of ppGpp in regulating the RNA 

polymerase of Clostridium and Bacillus is unclear [232, 233]. Determining the role of 

ppGpp in the B. burgdorferi RNA polymerase could be broadly applicable to other bacteria 

phyla. 

 

A plausible hypothesis for the role of DksA in B. burgdorferi is that the omega 

subunit of the RNA polymerase is required for ppGpp to regulate the polymerase activity. 

In E. coli, the both the omega subunit and DksA plays a role in the stringent response 

through interaction of ppGpp [231, 234]. Crystal structure of the RNA polymerase and 

ppGpp complex has determined two binding locations for ppGpp, to include the interface 
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between RNA polymerase and omega subunit [87]. The gene encoding the omega subunit 

rpoZ exists in an operon with spoT, which encodes the ppGpp hydrolase [230, 235]. An in 

vitro transcription reaction using the E. coli RNA polymerase saturated with the omega 

subunit is more sensitive to ppGpp [230].  Omega subunit co-purifies with the E. coli RNA 

polymerase and a recent study has determined ppGpp requires the presence of omega 

subunit for its interaction with the RNA polymerase in the absence of DksA [231]. In our 

purification of the Borrelia RNA polymerase, omega subunit was not co-purified. While 

the DksA-dependent interaction of RNA polymerase and ppGpp may not be preserved, 

further investigation is required to determine the potential omega sigma factor-dependent 

interaction in B. burgdorferi.  

 

 

 

4.5 Levels of DksA and ppGpp respond to conditions mimicking the tick 

environment 

 

Environmental pH and organic acid content differ within mammalian blood (pH 

7.4) and the I. scapularis mid-gut (pH 6.7 and 4-fold higher acetate levels) [123]. We 

investigated the levels of DksA and ppGpp in response to changes in the pH and organic 

acid content of BSKII growth media to determine whether these regulators are controlled 

under a tick midgut-like growth environment. In response to growth at pH 6.7 + 20 mM 

acetate the wild-type strain decreased the levels of DksA and increased the levels of ppGpp. 

The elevation of ppGpp level was robust, reaching a molar ratio of 2 GTP to 1 ppGpp, and 
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likely exceeding other attempts to stimulate the production of ppGpp in B. burgdorferi by 

nutrient limitation. Additionally, the DksA-deficient strain exhibit constitutively high 

levels of ppGpp regardless of the pH of the growth medium, suggesting ppGpp expression 

is DksA-dependent. Growth in a lower pH environment, pH 6.1 with 30 mM acetate, did 

not alter the growth rate of dksA mutant strains and the growth rate did not appear to be a 

factor in controlling DksA or ppGpp dependent phenotypes under these conditions. 

Together, these observations are consistent with the hypothesis that the presence of DksA 

plays a role in ppGpp-dependent regulation by regulating the level of ppGpp. 

 

Levels of DksA are regulated in the cell through an unknown mechanism in B. 

burgdorferi. Both transcript levels and protein levels of DksA vary dependent upon the pH 

of the growth medium. Because ppGpp levels regulate dksA transcription in E. coli, we 

suspected a similar regulatory scheme in B. burgdorferi. However, the lack of ppGpp in 

the relBbu mutant strain did not lead to increased expression of DksA or elimination of its 

regulation under low pH (Figure 37). The possibility that ppGpp levels direct the control 

of DksA levels was not supported by our data. Because ppGpp regulation requires changes 

in DksA levels and changes of DksA levels occurs independent of ppGpp, regulation of 

DksA in response to pH appears to occur upstream of ppGpp. 

 

The stringent response is canonically a response to limitation in amino acid sources 

for maintaining peptide synthesis. B. burgdorferi produces (p)ppGpp in response to 

nutrient limitation [144, 145, 236]. In support of the canonical model, we found that relBbu-

dependent transcription is activated in response to serine hydroxamate, which blocks 
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serine-acyl-tRNA synthesis (Figure 19). The presence of DksA is also required to 

upregulate oligopeptide transporters and amino-acyl-tRNA synthetases during in vitro 

growth. An inducible DksA expression system should be devised in the future to test the 

possibility that low DksA levels artificially constrict amino-acyl-tRNA pools. It is possible 

that a reduction in DksA leads to reduction of aminoacyl-tRNAs, leading to the sustained 

production of ppGpp.  

   

4.6 Role of DksA in the lifecycle of B. burgdorferi 

 

The lipoproteins associated with mammalian infection like OspC and DbpA must 

be expressed by B. burgdorferi to establish murine infection [106, 199, 237].  

Transcriptomic characterization of DksA-dependent genes (Figure 13) showed that DksA 

is required for the expression of ospC and dbpA during mid-logarithmic growth. The 

cellular levels of DksA appear to affect regulation of ospC and dbpA (Figure 35) and the 

dksA-mutant strain does not express ospC even under inducing conditions like pH 6.8 + 20 

mM acetate (Figure 37). The regulation through (p)ppGpp controls OspC and DbpA 

weakly and (p)ppGpp is not required for mammalian infection [144, 145]. In our hands, 

the RelBbu mutant does not express OspC when cultured in pH 6.8 (Figure 34), but express 

OspC when cultured in pH 6.8 + 20 mM acetate (Figure 37). This represents an important 

point which regulatory roles of (p)ppGpp and DksA do not overlap. The dksA-mutant strain 

was unable to establish infection in mice by needle inoculation or by feeding of infected I. 

scapularis nymphs. The results indicate DksA is essential for controlling the expression of 

genes required for transmission and host infection in B. burgdorferi, while (p)ppGpp is 
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essential for survival in and transmission by I. scapularis. A regulatory cascade involving 

two RNA polymerase σ factors RpoN and RpoS controls the expression of lipoproteins 

required for transmission and survival in the host [137, 238]. In model bacteria, down 

regulation of RpoD-dependent transcription by DksA plays an important role in reserving 

transcriptional activity for genes controlled by alternative σ factors and transcription 

factors. DksA may control a part of the regulatory cascade by controlling RpoD-dependent 

transcription and allowing for the ultimate expression of OspC during growth in media 

supplemented with acetate (Figure 34).  

 

 The midgut of I. scapularis is thought to become a challenging nutrient limited 

environment following bloodmeal digestion [97, 117, 122, 144, 145]. We suspected the 

dksA mutant strain would survive poorly within I. scapularis because both DksA and 

(p)ppGpp are required for transcriptional response and optimal survival during in vitro 

starvation in RPMI. Results from our in vitro studies led us to hypothesize that the dksA 

mutant strain would not survive in I. scapularis. To determine if role of DksA overlaps 

with (p)ppGpp in the I. scapularis midgut, the survival of the dksA-mutant strain in I. 

scapularis was assayed. We determined dksA-mutant B. burgdorferi strains are retained 

within artificially infected I. scapularis larvae and nymphs through bloodmeal acquisition 

and molts. While all B. burgdorferi strains assayed for survival were retained in the I. 

scapularis midgut, high variability of initial I. scapularis colonization levels among strains 

and within individual I. scapularis prevented potential inferences to be made about trends 

in spirochete numbers over time. A more statistical powerful assay is required to determine 

if wild-type spirochete loads within I. scapularis increase during tick feeding and molts 
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while the dksA-mutant spirochete loads fail to increase. These observations show the dksA-

mutant strain is not quickly eliminated from the I. scapularis midgut. 

 

While RPMI medium was used to model a nutrient limited environment, RPMI 

medium may not correctly mimic the type of nutrient limitation within the I. scapularis 

midgut. Key differences exist between these RPMI and I. scapularis midgut environments. 

The tick midgut mileau is a high osmolarity environment at 650 mOsm while the RPMI 

medium is only 300 mOsm [122]. RPMI presents B. burgdorferi with a total elimination 

of fatty acids and alternative carbohydrate sources compared to the tick midgut, while 

RPMI also likely provides more ample source for amino acids in 20 µM  –  1 mM range. 

The tick midgut contains short chain fatty acids and alternate carbohydrate source that 

RPMI do not provide [123, 127]. The shift of spirochetes into severe growth limitation in 

RPMI also does not mimic the gradual changes in the tick midgut environment which occur 

over days and weeks. Therefore, the starvation during in vitro culture in RPMI may test 

the ability of B. burgdorferi to extreme changes more than its adaptation to the I. scapularis 

midgut environment.  

 

Multiple lines of evidence now support the hypothesis that DksA plays a role in 

(p)ppGpp-dependent phenotypes. Determining the role of DksA in the transcriptional 

response of B. burgdorferi to starvation showed that DksA- and (p)ppGpp-dependent 

transcriptional phenotypes overlap. Assaying for the role of DksA- in (p)ppGpp-dependent 

phenotypes showed both DksA and (p)ppGpp are required for the response of B. 

burgdorferi to starvation. The measurement of DksA and (p)ppGpp levels determined that 
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DksA likely contributes to (p)ppGpp regulation in the cell as dksA-mutant strain 

overexpresses ppGpp and dksA down regulation leads to an increase in ppGpp levels. 

While DksA likely plays a role in regulating the levels of (p)ppGpp expression, the role of 

DksA in the lifecycle of B. burgdorferi is more nuanced and does not overlap with the role 

of (p)ppGpp. The dksA-mutant strain which overexpresses (p)ppGpp can survive in the I. 

scapularis midgut through the bloodmeal and molt minimal role for DksA within I. 

scapularis. Instead, DksA is required for the expression of OspC and other immunogenic 

proteins and the role of DksA appears to rest on driving B. burgdorferi transmission and 

infection of mammalian hosts (Figure 45). Therefore, the role of DksA and (p)ppGpp in 

the lifecycle of B. burgdorferi do fully not overlap. 

 

4.7 Findings relevant to the future of Lyme disease research 

 

The findings in this project have enhanced our understanding about the stringent 

response in B. burgdorferi and inform future Lyme disease diagnosis and treatment 

research. Our transcriptional study has identified B. burgdorferi is capable of mounting a 

robust transcriptional response its environment through the stringent response (Figure 10 

and 11). We have identified the stringent response regulator DksA as a global  
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Figure 47. Role of DksA in the B. burgdorferi lifecycle 

B. burgdorferi entering I. scapularis from the murine host encounter the dynamic 

environment of the tick midgut. The I. scapularis midgut is slightly acidic (pH 6.8) and the 

acidifying potential of the environment is enhanced by concentration of organic acids 

during the 4- to 6-day long bloodmeal. Organic acid and nutrient levels are reduced in the 

weeks following the bloodmeal as I. scapularis absorb or remove materials away from the 

midgut. Then, in the 4 to 6 weeks following the bloodmeal, I. scapularis molts to its next 

life stage, preparing for the next bloodmeal which allows for transmission of B. burgdorferi 

to new hosts. In the tick midgut environment, B. burgdorferi requires (p)ppGpp-dependent 

regulation to survive on changing nutrient sources following the bloodmeal and the molt, 

and then subsequently for transmission in the second bloodmeal. In this study, DksA was 

shown to be regulated by environmental pH and DksA may control (p)ppGpp levels. 

Additionally, DksA is required for the expression of infection-associated lipoproteins like 

OspC and DksA is required for murine infection. 



153 

 

transcriptional regulator and the coordination of transcription through DksA is vital for B. 

burgdorferi to sustain infection within the mammalian host (Table 9). Therefore, DksA 

and its interaction with the RNA polymerase is a potential point of intervention through 

the use of antibiotics [36]. This project has developed the B. burgdorferi strains and 

identified the regulons of the stringent response which will be important tools in 

understanding the intersection B. burgdorferi stringent response with antibiotic used to 

treat Lyme disease. The role of the stringent response in B. burgdorferi response to the 

commonly used tetracycline class antibiotics is unknown. However, this study has provided 

additional evidence that B. burgdorferi stringent response is regulated through the 

ribosome (Figure 19). Since tetracycline class antibiotics target the ribosome, the interplay 

between B. burgdorferi stringent response and the antibiotic is likely. This project has also 

generated the tools required to test the interaction of the RNA polymerase with DksA or 

other transcription factors, and with any potential antibiotics which target transcription 

(Figure 32). This increases our capacity to screen for Borrelia specific inhibitors of 

transcription, either for research or therapeutic purposes. Collectively, tools developed in 

this project has laid a foundation for future translational research for treatment of Lyme 

disease.  
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Table A1. Genes expressed higher by DksA-deficient B. burgdorferi during logarithmic growth.  

ID Symbol Description 

Relative 

expression 

ΔdksA / 

WT 

FDR 

adjusted 

P-value Category 

ΔrelBbu / WT 

comparison 

at 

logarithmic 

phase 

(Bugrysheva, 

et al.)  

ΔrelBbu/ 

WT 

comparison 

at 

stationary 

phase 

(Drecktrah, 

et al.) 

BB_L01   phage portal protein 3.12 3.60E-05 Bacteriophage     

BB_L24 blyB BlyB family holin  2.24 0.004014 Bacteriophage     

BB_H13   RepU 7.32 0.000448 Cell Division     

BB_J18   PF-32 Protein 6.98 6.20E-05 Cell Division     

BB_0301 ftsQ cell division protein B 4.37 0 Cell Division     

BB_H28   PF-32 Protein 3.72 0.003031 Cell Division     

BB_0431 

CobQ/CobB/MinD/ParA nucleotide 

binding domain-containing protein 2.75 0.00073 Cell Division     

BB_G08 Spo0J stage 0 sprulation protein 2.73 2.70E-05 Cell Division     

BB_0302 ftsW cell division protein FtsW 2.7 0.015589 Cell Division 7.78   

BB_0304 murF 

UDP-N-acetylmuramoylalanyl-D-

glutamyl-2,6-diaminopimelate--D-

alanyl-D-alanine ligase 2.51 0.024059 Cell Division 5.58   

BB_B12   PF-32 Protein 2.07 0.013412 Cell Division 8.40 7.30 

BB_0017 integral membrane protein 2.45 0.046663 Cell Envelope     

BB_H37   lipoprotein 8.75 4.90E-05 Cell Envelope     

BB_J09 ospD outer surface protein D  5.94 0 Cell Envelope     
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BB_B27   lipoprotien 5.69 2.00E-06 Cell Envelope     

BB_H06 cspZ 

complement regulator-acquiring 

surface protein 5.53 0.000709 Cell Envelope     

BB_0117 hemolysin III 5.29 0.004484 Cell Envelope     

BB_N38 erpP ErpP protein 3.68 1.00E-05 Cell Envelope     

BB_0167 outer membrane protein 3.57 0.004275 Cell Envelope     

BB_0158 antigen, S2 3.52 4.60E-05 Cell Envelope 16.00   

BB_0616 Integral membrane protein 3.04 0.000746 Cell Envelope     

BB_H32   P35 antigen 2.67 0.004637 Cell Envelope     

BB_0384 bmpC basic membrane protein C 2.66 0.000118 Cell Envelope     

BB_B07   integrin-binding protein 2.63 0.001128 Cell Envelope 64.89   

BB_0664 lipoprotein 2.62 0.01076 Cell Envelope 8.57   

BB_K50   immunogenic protein P37 2.62 0.000655 Cell Envelope     

BB_K15   antigen, P35 2.6 0.010532 Cell Envelope     

BB_0016 glpE GlpE protein 2.53 1.80E-05 Cell Envelope     

BB_0584 integral membrane protein 2.44 0.004552 Cell Envelope     

BB_N39 erpQ ErpQ protein 2.33 0.001119 Cell Envelope     

BB_0628 lipoprotein 2.31 0.000673 Cell Envelope     

BB_0583 integral membrane protein 2.3 0.000357 Cell Envelope     

BB_S41 erpG ErpG protein 2.03 0.001652 Cell Envelope     

BB_0578 mcp-1 methyl-accepting chemotaxis protein 4.48 0 

Chemotaxis and 

motility 8.34   

BB_0775 flhO 

flagellar hook-basal body complex 

protein 3.14 3.00E-06 

Chemotaxis and 

motility 2.04   

BB_0461 

DNA polymerase III subunits 

gamma and tau 4.32 0 

DNA replication 

and repair     
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BB_0552 ligA NAD-dependent DNA ligase LigA 4.27 0.003672 

DNA replication 

and repair 6.23   

BB_0455 

hypothetical protein (DNA 

polymerase III subunit delta) 4.08 0.021177 

DNA replication 

and repair     

BB_0232 hbb HBbu protein 3.87 1.00E-05 

DNA replication 

and repair     

BB_0046 rnhB ribonuclease HII 3.69 0.007111 

DNA replication 

and repair     

BB_0579 dnaE DNA polymerase III subunit alpha 3.58 2.00E-06 

DNA replication 

and repair 30.91 2.13 

BB_0828 topA DNA topoisomerase I subunit A 2.71 0.043536 

DNA replication 

and repair     

BB_0836 uvrB excinuclease ABC, B subunit (uvrB) 2.15 0.00292 

DNA replication 

and repair 5.10   

BB_0098 mutS2 endonuclease MutS2 2.07 0.045388 

DNA replication 

and repair     

BB_0035 parC DNA topoisomerase IV subunit A 2.04 0.004552 

DNA replication 

and repair     

BB_H33   adenine deaminase 9.43 0.004817 Metabolism     

BB_0618 cdd cytidine deaminase 6.59 0.007454 Metabolism     

BB_0656 hemN 

oxygen-independent 

coproporphyrinogen III oxidase 5.02 4.00E-06 Metabolism     

BB_0381 treA trehalase 4.5 1.00E-06 Metabolism     

BB_0709 

aminodeoxychorismate lyase, 

putative  4.2 7.30E-05 Metabolism 2.06   

BB_0015 udk uridine kinase 4.12 0 Metabolism 4.53   

BB_0621 

4-methyl-5(b-hydroxyethyl)-thiazole 

monophosphate biosynthesis protein 3.64 0 Metabolism     
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BB_0685 mvaA 

3-hydroxy-3-methylglutaryl-CoA 

reductase 3.47 0.004271 Metabolism 20.97 2.56 

BB_0605 

serine-type D-Ala-D-Ala 

carboxypeptidase 3.46 4.00E-06 Metabolism     

BB_0084 cysteine desulfurase 3.39 0.000327 Metabolism 5.58   

BB_0721 pgsA 

CDP-diacylglycerol--glycerol-3-

phosphate 3-phosphatidyltransferase 3.37 0.000441 Metabolism     

BB_0571 uridylate kinase 3.14 0.016395 Metabolism     

BB_0760 mazG gene 37 protein (Gp37) 3.04 0.000142 Metabolism     

BB_0515 trxB; thioredoxin reductase 3.03 1.00E-06 Metabolism     

BB_0677 mglA 

ribose/galactose ABC transporter, 

ATP-binding protein (mglA)  2.95 5.30E-05 Metabolism 5.74   

BB_0683 hmgs 

3-hydroxy-3-methylglutaryl-CoA 

synthase 2.81 0.000342 Metabolism 2.35   

BB_0421 

haloacid dehalogenase-like 

hydrolase 2.79 2.00E-06 Metabolism 4.59   

BB_0725 

serine-type D-Ala-D-Ala 

carboxypeptidase 2.53 0.034391 Metabolism     

BB_0109 acetyl-CoA C-acetyltransferase 2.41 1.50E-05 Metabolism     

BB_B18 guaA GMP synthase 2.36 2.80E-05 Metabolism 7.57 2.38 

BB_0812 coaBC 

bifunctional  

phosphopantothenoylcysteine  

decarboxylase/phosphopantothenate-

-cysteine  ligase 2.31 0.004854 Metabolism     

BB_0303 mraY 

phospho-N-acetylmuramoyl-

pentapeptide-transferase 2.19 2.00E-04 Metabolism     
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BB_0636 zwf 

glucose-6-phosphate 1-

dehydrogenase 2.17 0.000104 Metabolism     

BB_0777 apt adenine phosphoribosyltransferase 2.13 5.30E-05 Metabolism 11.96   

BB_0770 

divergent polysaccharide 

deacetylase superfamily protein 2.06 0.001198 Metabolism     

BB_0545 xylB xylulokinase 2.03 0.001296 Metabolism     

BB_0625 

N-acetylmuramoyl-L-alanine 

amidase 2.01 3.00E-06 Metabolism     

BB_0761 nlpD peptidoglycan-binding protein 2.9 0.007454 

Protein 

degradation     

BB_0185 glycoprotease family protein 2.59 0.007618 

Protein 

degradation     

BB_0757 clpP Clp protease 2.36 5.00E-06 

Protein 

degradation     

BB_0612 clpX 

ATP-dependent protease ATP-

binding subunit ClpX 2.19 2.40E-05 

Protein 

degradation   5.41 

BB_0611 clpP 

ATP-dependent Clp protease, 

proteolytic subunit ClpP 2.11 0.000165 

Protein 

degradation   4.04 

BB_F32   pseudogene 26.06 0 Pseudogene   3.09 

BB_H18   pseudogene 20.26 6.00E-05 Pseudogene     

BB_J10   pseudogene 5.6 0.00021 Pseudogene     

BB_J15   pseudogene 5.46 0.000517 Pseudogene     

BB_0845 pseudogene 4.35 0.002584 Pseudogene     

BB_G06   pseudogene 3.52 0 Pseudogene     

BB_B11   pseudogene 2.94 0.040671 Pseudogene     

BB_0710 

DNA primase (dnaG), authentic 

frameshift 2.92 8.00E-06 Pseudogene 2.39   

BB_F22   pseudogene 2.53 0.001244 Pseudogene     
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BB_B08   pseudogene 2.51 0.006701 Pseudogene     

BB_F16   pseudogene 2.41 0.02069 Pseudogene     

BB_0519 grpE GrpE protein 4.16 2.50E-05 Stress Response     

BB_0518 dnaK molecular chaperone DnaK 3.14 0 Stress Response 4.14 2.34 

BB_0295 hslU 

heat shock protein HslVU, ATPase 

subunit HslU 2.54 0.011535 Stress Response 2.81   

BB_0655 heat shock protein DnaJ 2.51 0.017683 Stress Response     

BB_D18   

hypothetical protein (rpoS 

repression) 5.46 3.00E-06 

Transcription and 

regulation     

BB_0712 rpoD 

RNA polymerase sigma factor 

RpoD 3.79 1.90E-05 

Transcription and 

regulation 4.56 3.25 

BB_0693 badR xylose operon regulatory protein 3.39 0 

Transcription and 

regulation     

BB_0416 pheromone shutdown protein 2.31 0.002461 

Transcription and 

regulation     

BB_0230 rho transcription termination factor Rho 2.29 6.00E-06 

Transcription and 

regulation   2.29 

BB_0107 nusB 

transcription antitermination factor 

NusB 2.1 0.002751 

Transcription and 

regulation     

BB_0590 ksgA 

KsgA/Dim1 family 16S ribosomal 

RNA methyltransferase 7.56 0.002564 Translation     

BB_0788 tilS tRNA(Ile)-lysidine synthase 6.34 0.000288 Translation 2.25   

BB_0263 lepB signal peptidase I 5.6 0.000727 Translation     

BB_0787 pth peptidyl-tRNA hydrolase 4.25 1.00E-06 Translation     

BB_0427 

rRNA small subunit 

methyltransferase I 3.96 5.70E-05 Translation 14.12   

BB_0186 tsaE 

tRNA threonylcarbamoyladenosine 

biosynthesis protein 3.55 0.000621 Translation     
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BB_0135 hisS histidyl-tRNA synthetase 3.16 2.10E-05 Translation     

BB_0143 

membrane protein insertion 

efficiency factor 3.12 8.00E-06 Translation     

BB_0154 secA preprotein translocase subunit SecA 2.98 1.30E-05 Translation     

BB_0214 efp elongation factor P 2.98 1.00E-05 Translation     

BB_0784 rsfS ribosomal silencing factor RsfS 2.91 0.001052 Translation 5.70   

BB_0442 yidC membrane protein insertase YidC 2.87 1.00E-06 Translation 2.57 2.42 

BB_0755 rnz ribonuclease Z 2.84 4.10E-05 Translation     

BB_0065 def peptide deformylase 2.82 5.00E-06 Translation 2.20 5.85 

BB_0778 rplU 50S ribosomal protein L21 2.69 1.20E-05 Translation 2.85   

BB_0441 rnpA ribonuclease P 2.52 0.001745 Translation 2.60   

BB_0610 tig trigger factor 2.45 0.005285 Translation   2.65 

BB_0786 

50S ribosomal protein L25/general 

stress protein Ctc 2.44 0.000423 Translation     

BB_0233 rpsT 30S ribosomal protein S20 2.42 1.30E-05 Translation     

BB_0362 lgt 

prolipoprotein diacylglyceryl 

transferase 2.28 0.001395 Translation     

BB_0699 rplS 50S ribosomal protein L19 2.28 3.50E-05 Translation   2.98 

BB_0169 infA translation initiation factor IF-1 2.13 0.03882 Translation     

BB_0218 pstB 

phosphate ABC transporter ATP-

binding protein 6.2 0.000449 

Transporter 

Proteins     

BB_0641 potH 

putrescine transport system 

permease protein PotH 5.7 0.004752 

Transporter 

Proteins   2.50 

BB_B05 chbA chitobiose transporter protein 4.59 0.000926 

Transporter 

Proteins 16.56   

BB_0642 potA 

spermidine/putrescine ABC 

transporter ATP-binding protein 4.36 0.002389 

Transporter 

Proteins 53.08   



162 

 

BB_B06 chbB chitobiose transporter protein 4.31 0.00092 

Transporter 

Proteins 32.45   

BB_0724 potassium transporter 3.63 0 

Transporter 

Proteins 2.69   

BB_0447 Na+/H+ antiporter (putative) 3.49 4.00E-06 

Transporter 

Proteins     

BB_0216 pstC 

phosphate ABC transporter 

permease 3.24 0.00585 

Transporter 

Proteins 2.64   

BB_0747 peptide ABC transporter permease 2.85 0.00547 

Transporter 

Proteins 9.99   

BB_0081 efflux ABC transporter permease 2.52 0.048249 

Transporter 

Proteins     

BB_0164 

putative K+-dependent Na+/Ca+ 

exchanger-like protein 2.34 0.016207 

Transporter 

Proteins     

BB_B23 pbuG guanine/xanthine permease 2.18 0.00885 

Transporter 

Proteins 7.94   

BB_0146 

glycine/betaine ABC transporter 

ATP-binding protein 2.12 0.001842 

Transporter 

Proteins     

BB_0453 

small conductance mechanosensitive 

ion channel 2.12 0.014966 

Transporter 

Proteins     

BB_K11   hypothetical protein 13.8 0.000791 Unknown 5.46   

BB_K30   hypothetical protein 11.68 0.002186 Unknown     

BB_K18   hypothetical protein 10.41 0.000219 Unknown     

BB_B28   hypothetical protein 7.74 2.00E-06 Unknown     

BB_B02   hypothetical protein 7.58 3.00E-06 Unknown 3.76   

BB_H31   hypothetical protein 7.28 0.001106 Unknown     

BB_B25   hypothetical protein 7.24 5.10E-05 Unknown     

BB_F26   hypothetical protein 6.47 3.30E-05 Unknown     
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BB_0205 hypothetical protein 6.38 0.000621 Unknown 8.94   

BB_H26   hypothetical protein 6.36 0.002227 Unknown     

BB_D17   hypothetical protein 5.36 0.000796 Unknown     

BB_D12   hypothetical protein 5.22 2.80E-05 Unknown     

BB_D16   hypothetical protein 5.02 0.010169 Unknown     

BB_B24   hypothetical protein 4.93 1.30E-05 Unknown     

BB_0134 hypothetical protein 4.74 0.002555 Unknown     

BB_0224 hypothetical protein 4.74 4.00E-06 Unknown     

BB_H35   hypothetical protein 4.65 0.004102 Unknown     

BB_L07   hypothetical protein 4.47 8.70E-05 Unknown     

BB_0072 hypothetical protein 4.41 0.000124 Unknown     

BB_D14   hypothetical protein 4.4 0.003563 Unknown     

BB_B10   hypothetical protein 4.22 0.000448 Unknown     

BB_L14   hypothetical protein 4.18 0.009069 Unknown     

BB_J19   hypothetical protein 4.08 3.00E-06 Unknown     

BB_0525 hypothetical protein 4.06 3.00E-06 Unknown 5.43   

BB_0223 hypothetical protein 3.96 0.018115 Unknown     

BB_0748 hypothetical protein 3.9 0.001796 Unknown 8.82   

BB_0592 hypothetical protein 3.76 0.000104 Unknown     

BB_0410 hypothetical protein 3.71 0.003563 Unknown     

BB_0410 hypothetical protein 3.71 0.003563 Unknown     

BB_0206 methyltransferase 3.64 3.00E-06 Unknown     

BB_L04   hypothetical protein 3.58 0.000914 Unknown     

BB_0711 hypothetical protein 3.56 2.60E-05 Unknown 2.14   

BB_0553 hypothetical protein 3.52 0.00249 Unknown     

BB_0165 hypothetical protein 3.47 0 Unknown     
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BB_0082 hypothetical protein 3.43 2.70E-05 Unknown     

BB_0336 hypothetical protein 3.4 0.001052 Unknown 4.23   

BB_K23   hypothetical protein 3.38 0.000327 Unknown     

BB_O26   hypothetical protein 3.38 0.038994 Unknown     

BB_G33   hypothetical protein 3.34 0.001052 Unknown   3.76 

BB_0409 hypothetical protein 3.25 0.003247 Unknown     

BB_0187 hypothetical protein 3.21 0.000165 Unknown     

BB_0739 hypothetical protein 3.16 2.20E-05 Unknown 52.35   

BB_O30   hypothetical protein 3.13 0 Unknown     

BB_J14   hypothetical protein 3.12 0.035971 Unknown     

BB_J28   hypothetical protein 3.06 2.00E-06 Unknown     

BB_L06   hypothetical protein 3 0.047405 Unknown     

BB_0722 hypothetical protein 2.95 0.001435 Unknown 7.73   

BB_L13   hypothetical protein 2.85 0.02655 Unknown     

BB_0792 hypothetical protein 2.83 0.000263 Unknown     

BB_0050 hypothetical protein 2.81 0.019252 Unknown     

BB_B26   hypothetical protein 2.8 0.019127 Unknown     

BB_0700 hypothetical protein 2.77 0.046663 Unknown     

BB_0700 hypothetical protein 2.77 0.046663 Unknown     

BB_M06   hypothetical protein 2.77 0.032157 Unknown     

BB_0532 hypothetical protein 2.74 8.00E-06 Unknown 22.01   

BB_L41   hypothetical protein 2.58 0.030688 Unknown     

BB_M10   hypothetical protein 2.58 0.039334 Unknown     

BB_F22   hypothetical protein 2.53 0.001244 Unknown     

BB_0410 hypothetical protein 2.52 0.03299 Unknown     

BB_0410 hypothetical protein 2.52 0.03299 Unknown     
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BB_0468 hypothetical protein 2.51 0.000494 Unknown   2.01 

BB_0733 hypothetical protein 2.5 0.000388 Unknown     

BB_0762 hypothetical protein 2.49 0.004045 Unknown     

BB_G29   hypothetical protein 2.48 0.032915 Unknown     

BB_0174 hypothetical protein 2.44 0.018004 Unknown     

BB_L03   hypothetical protein 2.34 0.04533 Unknown     

BB_0051 hypothetical protein 2.31 0.036596 Unknown     

BB_M07   hypothetical protein 2.29 0.019984 Unknown     

BB_N14   hypothetical protein 2.28 0.03149 Unknown     

BB_0526 hypothetical protein 2.23 0.000426 Unknown     

BB_D09   hypothetical protein 2.22 0.025592 Unknown     

BB_0106 TPR domain protein 2.2 9.40E-05 Unknown 9.06   

BB_0008 hypothetical protein 2.16 0.016207 Unknown     

BB_N19   hypothetical protein 2.13 0.000431 Unknown 8.40   

BB_P19   hypothetical protein 2.13 0.000444 Unknown 2.58   

BB_M30   hypothetical protein 2.12 0.002867 Unknown     

BB_R31   hypothetical protein 2.12 0.00411 Unknown     

BB_0700 hypothetical protein 2.06 0.002817 Unknown     

BB_0700 hypothetical protein 2.06 0.002817 Unknown     

BB_0097 hypothetical protein 2.05 0.000316 Unknown     

BB_0171 hypothetical protein 2.02 0.003279 Unknown     
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Table A2. Gene expressed higher by wild-type B. burgdorferi during logarithmic growth. 

ID Symbol Description 

Relative 

expression 

ΔdksA / 

WT 

FDR 

adjusted 

P-value Category 

ΔrelBbu / WT 

comparison 

at 

logarithmic 

or stationary  

phase 

(Bugrysheva, 

et al.)  

ΔrelBbu/ 

WT 

comparison 

at 

stationary 

phase 

(Drecktrah, 

et al.) 

BB_Q40   PF-32 Protein -19.94 4.08E-05 Cell Division     

BB_O33   Plasmid partitioning protein -2.95 0.029743 Cell Division -2.23 -9.32 

BB_A20   PF-32 Protein -2.89 0.016708 Cell Division   -4.26 

BB_0785 regulatory protein SpoVG -2.77 4.22E-06 Cell Division     

BB_0437 dnaA 

chromosomal replication 

initiation protein -2.18 0.000859 Cell Division     

BB_P33   PF-32 Protein -2.02 0.003318 Cell Division     

BB_A64 p35 antigen P35 -66.91 2.49E-07 Cell Envelope     

BB_Q06   membrane protein -38.19 2.16E-06 Cell Envelope -2.95   

BB_B19 ospC outer surface protein C  -21.98 2.82E-10 Cell Envelope     

BB_A65   lipoprotein -15.95 1.40E-05 Cell Envelope     

BB_Q03   outer membrane protein -14.85 7.89E-05 Cell Envelope     

BB_A73 P35 antigen P35 -13.39 5.87E-08 Cell Envelope -2.24   

BB_A07 chpAI ChpAI protein  -12.60 1.85E-07 Cell Envelope     

BB_A25 dbpB decorin-binding protein B -12.47 3.07E-09 Cell Envelope     

BB_A24 dbpA decorin-binding protein A -8.64 1.48E-06 Cell Envelope     

BB_Q05 P35 antigen P35 -6.35 0.038952 Cell Envelope -2.92   
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BB_A66   outersurface protein -5.78 0.000787 Cell Envelope     

BB_Q35 mlpJ multicopy lipoprotein J -5.36 0.001481 Cell Envelope -2.74   

BB_A05 S1 S1 Antigen -4.95 0.012313 Cell Envelope     

BB_0250 inner membrane protein -4.81 0.012633 Cell Envelope     

BB_0071 membrane protein -4.49 4.89E-05 Cell Envelope     

BB_A15 ospA outer surface protein A  -4.31 1.50E-07 Cell Envelope -2.07 -3.51 

BB_A16 ospB outer surface protein B  -4.17 6.21E-07 Cell Envelope   -2.91 

BB_0385 bmpD basic membrane protein D  -4.11 5.19E-09 Cell Envelope   -7.62 

BB_M34 bdrK BdrK protien -3.11 0.00983 Cell Envelope     

BB_A36   lipoprotein -3.06 1.94E-06 Cell Envelope     

BB_0674 membrane protein -3.05 0.02151 Cell Envelope     

BB_0603 p66 

membrane-associated 

protein p66 -2.98 2.85E-06 Cell Envelope     

BB_0155 lipoprotein -2.95 0.001775 Cell Envelope     

BB_Q42 bdrV BdrV protien -2.86 0.000112 Cell Envelope     

BB_O39 erpL ErpL protein -2.83 4.63E-06 Cell Envelope     

BB_O40 erpM ErMG protein -2.60 6.13E-05 Cell Envelope -2.2   

BB_L35   BdrO protein -2.58 1.40E-05 Cell Envelope     

BB_F20   lipoprotein -2.53 0.00033 Cell Envelope -3.05 -3.58 

BB_0795 bamA outer membrane protein -2.27 0.000198 Cell Envelope     

BB_M38 erpK/ospF ErpK/ospF protein  -2.14 0.000482 Cell Envelope -2.13   

BB_A62 lp6.6 lipoprotein -2.11 0.000326 Cell Envelope -2.9 -5.98 

BB_0353 membrane protein -2.05 0.001276 Cell Envelope     

BB_0034 outer membrane protein P13 -2.03 0.000807 Cell Envelope     

BB_0744 p83/100 antigen, p83/100 -2.01 0.000198 Cell Envelope     

BB_0597 mcp3 

methyl-accepting 

chemotaxis protein -3.89 2.09E-06 

Chemotaxis and 

motility     
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BB_0183 fliW 

flagellar assembly protein 

FliW -3.72 6.86E-05 

Chemotaxis and 

motility -2.61   

BB_0182 flgL 

flagellar hook-associated 

protein -3.69 9.24E-07 

Chemotaxis and 

motility     

BB_0596 

methyl-accepting 

chemotaxis protein -3.58 0.000107 

Chemotaxis and 

motility     

BB_0147 flaB 

flagellar filament 41 kDa 

core protein -2.58 0.000326 

Chemotaxis and 

motility   -2.48 

BB_0570 cheY chemotaxis protein CheY -2.32 0.000179 

Chemotaxis and 

motility     

BB_0681 mcp-5 

methyl-accepting 

chemotaxis protein -2.13 0.000545 

Chemotaxis and 

motility -3.74   

BB_0286 flagellar protein -2.06 0.01206 

Chemotaxis and 

motility     

BB_0270 flhF 

flagellar biosynthesis 

regulator FlhF -2.00 7.49E-05 

Chemotaxis and 

motility     

BB_Q67   

adenine specific DNA 

methyltransferase -8.82 0.014518 

DNA replication 

and repair -2   

BB_0014 priA primosomal protein N -3.39 1.07E-05 

DNA replication 

and repair -2.17   

BB_0438 dnaN 

DNA polymerase III 

subunit beta -2.82 8.74E-06 

DNA replication 

and repair     

BB_0254 recJ 

single-stranded-DNA-

specific exonuclease -2.63 0.027029 

DNA replication 

and repair     

BB_0457 uvrC 

excinuclease ABC subunit 

C -2.62 0.030736 

DNA replication 

and repair -2.13   

BB_0344 uvrD DNA helicase -2.53 0.000516 

DNA replication 

and repair     

BB_0827 hrpA ATP-dependent helicase -2.36 0.000909 

DNA replication 

and repair     
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BB_0241 glpK glycerol kinase -23.09 2.11E-09 Metabolism   -44.32 

BB_0243 glpD 

glycerol-3-phosphate 

dehydrogenase -14.05 1.84E-07 Metabolism   -13.83 

BB_0248 pepF oligoendopeptidase F -6.88 0.002437 Metabolism     

BB_0348 pyk pyruvate kinase -5.06 9.44E-07 Metabolism   -9.92 

BB_0588 bgp MTA/SAH nucleosidase -4.23 7.06E-07 Metabolism     

BB_0249 

phosphatidylcholine 

synthase -4.05 0.009039 Metabolism     

BB_0238 lnt 

apolipoprotein N-

acyltransferase -3.90 3.46E-08 Metabolism     

BB_0152 nagB 

glucosamine-6-phosphate 

deaminase -3.45 0.002312 Metabolism     

BB_0763 atoC 

acetoacetate metabolism 

regulatory protein AtoC -3.22 0.000286 Metabolism     

BB_0010 acpS 

holo-acyl-carrier protein 

synthase -3.00 9.38E-05 Metabolism -2.93 -4.17 

BB_0020 pfp 

diphosphate--fructose-6-

phosphate 1-

phosphotransferase -2.97 4.30E-08 Metabolism   -2.27 

BB_0819 cytidylate kinase -2.59 7.65E-06 Metabolism     

BB_0337 eno enolase -2.40 3.33E-07 Metabolism   -2.36 

BB_0086 Mg chelatase-like protein -2.21 0.014992 Metabolism     

BB_0120 uppS 

undecaprenyl 

pyrophosphate synthase -2.00 0.001936 Metabolism     

BB_0536 pqqL zinc protease -6.01 4.44E-07 

Protein 

degradation -2.43 -4.63 

BB_0627 apeB/pepX aminopeptidase -5.12 0.00132 

Protein 

degradation     
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BB_0366 yscI aminopeptidase I  -3.40 5.07E-06 

Protein 

degradation   -4.53 

BB_0253 lon 

ATP-dependent protease 

LA -2.86 3.11E-08 

Protein 

degradation     

BB_Q41   pseudogene -78.88 8.06E-08 Pseudogene     

BB_A71   pseudogene -17.72 0.00011 Pseudogene     

BB_0560 htpG chaperone protein HtpG -3.84 5.65E-06 Stress Response     

BB_0690 napA 

neutrophil activating protein 

A (napA) -3.32 2.45E-06 Stress Response -3.02   

BB_0649 groL chaperonin GroEL -2.48 3.97E-06 Stress Response     

BB_0168 dksA dnaK suppressor -88.12 4.68E-05 

Transcription and 

regulation     

BB_0626 rnmV ribonuclease M5 -10.48 7.61E-05 

Transcription and 

regulation     

BB_0198 rel 

guanosine-3',5'-

bis(diphosphate) 3'-

pyrophosphohydrolase -7.46 0.000279 

Transcription and 

regulation     

BB_0502 rpoA 

DNA-directed RNA 

polymerase subunit alpha -3.52 3.11E-08 

Transcription and 

regulation     

BB_0820 rpoZ 

DNA-directed RNA 

polymerase subunit omega -2.47 0.000397 

Transcription and 

regulation     

BB_0033 smpB SsrA-binding protein -6.74 0.002597 Translation -3.79   

BB_0012 truA 

tRNA pseudouridine 

synthase A -6.28 0.002221 Translation     

BB_0594 argS arginyl-tRNA synthetase -4.10 3.17E-07 Translation     

BB_0203 hflK 

membrane protease subunit 

HflK -3.79 0.000109 Translation   -2.89 

BB_0204 hflC HflC protein -3.27 0.000115 Translation     
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BB_0346 export chaperone -2.79 0.001161 Translation   -2.10 

BB_0112 rplI 50S ribosomal protein L9 -2.74 2.21E-06 Translation     

BB_0503 rplQ 50S ribosomal protein L17 -2.58 1.26E-05 Translation     

BB_0122 tsf elongation factor Ts -2.55 2.07E-08 Translation     

BB_0127 30S ribosomal protein S1 -2.51 3.26E-06 Translation     

BB_0653 secF 

preprotein translocase 

subunit SecF -2.50 3.90E-05 Translation     

BB_0501 rpsK 30S ribosomal protein S11 -2.34 5.93E-05 Translation     

BB_0691 fusA elongation factor G -2.29 7.06E-07 Translation     

BB_0088 lepA elongation factor EF-4 -2.21 4.52E-06 Translation     

BB_0123 rpsB 30S ribosomal protein S2 -2.17 3.18E-06 Translation     

BB_0101 asnS 

asparaginyl-tRNA 

synthetase -2.11 1.06E-05 Translation     

BB_0121 frr ribosome recycling factor -2.11 0.000527 Translation     

BB_0358 

16S ribosomal RNA 

methyltransferase  -2.06 0.000354 Translation     

BB_0695 rpsP 30S ribosomal protein S16 -2.05 1.89E-05 Translation     

BB_0240 glpF glycerol uptake facilitator -9.02 6.31E-10 

Transporter 

Proteins -2.05 -27.10 

BB_0401 glutamate transporter -8.13 2.35E-06 

Transporter 

Proteins -2.63   

BB_0329 oppA-2 

oligopeptide permease 

peptide binding protein -7.41 2.07E-08 

Transporter 

Proteins -2.31 -2.51 

BB_0454 

lipopolysaccharide 

biosynthesis-like protein -5.09 1.33E-08 

Transporter 

Proteins     

BB_0328 oppA-1 

oligopeptide permease 

peptide binding protein -4.96 3.07E-09 

Transporter 

Proteins -2.29 -6.28 
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BB_0144 

glycine/betaine ABC 

transporter substrate-

binding protein -2.52 9.23E-05 

Transporter 

Proteins     

BB_0559 ccr 

PTS system glucose-

specific transporter -2.21 2.71E-06 

Transporter 

Proteins     

BB_0318 

methylgalactoside ABC 

transporter ATP-binding 

protein -2.00 0.001026 

Transporter 

Proteins     

BB_B22 pbuG1 guanine/xanthine permease -2.00 0.00019 

Transporter 

Proteins     

BB_0242 hypothetical protein -29.70 4.76E-06 Unknown -2.64   

BB_Q49   hypothetical protein -28.65 0.000381 Unknown     

BB_Q78   hypothetical protein -22.38 0.000675 Unknown     

BB_D24   hypothetical protein -18.45 0.000118 Unknown -2.39   

BB_A72   hypothetical protein -16.43 8.88E-09 Unknown     

BB_A37   hypothetical protein -9.19 0.000381 Unknown -4.18   

BB_J01   hypothetical protein -8.16 0.016464 Unknown     

BB_0013 hypothetical protein -6.91 0.008216 Unknown -3.58   

BB_A06   hypothetical protein -6.71 0.01887 Unknown     

BB_0212 hypothetical protein -6.54 0.016663 Unknown -2.94   

BB_0011 hypothetical protein  -5.78 0.000897 Unknown     

BB_0367 hypothetical protein -5.65 0.000822 Unknown   -3.97 

BB_0617 hypothetical protein -5.20 0.021399 Unknown -2.33   

BB_0595 hypothetical protein -4.90 0.003408 Unknown     

BB_0363 hypothetical protein -4.85 0.000198 Unknown -2.11   

BB_0794 hypothetical protein -4.24 4.72E-07 Unknown     

BB_0024 hypothetical protein -4.14 1.72E-05 Unknown -2.58 -4.92 
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BB_D13   hypothetical protein -4.03 5.55E-08 Unknown   -3.78 

BB_0323 hypothetical protein -3.80 5.38E-07 Unknown     

BB_0261 hypothetical protein -3.69 5.13E-06 Unknown     

BB_0569 hypothetical protein -3.63 1.13E-07 Unknown     

BB_0397 hypothetical protein -3.60 0.016607 Unknown     

BB_0110 hypothetical protein -3.59 0.015674 Unknown     

BB_J23   hypothetical protein -3.56 1.10E-06 Unknown -2.07   

BB_0228 hypothetical protein -3.54 0.005099 Unknown     

BB_0650 hypothetical protein -3.50 3.66E-07 Unknown     

BB_0028 hypothetical protein -3.49 7.16E-07 Unknown     

BB_0345 hypothetical protein -3.41 1.24E-06 Unknown -2.01   

BB_0614 hypothetical protein -3.18 7.41E-05 Unknown     

BB_0535 hypothetical protein -3.15 0.008306 Unknown     

BB_0072 hypothetical protein -3.14 0.000604 Unknown     

BB_0032 hypothetical protein -3.03 0.006664 Unknown     

BB_0019 hypothetical protein -2.99 0.001243 Unknown     

BB_0354 hypothetical protein -2.92 0.000737 Unknown     

BB_0124 hypothetical protein -2.90 0.000349 Unknown     

BB_0156 hypothetical protein -2.85 0.013428 Unknown     

BB_0662 hypothetical protein -2.83 0.000409 Unknown     

BB_0839 hypothetical protein -2.73 0.014007 Unknown     

BB_0752 hypothetical protein -2.71 0.001107 Unknown     

BB_0161 hypothetical protein -2.70 0.000104 Unknown -2.29   

BB_0661 hypothetical protein -2.62 0.000113 Unknown     

BB_0139 hypothetical protein -2.60 2.53E-05 Unknown   -3.34 

BB_0675 hypothetical protein -2.60 0.032223 Unknown     
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BB_0210 hypothetical protein -2.56 0.03889 Unknown     

BB_0163 hypothetical protein -2.49 7.69E-06 Unknown     

BB_0564 hypothetical protein -2.45 0.001193 Unknown     

BB_0731 hypothetical protein -2.42 0.005099 Unknown     

BB_0696 hypothetical protein -2.38 4.40E-06 Unknown     

BB_0405 hypothetical protein -2.36 8.84E-06 Unknown     

BB_0418 hypothetical protein -2.33 0.012593 Unknown     

BB_0648 hypothetical protein -2.32 0.049072 Unknown     

BB_0322 hypothetical protein -2.31 1.64E-05 Unknown     

BB_0157 hypothetical protein -2.30 0.001162 Unknown     

BB_0631 hypothetical protein -2.29 5.29E-05 Unknown -2 -4.11 

BB_0751 hypothetical protein -2.28 0.000203 Unknown -2.22   

BB_0423 hypothetical protein -2.26 3.04E-06 Unknown     

BB_0192 hypothetical protein -2.25 0.041147 Unknown     

BB_0252 hypothetical protein -2.21 0.003024 Unknown     

BB_0663 hypothetical protein -2.21 0.007869 Unknown     

BB_0126 hypothetical protein -2.18 0.025683 Unknown     

BB_K40   hypothetical protein -2.13 1.34E-05 Unknown     

BB_0044 hypothetical protein -2.13 0.008587 Unknown -2.71   

BB_0089 hypothetical protein -2.11 0.002672 Unknown     

BB_0541 hypothetical protein -2.11 0.006215 Unknown     

BB_0818 hypothetical protein -2.10 0.002437 Unknown     

BB_0459 hypothetical protein -2.09 0.000129 Unknown -2.47   

BB_R34   hypothetical protein -2.08 0.000107 Unknown     

BB_0359 hypothetical protein -2.08 7.89E-05 Unknown   -1.96 

BB_0816 hypothetical protein -2.06 0.001331 Unknown     
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BB_0549 hypothetical protein -2.05 0.04401 Unknown     

BB_0319 hypothetical protein -2.05 0.007489 Unknown     

BB_0049 hypothetical protein -2.04 0.022715 Unknown   -2.36 

BB_0070 hypothetical protein -2.03 0.001834 Unknown     
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Table A3. Genes differentially regulated by wild-type in response to starvation condition. 

ID Symbol Description 

Relative 

expression 

RPMI / 

BSK II 

FDR 

adjusted 

P-value Category 

Relative 

expression 

ΔdksA / 

WT during 

logarithmic 

growth 

BB_L01   phage portal protein 4.5 1.00E-06 Bacteriophage 11.01 

BB_L23 blyA BlyA family holin  8.08 0.004621 Bacteriophage 3.64 

BB_0443   spoIIIJ-associtated protein -5.04 0 Cell Division   

BB_0817 murC 

UDP-N-acetylmuramate--L-alanine 

ligase -4.27 1.00E-06 Cell Division   

BB_B03 resT telomere resolvase -2.79 9.60E-05 Cell Division   

BB_A20   PF-32 Protein -2.56 0.045462 Cell Division -2.89 

BB_0195   cell division control protein 27 2.01 0 Cell Division   

BB_B12   PF-32 Protein 2.17 0.023364 Cell Division   

BB_0715   cell division protein FtsA 2.19 4.30E-05 Cell Division   

BB_0598 murB 

UDP-N-

acetylenolpyruvoylglucosamine 

reductase 2.32 0.016245 Cell Division   

BB_F24   PF-32 Protein 2.89 1.00E-05 Cell Division 3.40 

BB_J18   PF-32 Protein 3.2 0.006731 Cell Division 2.09 

BB_N32   PF-32 Protein 3.57 0.008724 Cell Division   

BB_0431   

CobQ/CobB/MinD/ParA nucleotide 

binding domain-containing protein 3.7 9.60E-05 Cell Division 3.47 

BB_F23   PF-32 Protein 3.77 0.018732 Cell Division   
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BB_J16   Plasmid partitioning protein 3.92 2.90E-05 Cell Division   

BB_M32   PF-32 Protein 4.39 0.000265 Cell Division   

BB_K24   PF-32 Protein 5.62 0 Cell Division   

BB_B13   Plasmid partitioning protein 7.3 0.001141 Cell Division   

BB_Q07   Plasmid partitioning protein 19.81 0.00017 Cell Division   

BB_0574   integral membrane protein -8.39 0.000615 Cell Envelope   

BB_0193   lipoprotein -6.01 0.012091 Cell Envelope   

BB_0234   integral membrane protein -5.83 9.00E-06 Cell Envelope   

BB_0664   lipoprotein -5.01 5.90E-05 Cell Envelope   

BB_0317   Integral Membrane protein -4.59 0.000681 Cell Envelope   

BB_0353   membrane protein -3.94 6.00E-06 Cell Envelope -2.05 

BB_0806   lipoprotein -3.82 7.00E-06 Cell Envelope   

BB_0155   lipoprotein -3.79 0.000196 Cell Envelope -2.95 

BB_0398   lipoprotein -3.05 1.00E-05 Cell Envelope   

BB_K15   antigen, P35 -3.02 0.001636 Cell Envelope   

BB_F20   lipoprotein -2.65 0.000421 Cell Envelope -2.53 

BB_S42 bapA BapA protein -2.56 0.002471 Cell Envelope   

BB_0108   basic membrane protein -2.42 0.005115 Cell Envelope   

BB_0172   

von Willebrand factor type A 

domain-containing protein -2.42 0.002032 Cell Envelope   

BB_0071   membrane protein -2.01 0.007912 Cell Envelope -4.49 

BB_0473   Integral membrane protein 2.06 0.003515 Cell Envelope 3.56 

BB_0732   penicillin-binding protein 2.08 0.000224 Cell Envelope   

BB_J08   surface protein 2.17 2.00E-06 Cell Envelope   

BB_0719 mrdB rod shape-determining protein RodA 2.33 0.000166 Cell Envelope 2.03 

BB_K32   fibronectin-binding protein 2.55 1.40E-05 Cell Envelope   
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BB_A52   outer membrane protein 2.6 0.000168 Cell Envelope 2.52 

BB_J34   lipoprotein 2.61 0.001304 Cell Envelope   

BB_L40 erpO ErpO protein 2.77 2.00E-06 Cell Envelope   

BB_0167   outer membrane protein 2.78 0.045462 Cell Envelope 2.61 

BB_0603 p66 membrane-associated protein p66 2.83 5.00E-06 Cell Envelope   

BB_0136   penicillin-binding protein 2.85 0.004309 Cell Envelope   

BB_O28 mlpG mlpG lipoprotein 2.89 2.90E-05 Cell Envelope   

BB_A68 cspA 

complement regulator-acquiring 

surface protein 1 2.91 0.000959 Cell Envelope 3.82 

BB_N39 erpQ ErpQ protein 3.14 8.10E-05 Cell Envelope   

BB_K48   immunogenic protein P37 3.7 8.10E-05 Cell Envelope   

BB_K53   outer membrane protein 3.8 0 Cell Envelope   

BB_L39 erpN ErpN protein 3.89 1.30E-05 Cell Envelope   

BB_0584   integral membrane protein 4.03 0.000165 Cell Envelope 4.69 

BB_O40 erpM ErMG protein 4.41 1.00E-06 Cell Envelope   

BB_K01   lipoprotein 4.69 4.00E-06 Cell Envelope   

BB_N28 mlpI mlpI lipoprotein 4.81 0.001156 Cell Envelope   

BB_0117   hemolysin III 4.94 0.017783 Cell Envelope 6.32 

BB_A60 p27 surface lipoprotein P27 4.96 5.00E-06 Cell Envelope   

BB_S41 erpG ErpG protein 5.08 1.00E-06 Cell Envelope 2.43 

BB_R42 erpY ErpY protein 5.11 0.032463 Cell Envelope   

BB_Q06   membrane protein 5.2 0.002945 Cell Envelope   

BB_K50   immunogenic protein P37 5.57 3.00E-06 Cell Envelope 6.08 

BB_J36   lipoprotein 5.67 0 Cell Envelope   

BB_A36   lipoprotein 5.73 0 Cell Envelope   

BB_0213   lipoprotein 5.85 0.002526 Cell Envelope   
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BB_0017   integral membrane protein 6.1 0.002095 Cell Envelope 5.10 

BB_0844   lipoprotein 6.11 0 Cell Envelope   

BB_R28 mlpD mlpD 6.13 2.50E-05 Cell Envelope 2.50 

BB_K19   lipoprotein 6.28 0 Cell Envelope   

BB_M27 revA RevA fibronectin binding protein 6.44 1.70E-05 Cell Envelope   

BB_Q03   outer membrane protein 6.58 0.001829 Cell Envelope   

BB_Q35 mlpJ multicopy lipoprotein J 7.1 0.003706 Cell Envelope   

BB_A59   lipoprotein 7.34 0 Cell Envelope   

BB_L28 mlpH lipoprotein MlpH 7.37 0 Cell Envelope   

BB_A04 S2 S2 Antigen 7.44 7.20E-05 Cell Envelope   

BB_0383 bmpA basic membrane protein A  8.17 0 Cell Envelope 2.43 

BB_0034   outer membrane protein P13 8.76 0 Cell Envelope   

BB_A69   putative surface protein 9.01 0 Cell Envelope 10.72 

BB_O39 erpL ErpL protein 9.4 0 Cell Envelope   

BB_S30 mlpE mlpC 9.8 3.00E-06 Cell Envelope   

BB_M38 erpK/ospF ErpK/ospF protein  9.83 0 Cell Envelope   

BB_H41   membrane protein 10.25 0.000217 Cell Envelope   

BB_A03   outer membrane protein 11.17 0 Cell Envelope 3.59 

BB_P28 mlpA surface lipoprotein  11.66 0 Cell Envelope   

BB_M28 mlpF lipoprotein mlpF 13.09 0 Cell Envelope   

BB_0365 la7 lipoprotein LA7 13.9 0 Cell Envelope 5.95 

BB_A57   P45-13 14.57 5.00E-06 Cell Envelope 10.06 

BB_K07   lipoprotein 15.12 0 Cell Envelope 3.51 

BB_J09 ospD outer surface protein D  33.88 0 Cell Envelope 4.12 

BB_0286   flagellar protein -10.66 1.00E-06 Chemotaxis and motility -2.06 

BB_0287 flbD flagellar protein FlbA -5.9 0.001924 Chemotaxis and motility   
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BB_0274 fliQ flagellar biosynthesis protein FliQ -4.61 0.032696 Chemotaxis and motility   

BB_0149 fliD 

flagellar hook-associated protein 

FliD -4.09 1.00E-06 Chemotaxis and motility   

BB_0270 flhF flagellar biosynthesis regulator FlhF -3.96 0 Chemotaxis and motility -2.00 

BB_0284 flgD flagellar hook capping protein -3.51 0.000289 Chemotaxis and motility   

BB_0276 fliZ flagellar biosynthesis protein FliZ -3.47 0.001114 Chemotaxis and motility   

BB_0289 fliH flagellar assembly protein H -2.89 9.60E-05 Chemotaxis and motility   

BB_0597 mcp3 methyl-accepting chemotaxis protein -2.83 4.20E-05 Chemotaxis and motility -3.89 

BB_0290 fliG flagellar motor switch protein G -2.69 2.00E-06 Chemotaxis and motility   

BB_0550 fliS flagellar  protein  FliS -2.46 0.022746 Chemotaxis and motility   

BB_0282 flbD flagellar protein FlbD -2.45 0.000143 Chemotaxis and motility   

BB_0288 fliI flagellum-specific ATP synthase FliI -2.37 0.00039 Chemotaxis and motility   

BB_0568 CheB chemotaxis protein CheB -2.17 3.70E-05 Chemotaxis and motility   

BB_0596   methyl-accepting chemotaxis protein -2.13 0.004492 Chemotaxis and motility -3.58 

BB_0279 fliL 

flagellar basal body-associated 

protein FliL -2.06 0.001198 Chemotaxis and motility   

BB_0271 flhA flagellar biosynthesis protein FlhA -2.05 0.001434 Chemotaxis and motility   

BB_0147 flaB 

flagellar filament 41 kDa core 

protein 7.51 0 Chemotaxis and motility   

BB_0438 dnaN DNA polymerase III subunit beta -5.18 0 

DNA replication and 

repair -2.82 

BB_0457 uvrC excinuclease ABC subunit C -3.86 0.006927 

DNA replication and 

repair -2.62 

BB_0114   

single-stranded DNA-binding 

protein -3.53 1.00E-06 

DNA replication and 

repair   

BB_0435 gyrA DNA gyrase subunit A -3.43 0 

DNA replication and 

repair   
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BB_0111 dnaB replicative DNA helicase -3.22 0.001459 

DNA replication and 

repair   

BB_0254 recJ 

single-stranded-DNA-specific 

exonuclease -2.67 0.031751 

DNA replication and 

repair -2.63 

BB_0534 xth exodeoxyribonuclease III -2.66 0.000115 

DNA replication and 

repair   

BB_0232 hbb HBbu protein -2.61 0.000114 

DNA replication and 

repair   

BB_0436 gyrB DNA gyrase subunit B -2.41 0.000439 

DNA replication and 

repair   

BB_0297   smf protein -2.3 9.70E-05 

DNA replication and 

repair   

BB_0581 recG ATP-dependent DNA helicase RecG -2.18 0.010905 

DNA replication and 

repair   

BB_0035 parC DNA topoisomerase IV subunit A 2.46 0.000522 

DNA replication and 

repair 2.57 

BB_0836 uvrB excinuclease ABC, B subunit (uvrB) 2.82 0.000347 

DNA replication and 

repair 2.63 

BB_0745 nth endonuclease III 2.85 0.03429 

DNA replication and 

repair   

BB_0798 comF competence protein F 2.87 0.000309 

DNA replication and 

repair   

BB_G32   replicative DNA helicase 3 4.40E-05 

DNA replication and 

repair 4.61 

BB_0014 priA primosomal protein N 3.11 2.40E-05 

DNA replication and 

repair   

BB_0633 recB 

exodeoxyribonuclease V subunit 

beta 4.56 1.00E-06 

DNA replication and 

repair   

BB_0053 ung uracil-DNA glycosylase 7.58 8.00E-05 

DNA replication and 

repair 3.52 
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BB_0248 pepF oligoendopeptidase F -12.07 0.000352 Metabolism -6.88 

BB_0243 glpD glycerol-3-phosphate dehydrogenase -4.8 3.50E-05 Metabolism -14.05 

BB_0791   thymidine kinase -4.65 0 Metabolism   

BB_0683 hmgs 

3-hydroxy-3-methylglutaryl-CoA 

synthase -4.07 1.30E-05 Metabolism   

BB_0259   

transglycosylase SLT domain 

protein -3.72 0.000161 Metabolism   

BB_0812 coaBC 

bifunctional  

phosphopantothenoylcysteine  

decarboxylase/phosphopantothenate-

-cysteine  ligase -3.5 0.000219 Metabolism   

BB_0249   phosphatidylcholine synthase -3.43 0.009466 Metabolism -4.05 

BB_0120 uppS 

undecaprenyl pyrophosphate 

synthase -3.25 3.10E-05 Metabolism -2.00 

BB_0381 treA trehalase -3.16 1.00E-05 Metabolism   

BB_0544   

phosphoribosylpyrophosphate 

synthetase -3.07 2.00E-06 Metabolism   

BB_0241 glpK glycerol kinase -2.84 6.70E-05 Metabolism -23.09 

BB_0444   nucleotide sugar epimerase -2.82 4.00E-06 Metabolism   

BB_0709   

aminodeoxychorismate lyase, 

putative  -2.76 0.000331 Metabolism   

BB_0061 trx thioredoxin -2.64 3.00E-06 Metabolism   

BB_0782 nadD 

nicotinate (nicotinamide) nucleotide 

adenylyltransferase -2.61 0.000179 Metabolism   

BB_0819   cytidylate kinase -2.49 2.70E-05 Metabolism -2.59 

BB_0725   

serine-type D-Ala-D-Ala 

carboxypeptidase -2.43 0.010543 Metabolism   

BB_0467   laccase domain containing protein -2.4 0.015287 Metabolism   
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BB_0575 pyrG CTP synthetase -2.13 0.018686 Metabolism   

BB_0137   long-chain-fatty-acid CoA ligase 2.01 6.10E-05 Metabolism   

BB_0445 fbaA fructose-bisphosphate aldolase 2.1 7.40E-05 Metabolism   

BB_0463 ndk nucleoside diphosphate kinase 2.25 7.00E-06 Metabolism   

BB_0621   

4-methyl-5(b-hydroxyethyl)-thiazole 

monophosphate biosynthesis protein 2.35 0 Metabolism 7.70 

BB_0377 luxS S-ribosylhomocysteinase 2.36 0.002831 Metabolism   

BB_0630 pfkB 1-phosphofructokinase 2.41 0.001102 Metabolism   

BB_A76 thyX 

FAD-dependent thymidylate 

synthase 2.49 4.60E-05 Metabolism 6.86 

BB_0588 bgp MTA/SAH nucleosidase 2.51 0.000201 Metabolism   

BB_0084   cysteine desulfurase 2.6 0.002428 Metabolism 3.07 

BB_0593 fadD long-chain-fatty-acid CoA ligase 2.65 0.000548 Metabolism   

BB_0561 gnd 6-phosphogluconate dehydrogenase 2.82 0 Metabolism 2.23 

BB_0622 ackA acetate kinase 2.83 0.000734 Metabolism   

BB_0004 pgm phosphoglucomutase 2.9 0.027206 Metabolism   

BB_0601 glyA serine hydroxymethyltransferase 3.08 1.00E-06 Metabolism 2.39 

BB_K17   adenine deaminase 3.1 9.70E-05 Metabolism 3.89 

BB_0166 malQ 4-alpha-glucanotransferase 3.11 5.00E-06 Metabolism   

BB_0768   pyridoxal kinase 3.23 0.006772 Metabolism   

BB_0770   

divergent polysaccharide 

deacetylase superfamily protein 3.24 1.00E-05 Metabolism   

BB_0677 mglA 

ribose/galactose ABC transporter, 

ATP-binding protein (mglA)  3.32 1.40E-05 Metabolism 5.49 

BB_0629 fruA2 

pts system, fructose-specific iiabc 

component 3.59 1.00E-06 Metabolism   

BB_0524   inositol monophosphatase 3.66 1.20E-05 Metabolism   
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BB_0109   acetyl-CoA C-acetyltransferase 3.87 0 Metabolism 4.30 

BB_0605   

serine-type D-Ala-D-Ala 

carboxypeptidase 4.1 1.00E-06 Metabolism 6.04 

BB_0608   aminoacyl-histidine dipeptidase 4.11 2.00E-06 Metabolism   

BB_0657 rpiA ribose 5-phosphate isomerase 4.24 1.00E-06 Metabolism   

BB_0635 pncB nicotinate phosphoribosyltransferase 4.8 0.000377 Metabolism 3.23 

BB_0407 manA mannose-6-phosphate isomerase 4.86 0 Metabolism 3.30 

BB_0057 gap 

glyceraldehyde 3-phosphate 

dehydrogenase 5.11 1.00E-06 Metabolism   

BB_0658   phosphoglycerate mutase 5.47 0 Metabolism   

BB_0417   adenylate kinase 5.67 0.000581 Metabolism   

BB_0337 eno enolase 5.68 0 Metabolism   

BB_0793 tmk thymidylate kinase 5.8 0.000563 Metabolism 4.35 

BB_0644   

N-acetylmannosamine-6-phosphate 

2-epimerase 6.35 1.00E-06 Metabolism 6.12 

BB_0760 mazG gene 37 protein (Gp37) 6.55 1.00E-06 Metabolism 8.01 

BB_0515 trxB; thioredoxin reductase 7.04 0 Metabolism 4.12 

BB_0408   

PTS system, fructose-specific 

IIABC component (fruA-1) 12.72 0 Metabolism 5.16 

BB_0364 mgsA methylglyoxal synthase 12.88 0 Metabolism 2.53 

BB_0604   L-lactate permease 18.56 0 Metabolism   

BB_0645 ptsG 

PTS system, glucose-specific IIBC 

component (ptsG) 21.9 0 Metabolism 4.84 

BB_0612 clpX 

ATP-dependent protease ATP-

binding subunit ClpX -3.91 0 Protein degradation   

BB_0253 lon ATP-dependent protease LA -3.14 0 Protein degradation -2.86 

BB_0536 pqqL zinc protease -2.93 0.000117 Protein degradation -6.01 
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BB_0246   

M23 peptidase domain-containing 

protein -2.49 0.000454 Protein degradation   

BB_0067   peptidase -2.14 0 Protein degradation   

BB_0296 hslV 

ATP-dependent protease subunit 

HslV -2.02 0.046379 Protein degradation   

BB_0834   

ATP-dependent Clp protease subunit 

C 2.62 0.000852 Protein degradation   

BB_0757 clpP Clp protease 2.78 1.00E-06 Protein degradation 3.22 

BB_0761 nlpD peptidoglycan-binding protein 2.96 0.019335 Protein degradation 9.82 

BB_A71   pseudogene -4.56 0.00257 Pseudogene -17.72 

BB_F16   pseudogene -4.21 0.000223 Pseudogene   

BB_0522   pseudogene -3.75 0.000249 Pseudogene   

BB_0511   pseudogene -3.73 0.000173 Pseudogene   

BB_0140   pseudogene -2.9 0.000143 Pseudogene   

BB_0021   queA -2.81 0.005675 Pseudogene   

BB_B11   pseudogene -2.81 0.03085 Pseudogene   

BB_J10   pseudogene 2.33 0.019959 Pseudogene 7.74 

BB_A14   pseudogene 3.39 0.031266 Pseudogene 5.05 

BB_M22   pseudogene 3.74 0.000283 Pseudogene 3.14 

BB_0530   pseudogene 3.78 0.00892 Pseudogene   

BB_G06   pseudogene 4.33 0 Pseudogene 2.27 

BB_A55   pseudogene 4.91 1.30E-05 Pseudogene 7.31 

BB_A22   pseudogene 7.51 5.00E-06 Pseudogene 3.18 

BB_K39   pseudogene 8.24 7.00E-06 Pseudogene   

BB_F10   pseudogene 9.57 0.01396 Pseudogene   

BB_F22   pseudogene 10.91 0 Pseudogene 5.24 

BB_Q01   pseudogene 15.69 2.30E-05 Pseudogene   
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BB_F32   pseudogene 15.9 0 Pseudogene 6.19 

BB_Q57   pseudogene 19.7 0 Pseudogene   

BB_0295 hslU 

heat shock protein HslVU, ATPase 

subunit HslU -2.74 0.001674 Stress Response   

BB_0519 grpE GrpE protein 2.32 0.001171 Stress Response 3.88 

BB_0518 dnaK molecular chaperone DnaK 3.01 0 Stress Response 2.72 

BB_0741 groS chaperonin GroS 3.26 1.00E-05 Stress Response   

BB_0517 dnaJ chaperone protein DnaJ 5.14 2.00E-06 Stress Response 2.18 

BB_0107 nusB 

transcription antitermination factor 

NusB -7.59 0 

Transcription and 

regulation   

BB_0060   endoribonuclease -7.39 0 

Transcription and 

regulation   

BB_0502 rpoA 

DNA-directed RNA polymerase 

subunit alpha -6.17 0 

Transcription and 

regulation -3.52 

BB_0712 rpoD 

RNA polymerase sigma factor 

RpoD -3.69 8.00E-06 

Transcription and 

regulation   

BB_0198 rel 

guanosine-3',5'-bis(diphosphate) 3'-

pyrophosphohydrolase -3.59 0.001886 

Transcription and 

regulation -7.46 

BB_0132 greA transcription elongation factor GreA -3.49 1.00E-06 

Transcription and 

regulation   

BB_0820 rpoZ 

DNA-directed RNA polymerase 

subunit omega -3.48 2.10E-05 

Transcription and 

regulation -2.47 

BB_0419 rrp-1 response regulatory protein 1 -2.81 0.019055 

Transcription and 

regulation   

BB_0504   ribonuclease Y -2.71 6.60E-05 

Transcription and 

regulation   

BB_0800   transcription elongation factor NusA -2.4 9.30E-05 

Transcription and 

regulation   
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BB_0388 rpoC 

DNA-directed RNA polymerase 

subunit beta' -2.16 6.00E-06 

Transcription and 

regulation   

BB_0693 badR xylose operon regulatory protein 2.32 1.20E-05 

Transcription and 

regulation 2.35 

BB_0416   pheromone shutdown protein 2.63 0.000893 

Transcription and 

regulation   

BB_0771 rpoS RNA polymerase sigma factor 3.73 5.10E-05 

Transcription and 

regulation   

BB_D18   

hypothetical protein (rpoS 

repression) 4.27 1.40E-05 

Transcription and 

regulation 5.98 

BB_0168 dksA dnaK suppressor 4.36 0.048919 

Transcription and 

regulation   

BB_0184 csrA carbon storage regulator 6.79 6.50E-05 

Transcription and 

regulation   

BB_0803 truB tRNA pseudouridine 55 synthase -10.81 0 Translation   

BB_0005 trpS tryptophanyl-tRNA synthetase -7.47 2.00E-06 Translation   

BB_0122 tsf elongation factor Ts -7.38 0 Translation -2.55 

BB_0031 lepB signal peptidase I -4.77 4.00E-06 Translation   

BB_0088 lepA elongation factor EF-4 -4.24 0 Translation -2.21 

BB_0343 gatC 

aspartyl/glutamyl-tRNA 

amidotransferase subunit C -4.24 0.000527 Translation   

BB_0235 ychF GTP-binding protein YchF -3.95 3.00E-06 Translation   

BB_0697 rimM 16S rRNA-processing protein RimM -3.86 2.00E-06 Translation   

BB_0033 smpB SsrA-binding protein -3.68 0.005293 Translation -6.74 

BB_0121 frr ribosome recycling factor -3.31 2.00E-05 Translation -2.11 

BB_0113 rpsR 30S ribosomal protein S18 -3.25 1.30E-05 Translation   

BB_0030 lepB signal peptidase I -3.18 0.002411 Translation   

BB_0499 rpmJ 50S ribosomal protein L36 -3.17 0.000279 Translation   
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BB_0123 rpsB 30S ribosomal protein S2 -3.08 0 Translation -2.17 

BB_0486 rpmC 50S ribosomal protein L29 -3.02 0.000303 Translation   

BB_0653 secF preprotein translocase subunit SecF -3.02 1.30E-05 Translation -2.50 

BB_0233 rpsT 30S ribosomal protein S20 -2.95 1.00E-06 Translation   

BB_0346   export chaperone -2.92 0.000494 Translation -2.79 

BB_0115   30S ribosomal protein S6 -2.91 1.30E-05 Translation   

BB_0112 rplI 50S ribosomal protein L9 -2.8 3.00E-06 Translation -2.74 

BB_0610 tig trigger factor -2.7 0.0021 Translation   

BB_0643 ylqF GTPase YlqF -2.65 0.010774 Translation   

BB_0204 hflC HflC protein -2.61 0.000438 Translation -3.27 

BB_0500 rpsM 30S ribosomal protein S13 -2.47 5.70E-05 Translation   

BB_0497 rplO 50S ribosomal protein L15 -2.45 3.50E-05 Translation   

BB_0489 rplX 50S ribosomal protein L24 -2.42 0.003357 Translation   

BB_0370 tyrS tyrosyl-tRNA synthetase -2.35 0.000255 Translation   

BB_0695 rpsP 30S ribosomal protein S16 -2.33 3.00E-06 Translation -2.05 

BB_0064 fmt methionyl-tRNA formyltransferase -2.31 1.00E-06 Translation   

BB_0801 infB translation initiation factor IF-2 -2.3 5.00E-06 Translation   

BB_0496   50S ribosomal protein L30 -2.26 7.10E-05 Translation   

BB_0508 engA GTP-binding protein Der -2.26 0.002171 Translation   

BB_0492 rpsH 30S ribosomal protein S8 -2.21 1.40E-05 Translation   

BB_0786   

50S ribosomal protein L25/general 

stress protein Ctc -2.18 0.000629 Translation   

BB_0493   50S ribosomal protein L6 -2.17 0.000185 Translation   

BB_0127   30S ribosomal protein S1 -2.13 5.80E-05 Translation -2.51 

BB_0802 rbfA ribosome-binding factor A -2.09 1.80E-05 Translation   

BB_0442 yidC membrane protein insertase YidC -2.08 1.40E-05 Translation   
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BB_0395 secE preprotein translocase subunit SecE -2.03 0.002575 Translation   

BB_0229 rpmE 50S ribosomal protein L31 2.04 0.000153 Translation   

BB_0390 rplL 50S ribosomal protein L7/L12 2.06 9.00E-06 Translation   

BB_0427   

rRNA small subunit 

methyltransferase I 2.15 0.009449 Translation 10.91 

BB_0313 rrmJ 

ribosomal RNA large subunit 

methyltransferase J 2.24 0.000175 Translation   

BB_0738 valS valyl-tRNA synthetase 2.28 5.00E-06 Translation   

BB_0251 leuS leucyl-tRNA synthetase 2.34 0.005878 Translation   

BB_0338 rpsI 30S ribosomal protein S9 2.36 5.00E-05 Translation   

BB_0769 tsaD UGMP family protein 2.55 0.002727 Translation   

BB_0446 aspS aspartyl-tRNA synthetase 2.65 4.00E-06 Translation   

BB_0833 ileS isoleucyl-tRNA synthetase 2.68 0.009654 Translation   

BB_0214 efp elongation factor P 2.83 1.30E-05 Translation 4.22 

BB_0482 rpsS 30S ribosomal protein S19 3.13 8.00E-06 Translation 2.17 

BB_0135 hisS histidyl-tRNA synthetase 3.78 4.00E-06 Translation 4.55 

BB_0143   

membrane protein insertion 

efficiency factor 4.11 1.00E-06 Translation 2.71 

BB_0256 rpsU 30S ribosomal protein S21 4.16 0 Translation 2.14 

BB_0196 prfA peptide chain release factor 1 4.25 2.00E-06 Translation   

BB_0660 era GTPase Era 4.3 3.00E-06 Translation 2.11 

BB_0263 lepB signal peptidase I 4.31 0.003998 Translation 7.16 

BB_0169 infA translation initiation factor IF-1 4.75 0.000117 Translation 2.65 

BB_0476 tuf elongation factor Tu 5.01 1.40E-05 Translation   

BB_0225   tRNA-dihydrouridine synthase A 8.78 0.006922 Translation   

BB_0318   

methylgalactoside ABC transporter 

ATP-binding protein -3.68 6.00E-06 Transporter Proteins -2.00 



190 

 

BB_0466   

ABC transporter ATP-binding 

protein -3.32 0 Transporter Proteins   

BB_0141 besA membrane fusion protein -3.02 0.004492 Transporter Proteins   

BB_0146   

glycine/betaine ABC transporter 

ATP-binding protein -2.9 4.00E-05 Transporter Proteins   

BB_0573   

ABC transporter ATP-binding 

protein -2.82 0.000439 Transporter Proteins   

BB_0042 phoU 

phosphate transport system 

regulatory protein -2.72 4.00E-05 Transporter Proteins   

BB_0808   

hypothetical protein 

(lipopolysaccharide export system 

permease protein) -2.15 0.020888 Transporter Proteins   

BB_0742   

ABC transporter ATP-binding 

protein -2.13 0.000135 Transporter Proteins   

BB_J26   

ABC transporter, ATP-binding 

protein -2.1 0.010073 Transporter Proteins   

BB_0145   

glycine/betaine ABC transporter 

permease -2.05 0.002023 Transporter Proteins   

BB_0329 oppA-2 

oligopeptide permease peptide 

binding protein -2.05 0.00059 Transporter Proteins -7.41 

BB_B06 chbB chitobiose transporter protein -2.02 0.01931 Transporter Proteins   

BB_B29 malX2 PTS system transporter subunit IIBC 2.22 0.002571 Transporter Proteins   

BB_0729 yhcL 

dicarboxylate/amino acid:cation 

symporter 2.26 0.000321 Transporter Proteins   

BB_0559 ccr 

PTS system glucose-specific 

transporter 2.42 2.00E-06 Transporter Proteins   

BB_0332   peptide ABC transporter permease 2.46 0 Transporter Proteins   

BB_0334 oppD 

peptide ABC transporter ATP-

binding protein 2.49 9.40E-05 Transporter Proteins   



191 

 

BB_B05 chbA chitobiose transporter protein 2.79 0.01609 Transporter Proteins 4.42 

BB_B04 chcB chitobiose transporter protein 2.84 0.000128 Transporter Proteins   

BB_0447   Na+/H+ antiporter (putative) 3.08 7.00E-06 Transporter Proteins 3.66 

BB_0218 pstB 

phosphate ABC transporter ATP-

binding protein 3.2 0.031751 Transporter Proteins   

BB_0638   Na+/H+ antiporter 3.72 0.001125 Transporter Proteins   

BB_0219   

metal cation transporter permease 

gufA protein 3.74 2.00E-06 Transporter Proteins   

BB_0637   Na+/H+ antiporter family 4.02 5.00E-06 Transporter Proteins   

BB_A74 oms28 outer membrane porin  4.24 0 Transporter Proteins 5.83 

BB_B23 pbuG guanine/xanthine permease 5.44 3.00E-05 Transporter Proteins 6.92 

BB_0335 oppF 

peptide ABC transporter ATP-

binding protein 5.77 1.80E-05 Transporter Proteins   

BB_A34 oppA5 

extracellular solute-binding protein, 

family 5 6.17 5.00E-06 Transporter Proteins   

BB_0453   

small conductance mechanosensitive 

ion channel 9.7 1.00E-06 Transporter Proteins 4.61 

BB_0242   hypothetical protein -46.52 1.00E-06 Unknown -29.70 

BB_0319   hypothetical protein -14.34 0 Unknown -2.05 

BB_0126   hypothetical protein -11.07 1.40E-05 Unknown -2.18 

BB_0011   hypothetical protein  -10.81 3.70E-05 Unknown -5.78 

BB_0535   hypothetical protein -7.3 0.000107 Unknown -3.15 

BB_0298   TPR domain protein  -7.13 1.00E-06 Unknown   

BB_0675   hypothetical protein -6.84 0.000271 Unknown -2.60 

BB_0439   hypothetical protein -6.67 4.00E-06 Unknown   

BB_0713   hypothetical protein -6.5 0 Unknown   

BB_0227   hypothetical protein -6.26 0 Unknown   
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BB_0110   hypothetical protein -6.18 0.000698 Unknown -3.59 

BB_0397   hypothetical protein -5.89 0.000631 Unknown -3.60 

BB_0818   hypothetical protein -5.71 4.00E-06 Unknown -2.10 

BB_0792   hypothetical protein -5.58 1.00E-06 Unknown   

BB_0320   hypothetical protein -5.34 0.000165 Unknown   

BB_0266   hypothetical protein -4.98 2.00E-05 Unknown   

BB_0063   hypothetical protein -4.85 0 Unknown   

BB_0468   hypothetical protein -4.78 1.00E-06 Unknown   

BB_0794   hypothetical protein -4.63 0 Unknown -4.24 

BB_0336   hypothetical protein -4.57 4.50E-05 Unknown   

BB_0796   hypothetical protein -4.48 0.003828 Unknown   

BB_0322   hypothetical protein -4.23 0 Unknown -2.31 

BB_0661   hypothetical protein -4.13 3.00E-06 Unknown -2.62 

BB_0260   hypothetical protein -4.09 0.000999 Unknown   

BB_0058   hypothetical protein -4.07 1.00E-06 Unknown   

BB_0223   hypothetical protein -3.99 0.000969 Unknown   

BB_A72   hypothetical protein -3.97 1.30E-05 Unknown -16.43 

BB_0692   hypothetical protein -3.77 0.030077 Unknown   

BB_0356   hypothetical protein -3.74 0.003073 Unknown   

BB_0345   hypothetical protein -3.72 1.00E-06 Unknown -3.41 

BB_0707   hypothetical protein -3.72 0.001796 Unknown   

BB_0564   hypothetical protein -3.71 6.90E-05 Unknown -2.45 

BB_0700   hypothetical protein -3.71 0.002411 Unknown   

BB_0700   hypothetical protein -3.71 0.002411 Unknown   

BB_0059   

CBS domain-containing protein - 

hemolysin C -3.65 1.00E-06 Unknown   
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BB_0002   hypothetical protein -3.59 0.002427 Unknown   

BB_0619   DHH family -3.47 1.80E-05 Unknown   

BB_0066   hypothetical protein -3.46 4.90E-05 Unknown   

BB_0192   hypothetical protein -3.43 0.001931 Unknown -2.25 

BB_0400   hypothetical protein -3.39 0.002701 Unknown   

BB_0701   hypothetical protein -3.29 0.002761 Unknown   

BB_0231   hypothetical protein -3.27 0 Unknown   

BB_0662   hypothetical protein -3.06 0.000265 Unknown -2.83 

BB_0363   hypothetical protein -3.05 0.003581 Unknown -4.85 

BB_0170   hypothetical protein -3.04 9.00E-06 Unknown   

BB_0458   hypothetical protein -3.04 0 Unknown   

BB_0174   hypothetical protein -3.03 0.000853 Unknown   

BB_0403   hypothetical protein -2.99 3.00E-05 Unknown   

BB_0409   hypothetical protein -2.99 0.016415 Unknown   

BB_0554   hypothetical protein -2.98 2.00E-05 Unknown   

BB_0790   hypothetical protein -2.97 0.000234 Unknown   

BB_0019   hypothetical protein -2.9 0.002156 Unknown -2.99 

BB_0125   hypothetical protein -2.81 8.00E-06 Unknown   

BB_0418   hypothetical protein -2.77 0.003705 Unknown -2.33 

BB_0711   hypothetical protein -2.71 0.00013 Unknown   

BB_0044   hypothetical protein -2.7 0.002352 Unknown -2.13 

BB_0089   hypothetical protein -2.67 0.000479 Unknown -2.11 

BB_0156   hypothetical protein -2.67 0.005365 Unknown -2.85 

BB_0470   hypothetical protein -2.67 6.80E-05 Unknown   

BB_0569   hypothetical protein -2.62 3.00E-06 Unknown -3.63 

BB_0471   hypothetical protein -2.6 0.000265 Unknown   
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BB_0538   hypothetical protein -2.58 0.000232 Unknown   

BB_0459   hypothetical protein -2.53 1.60E-05 Unknown -2.09 

BB_0708   hypothetical protein -2.51 0.015153 Unknown   

BB_0373   hypothetical protein -2.47 0.000962 Unknown   

BB_N14   hypothetical protein -2.43 0.010229 Unknown   

BB_0106   TPR domain protein -2.37 3.10E-05 Unknown   

BB_0007   hypothetical protein -2.35 9.40E-05 Unknown   

BB_0307   hypothetical protein -2.32 0.00018 Unknown   

BB_0624   hypothetical protein -2.32 1.80E-05 Unknown   

BB_0663   hypothetical protein -2.3 0.005273 Unknown -2.21 

BB_0617   hypothetical protein -2.29 0.036744 Unknown -5.20 

BB_0043   hypothetical protein -2.23 3.10E-05 Unknown   

BB_0665   hypothetical protein -2.23 0.00095 Unknown   

BB_0648   hypothetical protein -2.2 0.017091 Unknown -2.32 

BB_0171   hypothetical protein -2.17 0.000534 Unknown   

BB_0163   hypothetical protein -2.14 9.70E-05 Unknown -2.49 

BB_0261   hypothetical protein -2.11 0.000999 Unknown -3.69 

BB_0130   hypothetical protein -2.09 0.015602 Unknown   

BB_0268   hypothetical protein -2.08 0.00095 Unknown   

BB_0267   hypothetical protein -2.07 5.00E-05 Unknown   

BB_B28   hypothetical protein -2.07 0.004433 Unknown   

BB_0354   hypothetical protein -2.06 0.007237 Unknown -2.92 

BB_0070   hypothetical protein -2.03 0.003543 Unknown -2.03 

BB_0209   hypothetical protein -2.01 0.00024 Unknown   

BB_0159   hypothetical protein 2.01 0.030852 Unknown   

BB_A41   hypothetical protein 2.04 0.001775 Unknown 3.26 



195 

 

BB_M19   hypothetical protein 2.05 0.000541 Unknown   

BB_0722   hypothetical protein 2.07 0.026144 Unknown   

BB_0539   hypothetical protein 2.08 6.80E-05 Unknown   

BB_P19   hypothetical protein 2.08 0.000379 Unknown   

BB_L19   hypothetical protein 2.12 0.000527 Unknown   

BB_0165   hypothetical protein 2.16 2.20E-05 Unknown 2.15 

BB_B26   hypothetical protein 2.17 0.036016 Unknown   

BB_J19   hypothetical protein 2.23 0.000301 Unknown 2.86 

BB_G09   hypothetical protein 2.29 0.002647 Unknown   

BB_0541   hypothetical protein 2.31 0.003154 Unknown   

BB_L22   hypothetical protein 2.34 0.001125 Unknown 2.67 

BB_A23   hypothetical protein  2.37 0.029657 Unknown 13.35 

BB_A13   hypothetical protein 2.4 0.009654 Unknown 3.21 

BB_J28   hypothetical protein 2.44 9.00E-06 Unknown   

BB_Q29   hypothetical protein 2.47 0.00047 Unknown 2.73 

BB_K40   hypothetical protein 2.54 3.00E-06 Unknown   

BB_0739   hypothetical protein 2.58 8.10E-05 Unknown   

BB_0428   hypothetical protein 2.6 4.10E-05 Unknown   

BB_0811   hypothetical protein 2.62 1.80E-05 Unknown   

BB_0510   hypothetical protein 2.65 0.000438 Unknown   

BB_0825   hypothetical protein 2.81 0.000234 Unknown   

BB_O29   hypothetical protein 2.81 4.90E-05 Unknown 2.76 

BB_0432   hypothetical protein 2.83 0.005391 Unknown   

BB_A09   hypothetical protein 2.84 0.029267 Unknown 4.76 

BB_M17   hypothetical protein 3.07 0.039143 Unknown 2.45 

BB_A40   hypothetical protein 3.09 4.00E-06 Unknown 5.43 
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BB_0449   hypothetical protein 3.28 1.00E-06 Unknown   

BB_0208   hypothetical protein 3.43 0.029958 Unknown   

BB_M41   hypothetical protein 3.43 0.000187 Unknown   

BB_0206   methyltransferase 3.46 3.00E-06 Unknown 4.05 

BB_G29   hypothetical protein 3.55 0.009908 Unknown 6.22 

BB_B10   hypothetical protein 3.56 0.000932 Unknown 5.50 

BB_G17   hypothetical protein 3.56 0.034712 Unknown   

BB_M30   hypothetical protein 3.56 1.40E-05 Unknown 2.20 

BB_D12   hypothetical protein 3.62 0.000156 Unknown 6.66 

BB_L04   hypothetical protein 3.62 0.001493 Unknown 11.28 

BB_0563   hypothetical protein 3.72 1.00E-06 Unknown   

BB_R44   hypothetical protein 3.77 0.004174 Unknown   

BB_K35   hypothetical protein 3.83 0.000455 Unknown   

BB_O43   hypothetical protein 3.86 0.047234 Unknown   

BB_0525   hypothetical protein 3.87 3.00E-06 Unknown 3.26 

BB_M03   hypothetical protein 3.94 0.027709 Unknown 9.45 

BB_0207   hypothetical protein 4.04 0.002233 Unknown 2.22 

BB_F26   hypothetical protein 4.23 0.00052 Unknown 7.07 

BB_O30   hypothetical protein 4.23 0 Unknown 3.47 

BB_K47   hypothetical protein 4.39 2.00E-06 Unknown 3.03 

BB_A54   hypothetical protein 4.4 4.90E-05 Unknown 2.81 

BB_J46   hypothetical protein 4.48 0.000427 Unknown   

BB_L12   hypothetical protein 4.48 0.009449 Unknown   

BB_0077   hypothetical protein 4.53 0.002565 Unknown   

BB_0324   hypothetical protein 4.61 2.50E-05 Unknown   

BB_0756   hypothetical protein 4.67 0.003285 Unknown   
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BB_R31   hypothetical protein 4.85 7.00E-06 Unknown 5.34 

BB_L41   hypothetical protein 4.97 0.003423 Unknown   

BB_M07   hypothetical protein 4.98 0.000398 Unknown 5.80 

BB_R29   hypothetical protein  4.99 3.00E-05 Unknown 3.26 

BB_J48   hypothetical protein 5 0 Unknown 2.19 

BB_N02   hypothetical protein 5.08 0.00311 Unknown 3.21 

BB_G19   hypothetical protein 5.11 4.00E-06 Unknown 2.13 

BB_0547   hypothetical protein 5.13 0.001003 Unknown   

BB_G31   hypothetical protein 5.35 7.00E-04 Unknown 3.80 

BB_0048   hypothetical protein 5.46 0.000358 Unknown   

BB_J31   hypothetical protein 5.52 5.00E-06 Unknown   

BB_L18   hypothetical protein 5.69 0.042986 Unknown   

BB_0740   hypothetical protein 5.71 1.00E-06 Unknown   

BB_0523   hypothetical protein 5.89 3.30E-05 Unknown   

BB_J11   hypothetical protein 6.21 0.000128 Unknown 5.26 

BB_0773   hypothetical protein 6.27 0.009977 Unknown   

BB_0762   hypothetical protein 6.31 1.20E-05 Unknown   

BB_Q78   hypothetical protein 6.33 0.015565 Unknown   

BB_B14   hypothetical protein 6.61 8.00E-06 Unknown 4.32 

BB_F25   hypothetical protein 6.68 0 Unknown 2.34 

BB_G18   hypothetical protein 6.88 2.10E-05 Unknown 2.00 

BB_D16   hypothetical protein 7.15 0.021134 Unknown 10.72 

BB_0631   hypothetical protein 7.9 0 Unknown   

BB_M39   hypothetical protein 8.08 3.00E-06 Unknown   

BB_K49   hypothetical protein 8.69 0 Unknown 4.15 

BB_G12   hypothetical protein 9.62 1.00E-06 Unknown   
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BB_O16   hypothetical protein 9.81 3.30E-05 Unknown   

BB_F22   hypothetical protein 10.91 0 Unknown   

BB_R22   hypothetical protein 11.61 3.00E-06 Unknown   

BB_N42   hypothetical protein 12.8 0 Unknown   

BB_Q18   hypothetical protein 13.78 5.50E-05 Unknown   

BB_O42   hypothetical protein 16.24 0.00089 Unknown   

BB_0049   hypothetical protein 19.08 0 Unknown   

BB_J38   hypothetical protein 23.36 0 Unknown 3.06 

BB_0162   hypothetical protein 25.25 0 Unknown 4.26 

BB_C08   hypothetical protein 28.87 0.004078 Unknown   

BB_S32   hypothetical protein 43.27 0 Unknown   
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Table A4. Genes differentially regulated by the DksA-deficient strain in response to starvation condition. 

ID Symbol Description 

Relative 

expression 

RPMI / 

BSK II 

FDR 

adjusted 

P-value Category 

BB_D21   Plasmid partitioning protein 2.12 7.90E-05 Cell Division 

BB_Q06   membrane protein 4.34 0.007243 Cell Envelope 

BB_J09 ospD outer surface protein D  3.39 7.30E-05 Cell Envelope 

BB_H41   membrane protein 3 0.027645 Cell Envelope 

BB_0034 outer membrane protein P13 2.95 7.30E-05 Cell Envelope 

BB_H06 cspZ complement regulator-acquiring surface protein 2.84 0.018053 Cell Envelope 

BB_B19 ospC outer surface protein C  2.82 0.000143 Cell Envelope 

BB_M27 revA fibronectin binding protein 2.45 0.027645 Cell Envelope 

BB_A24 dbpA decorin-binding protein A 2.26 0.041396 Cell Envelope 

BB_A36   lipoprotein 2.24 0.000304 Cell Envelope 

BB_K01   lipoprotein 2.17 0.006755 Cell Envelope 

BB_J36   lipoprotein 2.02 0.000143 Cell Envelope 

BB_0716 mreC rod shape-determining protein  -2.15 0.004589 Cell Envelope 

BB_0234 integral membrane protein -2.34 0.015231 Cell Envelope 

BB_0574 integral membrane protein -4.03 0.037345 Cell Envelope 

BB_0147 flaB flagellar filament core protein 2.55 0.000478 Chemotaxis and motility 

BB_0570 cheY chemotaxis protein CheY 2.05 0.005487 Chemotaxis and motility 

BB_0276 fliZ flagellar biosynthesis protein  -2.97 0.022595 Chemotaxis and motility 

BB_0057 gap glyceraldehyde 3-phosphate dehydrogenase 2.2 0.00343 Metabolism 

BB_0630 pfkB 1-phosphofructokinase 2.13 0.003473 Metabolism 

BB_0092 atpD V-type ATPase subunit D -3.25 7.80E-05 Metabolism 
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BB_F32   pseudogene 2.86 1.00E-05 Pseudogene 

BB_Q57   pseudogene 2.05 0.032989 Pseudogene 

BB_J15   pseudogene -2.83 0.023975 Pseudogene 

BB_0741 groS chaperonin GroS 2.06 0.004867 Stress Response 

BB_0697 rimM 16S rRNA-processing protein -2.03 0.002797 Translation 

BB_0487 rpsQ 30S ribosomal protein S17 -2.06 0.041396 Translation 

BB_0469 lspA lipoprotein  signal  peptidase -2.19 0.002797 Translation 

BB_B04 chcB chitobiose transporter protein 2.24 0.00323 Transporter Proteins 

BB_0448 hpr phosphocarrier protein -2.07 0.010755 Transporter Proteins 

BB_0318 

methylgalactoside ABC transporter ATP-

binding protein -2.15 0.003187 Transporter Proteins 

BB_0640 potC 

spermidine/putrescine ABC transporter 

permease -2.45 0.014362 Transporter Proteins 

BB_S32   hypothetical protein 3.56 0.003473 Unknown 

BB_0541 hypothetical protein 2.27 0.023975 Unknown 

BB_0049 hypothetical protein 2.2 0.009009 Unknown 

BB_0162 hypothetical protein 2.07 0.002797 Unknown 

BB_0752 hypothetical protein -2.01 0.017376 Unknown 

BB_0818 hypothetical protein -2.06 0.028409 Unknown 

BB_A54   hypothetical protein -2.07 0.039268 Unknown 

BB_0174 hypothetical protein -2.14 0.041396 Unknown 

BB_0790 hypothetical protein -2.15 0.015231 Unknown 

BB_0345 hypothetical protein -2.37 0.000179 Unknown 

BB_0139 hypothetical protein -2.41 0.000312 Unknown 

BB_G24   hypothetical protein -2.6 0.006602 Unknown 

BB_A13   hypothetical protein -2.98 0.004566 Unknown 

BB_0538 hypothetical protein -3.25 0.000179 Unknown 

BB_0851 hypothetical protein -8.85 0.034811 Unknown 
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Figure A1. Identification of peptides co-purified with the B. burgdorferi  

RNA polymerase. Coomassie stain of RNA polymerase mixtures separated by SDS-PAGE are shown. Individual bands visible by stain 

were excised, labeled as indicated and processed for LC-MS measurements. Peptides identified in the regions labeled are shown in Table 

A5.  
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Table A5. Top five LC-MS identified peptides represented in each sample excised from RNA polymerase mixture separated by SDS-

PAGE.  

Sample 

Location 

Protein 

Deisgnation Description 

Number of 

matches 

Coverage 

(%) 

Number of 

unique 

matches 

A150 RpoC DNA-directed RNA polymerase subunit beta'  599 70 123 

A135 RpoB DNA-directed RNA polymerase subunit beta  516 74 110 

A135 RpoC DNA-directed RNA polymerase subunit beta'  108 50 69 

A135 Tuf Elongation factor Tu 2 5 2 

A100 RpoB DNA-directed RNA polymerase subunit beta  76 43 45 

A100 RpoC DNA-directed RNA polymerase subunit beta'  43 32 41 

A100 BB0536 Zinc protease  putative  29 26 24 

A100 SecA Protein translocase subunit SecA  19 22 19 

A100 HrpA ATP-dependent helicase HrpA  9 11 9 

A95 RpoC DNA-directed RNA polymerase subunit beta'  52 29 43 

A95 RpoD RNA polymerase sigma factor RpoD  49 40 25 

A95 P83/P100 Borrelia P83/P100 antigen 22 26 21 

A95 RpoB DNA-directed RNA polymerase subunit beta  15 11 13 

A95 GreA Transcription elongation factor GreA  8 9 8 

A70 GroL 60 kDa chaperonin 203 66 36 

A70 RpoC DNA-directed RNA polymerase subunit beta'  52 21 23 

A70 NusA Transcription termination/antitermination protein 50 39 19 

A70 P66 Integral outer membrane protein P66  37 43 19 

A70 RpoB DNA-directed RNA polymerase subunit beta  12 10 11 

A65 RpoC DNA-directed RNA polymerase subunit beta'  64 16 24 
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A65 BB0330 

Bacterial extracellular solute-binding protein  

family 5 49 30 19 

A65 OppA4 Oligopeptide ABC transporter 36 29 18 

A65 BB0328 

Bacterial extracellular solute-binding protein  

family 5  38 19 10 

A65 BB0243 Glycerol-3-phosphate dehydrogenase 27 28 15 

A45 Tuf Elongation factor Tu 110 57 23 

A45 RpoC DNA-directed RNA polymerase subunit beta'  31 18 26 

A45 PfkA ATP-dependent 6-phosphofructokinase  32 47 22 

A45 BBK32 Fibronectin-binding protein   20 36 13 

A45 Csd Probable cysteine desulfurase 22 44 14 

A42 RpoA DNA-directed RNA polymerase subunit alpha  134 57 30 

A42 FlaB Flagellar filament 41 kDa core protein  30 47 14 

A42 Tuf Elongation factor Tu  36 46 18 

A42 BmpA Basic membrane protein A 17 36 10 

A42 FlaA Flagellar filament outer layer protein 7 21 7 

B95.1 P83/P100 Borrelia P83/P100 antigen  83 64 54 

B95.1 RpoD RNA polymerase sigma factor RpoD 60 51 34 

B95.1 BB0536 Zinc protease  putative 87 53 57 

B95.1 GreA Transcription elongation factor GreA  79 60 56 

B95.1 DnaK Chaperone protein DnaK  58 58 34 

B95.2 GuaA GMP synthase [glutamine-hydrolyzing]  75 57 31 

B95.2 GroL 60 kDa chaperonin  108 67 42 

B95.2 BB0330 

Bacterial extracellular solute-binding protein  

family 5 81 64 42 

B95.2 DnaK Chaperone protein DnaK 88 63 42 
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B95.2 P66 Integral outer membrane protein P66 77 62 38 

B52 RpoA DNA-directed RNA polymerase subunit alpha  688 87 61 

B52 GuaA GMP synthase [glutamine-hydrolyzing]  234 72 58 

B52 RpoC DNA-directed RNA polymerase subunit beta'  185 59 96 

B52 BB0713 Uncharacterized protein 351 65 22 

B52 GroL 60 kDa chaperonin 138 74 50 

B34 Ldh L-lactate dehydrogenase  621 97 113 

B34 BB0713 Uncharacterized protein  1061 85 51 

B34 OspA Outer surface protein A  519 79 61 

B34 ThyX Flavin-dependent thymidylate synthase  552 60 35 

B34 RpsD 30S ribosomal protein S4  70 63 23 

B26.1 RpsD 30S ribosomal protein S4 149 73 38 

B26.1 RplC 50S ribosomal protein L3 322 81 33 

B26.1 OspA Outer surface protein A  155 75 45 

B26.1 Ndk Nucleoside diphosphate kinase 70 69 25 

B26.1 Ldh L-lactate dehydrogenase  58 72 31 

B26.2 RpsD 30S ribosomal protein S4 144 79 49 

B26.2 Ndk Nucleoside diphosphate kinase  108 87 38 

B26.2 Crr PTS system glucose-specific EIIA component  63 91 30 

B26.2 P22 Outer surface 22 kDa lipoprotein 61 79 20 

B26.2 BB0449 Uncharacterized protein 41 42 9 

B17.1 Ndk Nucleoside diphosphate kinase  379 92 61 

B17.1 BB0449 Uncharacterized protein 58 42 13 

B17.1 P22 Outer surface 22 kDa lipoprotein 54 74 18 

B17.1 RplM 50S ribosomal protein L13 28 45 13 

B17.1 BBA03 Putative outer membrane protein   46 70 19 
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B17.2 BB0449 Uncharacterized protein 149 61 22 

B17.2 Ndk Nucleoside diphosphate kinase  98 75 30 

B17.2 RplQ 50S ribosomal protein L17 55 60 18 

B17.2 CspA Complement regulator-acquiring surface protein 1  3 10 3 

B17.2 BB0047 Uncharacterized protein  28 60 10 

B17.3 BB0449 Uncharacterized protein 202 79 28 

B17.3 RpoB DNA-directed RNA polymerase subunit beta  186 64 94 

B17.3 RpoC DNA-directed RNA polymerase subunit beta'  148 53 87 

B17.3 BB0034 Outer membrane protein P13 28 46 13 

B17.3 SpoVG Putative septation protein SpoVG 18 56 12 
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