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ABSTRACT 

Anderson, M.R. Regulation of OspC Expression in a B. burgdorferi Isolate.  MS in 

Clinical Microbiology, May 2016, 82pp. (S. Callister) 

 

Lyme disease causes significant morbidity in the US, and there is currently no effective 

vaccine.  Among the most promising strategies are an OspC-based vaccine, but 

development has been significantly hindered by the extreme heterogeneity of the protein, 

and the inability to manipulate OspC expression in laboratory-cultured B. burgdorferi so 

that the spirochetes more closely match the organisms that infect humans. The goal of 

this study was to create an infectious B. burgdorferi with appropriate genetic mutations to 

allow OspC expression to be induced by IPTG under in vitro and in vivo conditions.  The 

ospC promoter was successfully replaced with a lac promoter.  In addition, lacI was 

integrated, but the insertion did not occur in the appropriate region, so additional 

characterization studies remain necessary. Despite this shortcoming, this study provides 

valuable information for additional efforts to successfully create a laboratory B. 

burgdorferi strain with controllable OspC expression.   
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INTRODUCTION 

Historical Perspective. Borrelia burgdorferi, the causative agent of Lyme 

disease, was described by Burgdorfer et al. (1) after an epidemic of infectious 

inflammatory arthritis was detected in children from Lyme, Connecticut.  The spirochetal 

bacteria are transmitted most commonly by Ixodes scapularis ticks (2, 3), and the illness 

is now recognized as the most prevalent vector-borne disease in North America.  

Moreover, Lyme disease is likely under-reported, with estimates that up to 90% of cases 

remain undiagnosed annually (4). 

Classification of Borrelia spp. The Borrelia genus includes a wide variety of 

spirochetal bacteria species that infect mammals, birds, and reptiles, and unspeciated 

Lyme disease-related organisms are commonly referred to as B. burgdorferi sensu lato 

(5).  Most Lyme disease cases in the United States are caused by B. burgdorferi sensu 

stricto (ss) (5), but B. bissettii (6) and B. miyamatoi (7) are also culprits.  In Europe, the 

majority of Lyme disease cases can be attributed to B. burgdorferi ss, B. afzelii, or B. 

garinii (5).   

In addition, there is evidence that different pathogenic species of Borrelia have 

specific tissue predilections.  For example, B. burgdorferi ss is most commonly 

associated with infection of joint tissues such as knees and elbows (5, 8), B. bissettii is 
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more commonly found in cardiac tissue (5, 9), B. afzelii is often recovered from the skin 

(5, 8), and B. garinii appears to have a strong affinity for the nervous system (5, 8).   

Transmission of B. burgdorferi ss. The most common Lyme disease vector in 

the US is I. scapularis (2, 3, 5).  The uninfected larval ticks obtain spirochetes by taking 

blood meals from infected small mammals such as mice or voles (10, 11), and then 

transmit the organisms to humans while obtaining subsequent blood meals.  Most human 

infections occur from the bite of I. scapularis nymphs, which are most active during the 

spring and summer months (2, 10, 11).  However, adult female ticks, which are more 

active in spring and fall, also cause significant morbidity (12).  The risk of infection 

increases coincident with the length of feeding (13) and some researchers have suggested 

that ticks that feed for less than 24 hours pose little chance of transmission (13, 14). 

Clinical Classification of Lyme Disease. Lyme disease caused by B. burgdorferi 

ss can be categorized into stages depending on the progression of the infection.  The first 

stage, called early localized infection, is most often characterized by the presence of an 

erythema migrans (EM) skin lesion (15) and constitutional abnormalities such as 

myalgia, arthralgia, headache, fever, or malaise (16).  The EM generally manifests as a 

red ring with central clearing near the site of the tick bite, but atypical skin rashes can 

also occur (15).  If left untreated, the spirochetes may then disseminate to other tissues 

that typically include the large joints, but also include nervous system or heart tissues 

(17).  Therefore, arthralgia, nervous system abnormalities, or heart blockages are 

hallmarks of early disseminated Lyme disease.   If the infection still remains untreated, or 

if the treatment is inappropriate, more significant clinical abnormalities occur during the 

final stage termed late-disseminated infection.  The most common abnormality during 
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this stage is recurrent swelling of one or more large joints, including primarily the knees 

(16).   

It is also important to note, however, that the progression of Lyme disease can 

vary considerably.  Moreover, about 10% of patients that develop swollen joints from a 

disseminated infection also continue to experience chronic arthritis for years despite a 

duration of antibiotic therapy considered to be curative (16).  The cause of the persistent 

“treatment-resistant arthritis” remains unknown, but genetic predisposition and 

autoimmunity likely play predominant roles (16, 18, 19).  In these cases, treatment with 

non-steroidal anti-inflammatory agents, corticosteroids, or anti-rheumatic drugs, or even 

arthroscopic synovectomy may be the only options available (20).   

Treatment of Lyme Disease. Early localized and early disseminated infections 

are most often eliminated reliably by treatment with oral doxycycline (20).  For example, 

Kowalski et al. (21) showed that a 10-day course of doxycycline at 200 mg/day resulted 

in complete remission in 99% of over 600 patients.  However, treatment of disseminated 

late stage infection is more difficult as highlighted by Dattwyler et al. (22), who showed 

that 14-days of intravenous treatment with ceftriaxone failed to ameliorate the illness in 

approximately one-quarter of patients with late stages of disseminated Lyme disease.  In 

these cases, repeated bouts of antibiotics or more prolonged therapy are often necessary. 

Morphology and Genetics. B. burgdorferi ss are approximately 8 to 30 µm long 

and 0.2 to 0.5 µm wide (5, 23).  The organisms readily invade connective tissue, (24) and 

also travel through viscous environments, such as joint fluid, via a corkscrew-like 

motility caused by seven to twenty endoflagella that lie beneath the outer membrane and 

connect to the protoplasmic cylinder (23).   The outer membrane is comprised of a variety 
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of unique outer surface lipoproteins anchored by fatty acid molecules (25).  In addition, 

the organisms are classified as gram-negative, but often stain poorly because only small 

amounts of lipopolysaccharide (LPS) are present in the outer membrane (26).  In fact, 

Takayama et al. (26) was unable to detect LPS in the outer membrane of some 

pathogenic isolates.    

The genome of B. burgdorferi ss is comprised of a 1,000 kb linear chromosome 

and up to 21 circular or linear plasmids with notably low G+C content (27).   The 

chromosome contains genes that code for proteins typically necessary for DNA 

replication, transcription, and energy metabolism, but most essential nutrients are 

scavenged (27).  In addition, the plasmids contain genes that code for lipoproteins that are 

most often expressed on the outer surface.  To date, lipoproteins termed outer surface 

protein (Osp) A through OspF have been characterized, and the functions of some have 

been described.  For example, OspA is expressed while the spirochetes reside in the 

midgut of unfed ticks, because the protein fosters attachment to tick midgut epithelial 

cells (28).  However, the acquisition of a blood meal induces rapid downregulation of 

OspA expression (28, 29), presumably to release the attached spirochetes, and OspC 

expression is increased coincidentally.  The OspC then provides yet unknown vital 

functions as the spirochetes disseminate to the tick salivary glands (30) and then establish 

a mammalian infection (29).  

Immune Responses after Infection.  The initial response to B. burgdorferi ss 

appears to primarily be a classic cell-mediated immune response.  For example, the 

resident macrophages attach to the spirochetes via pathogen-specific receptors on the cell 

surface, which in turn induces a unique “coiling” phagocytosis (31).  During 
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internalization, the spirochetes are engulfed by phagocytic pseudopods that 

simultaneously coil around the spirochete and draw it into the cell (31).   In addition, the 

concurrent production of cytokines subsequently attracts neutrophils and monocytes to 

the site of infection, where they also phagocytose the organisms (32). Ultimately, the 

phagocytes then express spirochetal antigens via the major histocompatibility complex 

(MHC) II, which are then “presented” to CD4+ T-cells.  In addition, the antigens may 

also be expressed by CD1d non-classical MHC proteins, which in turn activates invariant 

natural killer T-cells (iNKT) (33).  This results in activation of additional T-cells, 

macrophages, and natural killer cells, as well as proliferation of B-cells (33).  After 

antigen presentation, the resultant activation of several T-cell populations ultimately 

stimulates the proliferation of B-cells, which produce antigen-specific antibodies.   

The immunoglobulin (Ig) M antibodies are primarily specific for flagellar protein, 

OspC, or the basic membrane protein BmpA, during the first few weeks of infection (34).  

After four to six weeks, however, the antibody response expands to include IgG 

antibodies against these and other proteins.  Most of the IgG antibodies opsonize the 

spirochetes for improved phagocytosis; however some induce a complement cascade that 

forms a membrane attack complex (MAC) to lyse the spirochetes by disrupting the outer 

membrane (35).  The complement-inducing IgG antibodies have been termed 

“borreliacidal” and, to date, IgG borreliacidal antibodies specific for OspA, OspB, OspC, 

p39, p66, and decorin-binding protein have been described (35-38).    

For the purposes of vaccine development, antibody-mediated immunity has 

provided the most effective protection after vaccination (35-38), possibly because the B. 

burgdorferi are transient within the blood stream and quickly sequester within immune-

http://www.ncbi.nlm.nih.gov/pubmed/24782127
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privileged areas that are inaccessible to cell-mediated responses.  In addition, immunity 

via borreliacidal antibodies has been most effective, likely because the antibodies kill the 

spirochetes via complement fixation without dependency on phagocytic cells (35-38).   

Resistance to Elimination. Borrelia spirochetes sometimes persist in the human 

despite a robust cell-mediated and humoral immune response, or even vigorous antibiotic 

therapy (16, 20).  The ability to resist elimination is likely the result of a combination of 

mechanisms. For example, the spirochetes apparently move freely through the 

extracellular matrix and also persist in multiple cell types.  In support, Coleman et al. 

(39) demonstrated the ability of B. burgdorferi to bind plasminogen, a proenzyme within 

the host bloodstream, to the cell surface.  Once bound, plasminogen is quickly converted 

to plasmin, which allows for the degradation of laminin, an important component of the 

extracellular matrix and basement membranes (39).  This enables spirochetes to quickly 

migrate from the bloodstream to immune privileged sites, such as the joints and brain.  In 

addition, the spirochetes can persist in tonsillar tissue (40), fibroblasts (41), neuronal and 

glial cells (42), macrophages (43) and synovial cells (44). Additionally, the organisms 

can “mask” their presence by coating the surface with host material, such as plasmin and 

decorin (39, 45).  Moreover, antigenic variation likely plays a role because the 

spirochetes express variable surface expressed (VlsE) antigen in vivo.  This antigen 

appears homologous to the vmp sequences in the relapsing fever spirochete B. hermsii 

that encode multiple cassettes, which spontaneously recombine to produce a vast array of 

surface-expressed lipoproteins in response to antibody pressure (46).   
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STUDY RATIONALE AND SPECIFIC OBJECTIVES 

Borrelia burgdorferi ss colonize multiple hosts, including ticks, dogs, horses, and 

humans; and survival within each host apparently requires increased expression of niche-

specific Osps (47).   For example, Lyme disease spirochetes that colonize tick midguts 

express high levels of OspA (28, 48, 49), but the spirochetes decrease OspA expression 

to a minute amount during the early stages of human infection, and coincidentally greatly 

increase the expression of OspC during blood meals (50, 51).  Moreover, several studies 

have confirmed that expression of OspC was absolutely essential during the early stages 

of a mammalian infection (30, 51).   

Although the necessity for OspC expression during early human infection is well-

documented, the function(s) of the protein remains largely undefined.  For example, 

researchers have suggested that OspC plays a role in host selection (52), plasminogen 

binding (39, 53), evasion of innate immunity (54), and recognition of the mammalian 

environment (55).  Moreover, the apparent importance of OspC expression for 

establishing human infection also highlights the possible utility of an OspC-based 

vaccine that could provide protection by inducing antibodies that bind to this essential 

Osp.  However, additional studies of OspC have not been forthcoming, primarily because 

of the difficulty of altering the expression of OspC using laboratory growth conditions to 

a level more consistent with the amount produced during human infection.  More
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confounding is that laboratory B. burgdorferi isolates express abundant amounts of OspA 

and only small amounts of OspC in laboratory medium (53, 56), and the antigenicity 

therefore more closely matches the protein expression as the spirochetes exist in the tick 

midgut.  In addition, laboratory mice are unsuitable as in vivo study models, because the 

spirochetes express OspC while traveling to the salivary glands and entering these 

rodents (57), but then rapidly downregulate expression as they colonize the animals.  

A previous graduate student (Macy Olson) attempted to overcome this 

shortcoming by performing experiments that determined whether modifying the pH of 

laboratory culture medium and manipulating the incubation temperatures would stimulate 

the spirochetes to express OspC at a level that more closely matched the amount 

expressed during human infection.  She showed that organisms grown at 32°C in 

Barbour-Stoenner-Kelly (BSK) medium that was adjusted to pH 6.8 caused significantly 

increased expression of OspC.  However, the laboratory manipulations failed to induce a 

concurrent decreased expression of OspA, which was a significant problem because the 

expression of OspA apparently prevented the OspC from being properly expressed on the 

surface.  In support, anti-OspC antibodies specific for the C-terminal region of OspC 

failed to bind the spirochetes, even though the level of OspC expression had been 

increased significantly.  Therefore, the utility of the organisms for investigating the 

function(s) of OspC or the utility of an OspC-based vaccine still remained significantly 

limited. 

Recently, Gilbert et al. (58) showed that utilizing the LacI repressor protein and 

the lac operon promoter/operator of E. coli as a regulatory system (Fig. 1) for ospC could 

allow for controlled expression of OspC.  To accomplish this, the native ospC promoter 



9 
 

was replaced with an inducible lac promoter, and lacI was inserted into the B. 

burgdorferi genome.  Then, LacI remained tightly bound to the lac operator when lactose 

was absent, but introducing the gratuitous inducer isopropyl β-D-1-thiogalactopyranoside 

(IPTG) caused LacI to disassociate, which in turn allowed transcription of ospC (Fig. 2).  

The regulatory system therefore allowed ospC to be “turned on or off” as needed.  In 

addition, the researchers (58) showed that SCID mice could be infected with the 

organisms and subsequently introducing IPTG via drinking water in turn induced 

expression of OspC.   

The finding therefore provided an important tool for pursuing studies designed to 

characterize OspC expression in vitro by B. burgdorferi.  However, the utility of the 

mutated Lyme disease spirochetes was still significantly limited, because the genetic 

manipulations had rendered the spirochetes non-infectious to immunocompetent 

laboratory mice.  Therefore, in vivo investigations were still confounded.  In this study,  I 

attempted to overcome this shortcoming by inserting the previously-described (58) 

inducible promoter system into a B. burgdorferi while  also taking steps to ensure the 

spirochetes retained the ability to infect immunocompetent laboratory mice.  Specifically, 

I 1) identified an appropriate infectious laboratory B. burgdorferi organism for genetic 

manipulations, 2) replaced the B. burgdorferi ospC promoter with a mutated E. coli lac 

operon promoter, 3) inserted the lac operon repressor gene lacI into the mutated B. 

burgdorferi, and 4) performed a preliminary characterization of the double-mutated 

spirochetes.  Figure 1 is a schematic representation of the lac operon, while Figure 2 

depicts the mutation strategy employed by Gilbert et al. to control expression of OspC. 
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FIG 1  Overview of the lac operon.  The lac operon is comprised of three distinct genes, 

lacZ, lacY, and lacA, that give rise to β-galactosidase, a permease protein, and a 

transacetylase that transports lactose into the cell respectively.  Overall, this operon is 

essential for E. coli (original host) to metabolize lactose.  An operator is present that 

binds a repressor known as lacI, which is encoded separately upstream.  The repressor 

binds the operator in the absence of lactose, inhibiting transcription of downstream genes.  

In the presence of lactose, the repressor binds a processed version of lactose known as 

allolactose, which inhibits binding of the operator and allows transcription of downstream 

genes.  For this study, the lacI repressor and lac promoter/operator sequence will be used.  

In this case, the lacI repressor can be removed from the operator using IPTG, a gratuitous 

inducer, (instead of allolactose) which will then allow for the transcription of downstream 

genes. 
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FIG 2  Mutation Strategy used by Gilbert et al. 2007 to allow controllable expression of 

OspC.  lac P indicates the presence of the lac promoter/operator on cp26.  Triangles 

indicate LacI production, circles represent OspC production, and diamonds represent 

IPTG. 
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METHODS AND MATERIALS 

Organisms.  Low passage B. burgdorferi strain 297 was originally isolated from 

human cerebrospinal fluid and previous studies (35, 37, 59) confirmed the organisms 

readily-infected C3H/He and BALB/c laboratory mice.  In addition, the spirochetes grow 

readily in laboratory culture medium and DNA sequences for both chromosomal and 

extra-chromasomal elements of strain 297 are available on GenBank.  The 297 

spirochetes were cultured in BSK medium to a concentration of about 10
8
 organisms/ml, 

aliquoted into 1.5 ml screw cap tubes, and then stored at -80°C until used. 

Vector Plasmids.  Mutation sequences were designed in-house and commercially 

constructed and cloned into plasmid vectors by Genscript (Piscataway, NJ).  The mutated 

region of ospC was housed in pUC57, and the mutation for insertion of lacI was harbored 

by pCC1-BAC (Epicentre).  Each plasmid vector was stable and incapable of replicating 

within B. burgdorferi 297.  Refer to Appendix A and B for full sequence data on both 

vectors. 

Antibodies.  Polyclonal anti-OspC antibodies were produced in multiple rabbits 

by vaccinating with recombinant OspC cloned from B. burgdorferi 50772 (59).  Sera 

containing the antibodies were harvested on day 70 post-immunization, pooled, and 

frozen at -20°C until needed.  Monoclonal mouse anti-LacI antibodies were purchased 

commercially (Millipore, Temecula, CA).



 

13 
 

Mouse.  A C3H/He laboratory mouse (Harlan Laboratories, Indianapolis, IN) was 

housed in a cage at ambient temperature in the animal facility at the UW-L Health 

Science Center.  Food and water were available ad libitum.  The mouse protocol was 

reviewed by the University of Wisconsin-La Crosse Animal Care and Use Committee 

prior to implementation. 

Challenge and Recovery of B. burgdorferi 297.  The C3H/He mouse was 

needle-challenged intraperitoneally with 300 µl of BSK medium that contained 

approximately 3.0 x 10
7
 B. burgdorferi 297 spirochetes.  Nine days post-challenge, the 

mouse was sacrificed by CO2 inhalation, and the intact kidneys, spleen and bladder were 

harvested, then run through a 3cc syringe to homogenize.  The homogenized organs were 

cultured in a 6 ml volume of fresh BSK medium that was then examined biweekly for 3 

weeks for viable spirochetes.  In addition, approximately 1 ml of blood was collected via 

cardiac puncture and DNA was extracted from a 200 µl aliquot using the QIAamp DNA 

Blood Mini Kit per manufacturer’s instructions (Qiagen, Germantown, MD).  The DNA 

was then used as a template for a real-time PCR assay (60) used routinely in the 

Microbiology Research Laboratory (Gundersen Health System) to confirm human 

infection with B. burgdorferi.  The PCR was performed using a MX3000P thermal cycler 

(Stratagene, La Jolla, CA).  

Polymerase Chain Reaction (PCR).  Several unique PCR assays were 

developed using Genbank and BLAST analyses.  Table 1 provides detail concerning the 

individual primers, annealing parameters, and the predicted sizes of the products for each 

PCR.  Primer binding sites can be found in Figure 3.  DNA was extracted from a one- to 

50-ml volume of BSK that contained approximately 10
8
 B. burgdorferi 297 per ml by 
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using a QIAamp DNA Mini Kit (Qiagen).  A 5 µl amount of the DNA (between 25-60 

ng) was then combined with 45 µl of master mix that consisted of 30 µl of PCR grade 

water, 12.5 µl of reaction buffer (composed of 2.5 µl of 10x AmpliTaq Gold buffer 

(Thermo Fisher Scientific), 3.2 µl of 2.5 mM MgCl2, 4 µl of GeneAmp dNTP mix, and 

2.8 µl nuclease-free water), 1 µl of forward primer (100 µM), 1 µl of reverse primer (100 

µM), and 0.5 µl of AmpliTaq Gold DNA polymerase (Thermo Fisher Scientific).  The 

suspension was mixed and transferred to a thermal cycler (Model 2720, Applied 

Biosystems, Foster City, CA) for amplification.  After amplification, the DNA was 

separated by electrophoresis in 0.8-2.0% agarose gels.  The 1X Tris-acetate-EDTA 

(TAE) agarose gels were poured and then allowed to set for approximately 30 minutes.  

Concurrently, the amplified DNA from the PCR reaction (50 µl) was combined with 3 µl 

of 10X gel loading buffer (Novagen, Temecula, CA), and the suspension was mixed by 

pipetting.  A 15-20 µl amount was then removed and loaded onto the freshly-prepared 

gel, and the gel was electrophoresed at 100 V for 45-60 min (Fotodyne, Hartland, WI).  

After electrophoresis, the gel was immersed in 100 ml of distilled water that contained 

0.7 µg/ml ethidium bromide for 30 min at room temperature with gentle rocking, and 

then evaluated by UV illumination. The sizes of recovered DNA fragments were 

approximated by comparison to perfect DNA marker (Novagen). 
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TABLE 1  Primer sequences, thermal cycling parameters, and expected amplicon sizes for 

unique PCR tests used in this study.  

Targeted 

Region 
Primer Sequence 

a
Annealing 

Expected 

Amplicon Size 

(bp) 

lp25 
b
F: TGCACGATAACCTGTCGCTT 

R: CCAATCAATGTCCACTCTCGC 
58°C for 30 s 504 

lacI 
F: TCGATGGTAGAACGAAGCGG 

R: TTCCACAGCAATGGCATCCT 
58°C for 30 s 123 

c
lacI  sequence 

flank 

F: TACGATTCTTAATGCTTGGATCT 

R: AAGTGAAGAGTATGATGTTCAAGA 
55°C for 30 s 

d
wt: 1391 

mut: 2296 

lacI 

sequencing 

F: ACGACGATACCGAAGACAGC 

R: TTAGCTGGATAACGCCACGG 
60°C for 30 s 756 

ospC sequence 

flank 

F: GCATATTTGGCTTTGCTTATGTCG 

R: GCCCTTTAACAGACTCATCAGC 
59°C for 30 s 

wt: 292 

mut: 1653 

ospC 

sequencing 

F: TGCCTCGGTGAGTTTTCTCC 

R: GCCCTTTAACAGACTCATCAGC 
59°C for 30 s 724 

cam
R
 

F: GGTTTTCACCGTAACACGCC 

R: GGCAATGAAAGACGGTGAGC 
60°C for 30 s 167 

kan
R
 

F: CGGTTTGGTTGATGCGAGTG 

R: CGATTCCGACTCGTCCAACA 
58°C for 30 s 194 

amp
R
 

F: TTCATTCAGCTCCGGTTCCC 

R: TGATAACACTGCGGCCAACT 
58°C for 30 s 124 

strep
R
 

F: GTACCAAATGCGGGACAACG 

R: CGGCGGAGGAACTCTTTGAT 
58°C for 30 s 140 

a 
Each PCR utilized an initial hold of 95°C for 10 min, 30 cycles of denaturation at 95°C for 30s, 

annealing as described above, elongation at 72°C for 1 min, and then a final extension of 72°C 

for 7 min. 

 
b
 F: Forward primer; R: Reverse primer 

 
c 

Primers were designed to flank sequences surrounding the targeted area of insertion  

 
d 

wt: wild type DNA, mut: mutated DNA 
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FIG 3  Binding locations of primers used during PCR characterization experiments.  

Panel A shows the mutation in which the native ospC promoter is replaced with the lac 

operon promoter/operator.  Panel B shows the lacI insertion mutation.  Primer binding 

sites are indicated by the vertical dash marks at the ends of each line. 
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Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE).  

A 50 ml-amount of BSK that contained approximately 10
8 

B. burgdorferi per ml was 

centrifuged at 8,000 x g for 20 minutes to pellet the spirochetes.  The organisms were 

then washed several times by resuspending the spirochetes in 25 ml-volumes of sterile 

0.01 M phosphate buffered saline adjusted to pH 7.2 (PBS), and then centrifuging to re-

pellet the organisms.  After the final wash, the pelleted organisms were re-suspended in a 

400 µl-volume of fresh PBS, and a 100 µl aliquot was removed and sonicated for 4 to 5 

pulses (Cell Disruptor 350, Branson, Danbury, CT) prior to determining the protein 

concentration with a commercial assay (BioRad, Hercules, CA).  Finally, a volume that 

contained 7.5 µg of protein was evaluated by a standard procedure (61).  Briefly, the 

protein was combined with an equal volume of sample buffer, boiled in a waterbath for 5 

min, and allowed to cool before adding to an individual well of a 10-20% gradient 

polyacrylamide gel.  The gel was then electrophoresed at 200 V for approximately 90 

minutes in an electrophoresis unit (Criterion, Bio-Rad).  After electrophoresis, the gel 

was stained by incubating overnight at room temperature in Coomassie Brilliant Blue 

with gentle rocking.  After staining, the gel was destained for several hours using a 

solution of methanol and glacial acetic acid, and then evaluated.  Protein sizes were 

approximated by comparison to molecular weight standards (High range rainbow 

molecular weight marker, GE Healthcare, Pittsburgh, PA). 

Western Blotting.  Western blotting was also performed using standard 

techniques (62).  Briefly, proteins were separated by SDS-PAGE and transferred to a 

polyvinylidene difluoride (PVDF) membrane (PerkinElmer, Boston, MA) via 

electrophoresing overnight at 10 V (Transblot Cell, BioRad).  After electrophoresis, the 
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membrane was cut to size, molecular weight standards were highlighted, and the gel was 

dried for one hr at 37°C.  The membrane was then blocked by incubating in 20 ml of PBS 

that contained 0.1% Tween 20 (PBS-T) and 1% bovine serum albumin for one hr at room 

temperature with gentle rocking.  The membrane was subsequently washed two separate 

times by immersing in fresh PBS-T for five minutes, and then overlaid with 20 ml of 

polyclonal anti-OspC rabbit antibodies diluted 1:100 in blocking buffer.  The membrane 

was re-washed (PBS-T) once for 15 minutes, followed by four additional 5 min washes.  

A 20 ml-volume of goat anti-rabbit IgG conjugated with horseradish peroxidase diluted 

1:5000 in PBS-T was then applied.  After incubation for one hour, the membrane was 

then washed as described and binding antibodies were visualized by using 3,3’,5,5’-

tetramethylbenzidine (TMB) (KPL, Gaithersburg, MD).    

Pulsed Field Gel Electrophoresis (PFGE).  Plugs for PFGE were prepared using 

a commercially-available procedure (CHEF Mammalian Genomic DNA Plug Kit, 

BioRad).  In brief, a 50 ml-volume of BSK that contained approximately 10
8 

spirochetes 

per ml was centrifuged for 20 minutes at 8,000 x g to pellet the organisms.  The pellets 

were then washed twice by re-suspending in 20 ml-volumes of PBS.  After the washes, 

the pellet was re-suspended in 100 µl of re-suspension buffer, mixed thouroughly with an 

equal volume of melted agarose, and the 200 µl suspension was pipetted into a gel mold.  

After incubation for 30 minutes at 4°C, the plug(s) was placed in 2.5 ml of lysozyme 

buffer and incubated at 37°C for two hours.  The lysozyme buffer was then removed and 

2.5 ml of proteinase K buffer (20 mg proteinase K/ml) was added.  This mixture was 

incubated overnight at 50°C, proteinase K solution was removed and replaced with 

approximately 5 ml of 0.5 M EDTA, and the plug(s) was stored at 4°C until tested. 
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Pulsed-field gel electrophoresis was performed using a previously-described (63, 

64) procedure.  Specifically, plugs were cut into pieces and approximately one-third was 

placed into individual wells of gels comprised of 0.5X Tris-borate-EDTA (TBE) and 

1.5% Megabase agarose (BioRad), and then sealed by adding low melt sealant agarose 

(BioRad).  The gels were electrophoresed with a 1.5-4 second switch time, 120° angle, at 

6 V/cm for 36 hrs (CHEF DR-III, BioRad) in TBE buffer at 14°C with constant liquid 

circulation.  After electrophoresis, the DNA in the gel was stained by immersion in 

ethidium bromide and detected by UV illumination.  The sizes of the recovered DNA 

fragments were determined by comparing to 5 kb or 8-48 kb ladder (BioRad) standards.   

Detection of Plasmid lp28-1.   DNA was recovered from B. burgdorferi and a 5 

µl volume was combined with 45 µl of master mix as described above.  Plasmid lp28-1 

was then detected by adding previously described (65) forward primer 

ACACCGCACTAACATCGGGTTC, reverse primer 

GATACACCTCCTAGTTTGGGTCCTC, and then cycling at 95°C for 10 min, followed 

by 30 cycles of 95°C for 30 s, 59°C for 30 s, and 72°C for 1 min, and a single 72°C 

incubation for 7 min.   The total volume (50 µl) of amplified DNA was then mixed with 3 

µl of 6X gel loading buffer and a 15-20 µl volume was loaded onto a 2% agarose gel.  

After electrophoresis at 200 V for 45 to 60 min, the gel was stained with ethidium 

bromide and lp28-1 (325 bp) was detected by UV illumination. 

Design of ospC Promoter Mutation.  The DNA sequence for replacement of the 

ospC promoter was a modification of a sequence used previously (58).  The sequence 

included kan
R
 (GenBank accession # KF322084) under the control of the flagellin 

promoter (flgB) (66), a synthetic ospC promoter derived from the lac operon 

Neg. Plasmid Extracts P20 lp25 Detection (58°C 
Annealing Temp) 

P20 Plasmid Extracts Neg. 
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promoter/operator sequence and elements of the flgB promoter (# EF015592), ospC (# 

CP002268), and flanking sequences (# CP002268).  The mutation sequence also included 

an additional TGA stop codon and a Rho-independent transcriptional stop sequence (# 

CP009656) to prevent transcriptional readthrough.  The complete sequence (Fig. 4) was 

commercially produced in lyophilized form within the vector pUC57 (Genscript).  For 

additional information refer to Appendix C. 
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FIG 4  Strategy for replacing B. burgdorferi 297 ospC promoter with mutated lac operon 

promoter.  A shows cloning of the mutation sequence into pUC57 vector (by Genscript),  

B shows transformation of mutation #1 with B. burgdorferi 297, C shows homologous 

recombination of mutation #1 with the ospC region of cp26. 
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Design of Mutation Sequence for Insertion of lacI.  The DNA sequence for the 

lacI insertion was also adapted from a previous study (58).  The design included strep
R
 (# 

AF052459) under the control of the flagellin promoter (flgB) (66), lacI from E. coli (# 

U13850) under the control of the flgB promoter, and flanking sequences (# AE000785) 

from the BBE02 target region of lp25.  The BBE02 region was chosen specifically 

because it encodes a restriction enzyme, which when destroyed by the insertion, allows 

for greater transformation efficiency without loss of virulence (58).  An additional TGA 

stop codon sequence and Rho-independent transcriptional stop sequence (# CP009656) 

were also added to prevent transcriptional readthrough.  The complete sequence was 

commercially-produced within the vector pCC1-BAC (Fig. 5), but the vector was 

contained in viable EPI300 E. coli (Epicentre).  For additional information refer to 

Appendix D. 
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FIG 5  Strategy for inserting lacI repressor into lp25 of modified (first mutation) B. 

burgdorferi 297.  A shows cloning of the mutation sequence into pCC1-BAC vector 

(by Genscript), B shows transformation of mutation #2 into modified B. burgdorferi 

297, C shows homologous recombination of mutation #2 with lp25. 
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Transformation of B. burgdorferi 297.  Vector pUC57 arrived lyophilized so 

solubilization in 4 to 5 µl of AE buffer (Qiagen) was needed prior to transformation.  

However, pCC1-BAC was contained in E. coli, so the plasmid had to be recovered.  The 

E. coli was cultured in Luria-Bertani (LB) medium containing 170 µg/ml of 

chloramphenicol.  After growth, arabinose induction solution (Genscript) was added to a 

concentration of 1 µl/ml, and the organisms were grown for an additional 3.5 hours at 

37°C with vigorous shaking.  Vector pCC1-BAC was then recovered (Plasmid Mini Kit, 

Qiagen) in 50 µl volumes by using the manufacturer’s protocol.  

Concomitantly, B. burgdorferi 297 were made electrocompetent and transformed 

by using a modification of a previously-described (67) procedure.  Briefly, 500 ml of 

BSK that contained the spirochetes was pelleted by centrifugation at 4,000 x g for 30 

min.  The organisms were then washed two times by re-suspension in 40 ml volumes of 

sterile, ice-cold Dulbecco’s phosphate buffered saline, and washed finally with a 10 ml 

volume of ice cold 8 mM HEPES/272 mM sucrose solution adjusted to pH 7.4 (HEPES).  

The washed and pelleted spirochetes were finally re-suspended in a 400 µl volume of 

HEPES, and then a 100 µl volume was mixed with 10-20 µg of vector DNA, and the 

suspension was incubated on ice for 1 minute.  After incubation, the suspension was 

transferred to a 0.2 cm chilled cuvette and electroporated at 2.5 kV, 25 µF, and 200 Ω 

(GenePulser Xcell PC module, BioRad, Hercules, CA).   After electroporation, the cells 

were re-suspended by addition of a 100 µl-volume of fresh BSK medium, transferred to 6 

ml of fresh BSK, and incubated overnight at 33°C.   

Recovery of Transformants.  After an incubation of at least 18 hr at 33°C, 200 

µg/ml of kanamycin and/or 50 µg/ml of streptomycin was added.  The organisms were 
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then re-incubated at 33°C and evaluated by darkfield microscopy for viable spirochetes 

biweekly for at least two months.  When viable organisms were detected, a one-ml 

volume of the BSK culture was transferred to a tube containing 5 ml of fresh BSK media 

and antibiotic, incubated at 33°C until reaching a concentration of 10
8
 organisms/ml, and 

500 µl aliquots were frozen at -80°C until tested.  

DNA Sequencing.   DNA fragments to be sequenced were amplified by PCR as 

described (Table 1), and the recovered DNA (50 µl) was purified to remove excess 

primers (QIAquick PCR Purification Kit, Qiagen) by following the manufacturer’s 

directions.   After purification, a 1 µl amount was removed and evaluated for DNA 

concentration (NanoDrop Lite, Thermo Fisher Scientific, Waltham, MA).  The extracted 

DNA was then forwarded for commercial sequencing using BigDye methodology 

(Laragen).  In addition, a 10 mM concentration of appropriate primers was included with 

each shipment.
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RESULTS 

 Recovery of B. burgdorferi 297 from a Laboratory Mouse.  Low passage B. 

burgdorferi 297 spirochetes that reliably infect laboratory mice have been used in 

previous studies (35, 37, 59), and aliquots of these organisms were stored in the 

Microbiology Research Laboratory.  I therefore confirmed the spirochetes remained 

infectious by needle-challenging a C3H/He mouse with 300 µl of approximately 10
8
 

organisms/ml of B. burgdorferi 297 spirochetes recovered from a frozen aliquot by 

culture to logarithmic growth stage in fresh BSK medium.  I then separately incubated 

homogenized bladder, spleen, and kidney tissues recovered two weeks post-challenge in 

fresh BSK medium.  The spleen and kidney tissues yielded negative results, however 

spirochetes were recovered from the bladder tissue.  In addition, I detected B. burgdorferi 

DNA by PCR in the mouse blood sample that had been collected immediately after the 

mouse was sacrificed by CO2 inhalation (data not shown). 

 Expression of OspC.  I next confirmed OspC expression by the laboratory B. 

burgdorferi 297 organisms to determine a baseline for additional experiments.  An SDS-

PAGE profile of the organisms showed expression of a protein with an appropriate 

molecular weight of approximately 22 kDa and Western blotting with polyclonal anti-

OspC rabbit antibodies confirmed the protein was OspC (Fig. 6).
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Detection of Virulence Plasmids.  I then showed the 297 spirochetes harbored 

important plasmids necessary for my subsequent experiments (lp25) or critical for 

establishing mammalian infection (lp28-1).  I initially attempted to detect each plasmid 

contained within the spirochetes by using pulsed field gel electrophoresis to generate a 

plasmid profile, but while the procedure provided sufficient detail to confirm the 

presence of multiple high- and low-molecular weight plasmids (Fig. 7), I did not achieve 

sufficient separation of the plasmids (despite multiple attempts) with varying laboratory 

conditions.  I therefore developed PCR tests specific for a unique DNA segment of both 

the lp28-1 and lp25 plasmids, which are associated most definitively with virulence (68-

70), and used the PCR tests to confirm the 297 spirochetes harbored these plasmids.  The 

PCR assay revealed that B. burgdorferi 297 contained both lp25 and lp28-1 (Fig. 8). 
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FIG 6  Detection of B. burgdorferi 297 OspC by SDS-PAGE (panel A) or Western blot 

with polyclonal anti-OspC rabbit antibodies (panel B).  
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FIG 7  Detection of plasmid DNA by pulsed field gel electrophoresis.  Lane 1 contains a 

5 kb ladder, lane 2 contains an 8-48 kb ladder, lane 3 contains B. burgdorferi 297. 
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FIG 8  Detection of plasmids lp28-1 (panel A) or lp25 (panel B) DNA by PCR and 

agarose gel electrophoresis.  Lane 1 contains 0.05-10 kb Perfect DNA Marker, lane 2 

contains vector pCC1-BAC, lane 3 contains B. burgdorferi 297.  Arrow indicates 

amplified 325 bp lp28-1 (panel A) or 504 bp lp25 (panel B) gene DNA segment. 
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 Insertion of the lac Promoter into B. burgdorferi 297.  The first step of the 

initial mutation required transforming the pUC57 plasmid with the modified lac promoter 

and kan
R
 into the spirochetes.  After transforming the spirochetes, recovering organisms 

that remained viable in an otherwise bactericidal concentration of kanamycin provided 

evidence of successful transformation of the vector plasmid.  Detection of an amplicon 

that contained kan
R
-specific DNA (Fig. 9) supported incorporation of the entire gene 

versus resistance due to spontaneous mutation.  As further support for homologous 

recombination, an amp
R
-specific amplicon, which was located on pUC57 at a site distant 

from the integration DNA segment, was also not detectable (Fig. 10).  Therefore, the 

findings provided strong evidence that the lac promoter had integrated into the genome.   

 Evaluation of ospC Promoter Mutation by DNA Sequence.  Prior to DNA 

sequencing, a PCR was performed utilizing sequencing primers to confirm the segment to 

be sequenced was present in the transformed spirochetes.  As expected, a 724 bp 

amplicon indicating the presence of a correct lac promoter sequence was detected (Fig. 

11).  To provide final confirmation of the integrity of the first mutation, I sent whole cell 

B. burgdorferi 297 DNA extraction material that contained the mutated ospC promoter 

for commercial sequencing.  However, my ability to analyze the sequence was 

confounded by high levels of background, which was puzzling since the transformed 

spirochetes were found to harbor the appropriate segment.  I therefore re-tested the 

mutated organisms by an additional PCR that amplified the entire mutation sequence and 

recovered a correct 1653 bp amplicon indicating an insertion between the flanking 

primers, and also a 292 bp amplicon, indicative of unmodified DNA (Fig. 12).  I then 

sequenced the amplification products, which provided strong evidence that the culture 
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also contained a subset of inappropriately-mutated spirochetes.  Despite this mixed 

population, however, I proceeded to introduce the second mutation.    
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FIG 9  Detection of kan
R
-specific (genotypic) DNA by PCR and agarose gel 

electrophoresis.  Lane 1 contains 0.05-10 kb Perfect DNA Marker, lane 2 contains 

original B. burgdorferi 297, lane 3 contains pUC57 DNA, and lane 4 contains 

transformed B. burgdorferi 297.  Arrow indicates amplified 194 bp kan
R
 gene DNA 

segment. 
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FIG 10  Confirmation of lack of amp
R
 in transformed B. burgdorferi 297 by PCR and 

agarose gel electrophoresis.  Lane 1 contains 0.05-10 kb Perfect DNA Marker, lane 2 

contains original B. burgdorferi 297, lane 3 contains pUC57 DNA, and lane 4 contains 

transformed B. burgdorferi 297.  Arrow indicates amplified 124 bp amp
R
 gene segment. 
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FIG 11  Amplification of potential ospC transformants via sequencing primers by 

conventional PCR and agarose gel electrophoresis.  Lane 1 contains 0.05-10 kb Perfect 

DNA Marker, lane 2 contains original B. burgdorferi 297, lane 3 contains pUC57 DNA, 

lane 4 contains transformed B. burgdorferi 297.  Arrow shows amplification products of 

approximately 724 bp indicative of the presence of the targeted sequencing region. 
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FIG 12  Detection of ospC promoter mutation placement.  A PCR assay utilizing primers 

which flanked the insertion site was used to detect correct integration of the mutation into 

the targeted area of cp26.  Lane 1 contains 0.05-10 kb Perfect DNA Marker, lane 2 

contains original B. burgdorferi 297, lane 3 contains pUC57 DNA, lane 4 contains 

transformed B. burgdorferi 297.  Correct mutation placement is indicated by the arrow at 

1,653 bp, while lack of sequence integration into desired location is indicated by the 

arrow at 293 bp. 
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Insertion of pCC1-BAC Plasmid into Mutated B. burgdorferi 297.  The first 

step of the second mutation was to transform the pCC1-BAC plasmid with the modified 

lacI and strep
R
 into the previously-mutated B. burgdorferi.  After transformation, 

organisms that were viable in an otherwise bactericidal concentration of streptomycin 

confirmed successful uptake of the vector plasmid.  As further evidence of 

transformation, I detected DNA fragments that contained strep
R
 (Fig. 13) and lacI (Fig. 

14).  Moreover, a cam
R
-specific amplicon, which was located on pCC1-BAC at a site 

distant from the integration DNA segment, was not detectable (Fig. 15).  Therefore, the 

lacI insert had also apparently integrated into the genome by homologous recombination.  

 Evaluation of Mutations by DNA Sequencing.  As final confirmation of the 

integrity of the double-mutant, I then amplified DNA segments that encompassed the first 

and second mutations (Fig. 16), and sent each for commercial sequencing.  The deduced 

sequence of the ospC DNA fragment (724 bp) corresponded identically to the expected 

DNA sequence (Fig. 17).  In addition, re-amplification of the entire mutation sequence 

from the cultured B. burgdorferi spirochetes confirmed the insert was placed properly 

and non-mutated or inappropriately-mutated organisms were no longer detectable (Fig. 

18).   

Similarly, the sequence of the lacI DNA segment (756 bp) was identical to the 

predicted sequence (Fig. 19).  However, the lacI mutation was not detectable by PCR and 

Western blotting with anti-LacI monoclonal antibodies failed to detect a protein (data not 

shown).  Therefore, while the mutated spirochetes appeared to have integrated lacI, the 

insertion did not appear to have occurred at the desired location.  Additionally, I also 
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obtained similar results after repeated attempts at correctly inserting the lacI-containing 

construct. 
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FIG 13  Detection of  strep
R
 DNA by PCR and agarose gel electrophoresis.  Lane 1 

contains 0.05-10 kb Perfect DNA Marker, lane 2 contains original B. burgdorferi 297, 

lane 3 contains pCC1-BAC DNA, lane 4 contains transformed, mutated B. burgdorferi 

297.  Arrow indicates amplified 140 bp indicative of strep
R
 segment.  

 

  



40 
 

 

 

 

 

 

 

 

 

 

 

FIG 14  Detection of  lacI DNA by PCR and agarose gel electrophoresis.  Lane 1 

contains 0.05-10 kb Perfect DNA Marker, lane 2 contains original B. burgdorferi 297, 

lane 3 contains pCC1-BAC DNA, lane 4 contains transformed, mutated B. burgdorferi 

297.  Arrow indicates amplified 123 bp lacI DNA segment. 
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FIG 15  Confirmation of lack of cam
R
 DNA.  Lane 1 contains 0.05-10 kb Perfect DNA 

Marker, lane 2 contains original B. burgdorferi 297, lane 3 contains pCC1-BAC DNA, 

lane 4 contains transformed, mutated B. burgdorferi 297.  The arrow indicates amplified 

167 bp cam
R
 DNA segment, which shows maintenance of pCC1-BAC vector plasmid. 
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FIG 16  Detection of amplified DNA segments using sequencing primers containing 

potential lacI (panel A) or ospC mutations (panel B).  Lane 1 contains 0.05-10 kb Perfect 

DNA Marker, lane 2 contains original B. burgdorferi 297, lane 3 contains pCC1-BAC 

DNA (panel A) or pUC57 DNA (panel B), and lane 4 contains double transformed (panel 

A) or single transformed (panel B) B. burgdorferi 297.  Arrow indicates amplified 756 bp 

lacI DNA segment (panel A) or amplified 724 bp ospC DNA segment (panel B). 
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Query  47   AATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGT  106 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1    AATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGT  60 

 

Query  107  TTTTCTAATAAGTAGAGCAAGGTGCTTTTTTGGCTGGCTATATTGCAGCCaaaaaaaGCT  166 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  61   TTTTCTAATAAGTAGAGCAAGGTGCTTTTTTGGCTGGCTATATTGCAGCCAAAAAAAGCT  120 

 

Query  167  TTTCTGGCAAAATAGGTTGACGTCTAATACCCGAGCTTCAAGGAAGATTTCCTATTAAGG  226 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  121  TTTCTGGCAAAATAGGTTGACGTCTAATACCCGAGCTTCAAGGAAGATTTCCTATTAAGG  180 

 

Query  227  TTGAACTTAAGAGCTTAAGCATAGACGATTTGaaaaaaattttaaaacaaacaaaaaatt  286 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  181  TTGAACTTAAGAGCTTAAGCATAGACGATTTGAAAAAAATTTTAAAACAAACAAAAAATT  240 

 

Query  287  ctttaataaaacaatATGTTGCGATGTTTAAGGTTTATGATTTAGATTTAAAGTTTAGTG  346 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  241  CTTTAATAAAACAATATGTTGCGATGTTTAAGGTTTATGATTTAGATTTAAAGTTTAGTG  300 

 

Query  347  AGGAAGCTATAGATAGAATTGCAGAGCTTACTTTTAATATGAATCTTGAGAGTGAAAATC  406 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  301  AGGAAGCTATAGATAGAATTGCAGAGCTTACTTTTAATATGAATCTTGAGAGTGAAAATC  360 

 

Query  407  TTGGTGCCAGAAGACTTCACGGTGTTATGGAAATAGTGCTTGCAGATCttttttttGAAG  466 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  361  TTGGTGCCAGAAGACTTCACGGTGTTATGGAAATAGTGCTTGCAGATCTTTTTTTTGAAG  420 

 

Query  467  TGCCTGGCAGTAAGTTGAAAAAATTTGAAATAAACTTGGACTATGTTAATaaaaaaaTAC  526 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  421  TGCCTGGCAGTAAGTTGAAAAAATTTGAAATAAACTTGGACTATGTTAATAAAAAAATAC  480 

 

Query  527  AAATTAACGAACAAAAAGATTTGAATTATTATATAATTTAGTTAAAATTGTGAGCGCTCA  586 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  481  AAATTAACGAACAAAAAGATTTGAATTATTATATAATTTAGTTAAAATTGTGAGCGCTCA  540 

 

Query  587  CAATTGAGGGAGGTTTCAATATGAAAAAGAATACATTAAGTGCAATATTAATGACTTTAT  646 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  541  CAATTGAGGGAGGTTTCAATATGAAAAAGAATACATTAAGTGCAATATTAATGACTTTAT  600 

 

Query  647  TTTTATTTATATCTTGTAATAATTCAGGAAAAGATGGGAATACATCTGCAAATTCTGCTG  706 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  601  TTTTATTTATATCTTGTAATAATTCAGGAAAAGATGGGAATACATCTGCAAATTCTGCTG  660 

 

Query  707  ATGA  710 

            |||| 

Sbjct  661  ATGA  664 

 

FIG 17  Confirmation of ospC mutation presence by DNA sequencing in double 

transformed B. burgdorferi 297.  Query shows the lab-designed sequence for the ospC 

promoter replacement mutation (ordered from Genscript), and subject sequence shows 

what was received after DNA sequencing through Laragen.  Vertical dashes indicate 

exact matches between both sequences.  

B 
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FIG 18  Confirmation of proper ospC mutation placement.  A PCR assay utilizing 

primers which flanked the insertion site was used to detect correct integration of the 

mutation into the targeted area of cp26.  Lane 1 contains 0.05-10 kb Perfect DNA 

Marker, lane 2 contains DNA from original B. burgdorferi 297, lane 3 contains pUC57 

DNA, lane 4 contains DNA from double transformed B. burgdorferi 297.  Correct 

integration of ospC mutation placement is indicated by the arrow at approximately 1,653 

bp, while lack of integration was shown the arrow around 293 bp (wild-type sequence). 
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Query  3    AACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGG  62 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  52   AACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGG  111 

 

Query  63   GCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCC  122 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  112  GCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCC  171 

 

Query  123  TGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGG  182 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  172  TGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGG  231 

 

Query  183  CACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGATGAGTAGAGCAAGGTGCTTTTTTGG  242 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  232  CACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGATGAGTAGAGCAAGGTGCTTTTTTGG  291 

 

Query  243  CTGGCTATATTGCAGCCaaaaaaaGCTTTTCTGGCAAAATAGGTTGCTATTGCTATTTGC  302 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  292  CTGGCTATATTGCAGCCAAAAAAAGCTTTTCTGGCAAAATAGGTTGCTATTGCTATTTGC  351 

 

Query  303  GTTTCtttttttttaatttttGTGCTATTCTTTTTAACAGGCAAAAGGATTTGCCAAAGT  362 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  352  GTTTCTTTTTTTTTAATTTTTGTGCTATTCTTTTTAACAGGCAAAAGGATTTGCCAAAGT  411 

 

Query  363  CAGAAATTTAAATTTTATCATGGAGGAATGATATATGAGGGAAGCGGTGATCGCCGAAGT  422 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  412  CAGAAATTTAAATTTTATCATGGAGGAATGATATATGAGGGAAGCGGTGATCGCCGAAGT  471 

 

Query  423  ATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTGCT  482 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  472  ATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTGCT  531 

 

Query  483  GGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGA  542 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  532  GGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGA  591 

 

Query  543  TTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGA  602 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  592  TTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGA  651 

 

Query  603  CCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCAC  662 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  652  CCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCAC  711 

 

Query  663  CATTGTTGTGCACGACGACATCATTCCGTGG  693 

            ||||||||||||||||||||||||||||||| 

Sbjct  712  CATTGTTGTGCACGACGACATCATTCCGTGG  742 

 

 

FIG 19  Confirmation of lacI mutation presence by DNA sequencing in double 

transformed B. burgdorferi 297.  Subject shows the lab-designed sequence for the lacI 

mutation (ordered from Genscript), and the query sequence shows what was received 

after DNA sequencing through Laragen.  Vertical dashes indicate exact matches between 

both sequences.  
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Evaluation of OspC Expression.  As an additional evaluation, I then determined 

whether OspC expression was still detectable, because lacI is a trans-acting gene so 

successfully inserting the gene at a distant site may have still led to production of the 

repressor protein necessary to turn off the mutated ospC promoter. However, expression 

of OspC still was detected, although the levels appeared less than the amount produced 

by wildtype spirochetes (Fig. 20).  In addition, the expression of other proteins (eg. 

approx. 48 kDa) also appeared decreased.  Therefore, a possible scenario is the insertion 

of lacI had affected expression of multiple proteins. 

Retention of Virulence Plasmids.  My collective findings therefore, provided 

strong evidence that I had successfully introduced the initial mutation, but had failed to 

properly integrate the second mutation.  As a final exercise, I determined whether the 

spirochetes had retained the critical (68-70) virulence plasmids lp28-1 and lp25 (the 

target for the second mutation) to provide important information for future efforts to 

introduce the second mutation.  Despite the multiple transformations, amplicons that 

corresponded appropriately to each plasmid remained detectable (Fig. 21).  Therefore, the 

spirochetes apparently still retained the ability to infect immunocompetent laboratory 

mice, despite my efforts to introduce both altered genes. 
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FIG 20  SDS-PAGE for protein analysis of double mutated B. burgdorferi 297.  Lane 1 

contains Rainbow Recombinant Protein Marker, lane 2 contains original B. burgdorferi 

297, lane 3 contains double transformed B. burgdorferi 297.  The arrow at 22 kDa 

represents OspC expression. 
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FIG 21  Detection of virulence plasmids lp28-1 (panel A) and lp25 (panel B) in double 

mutated B. burgdorferi 297 by PCR and agarose gel electrophoresis.  Lane 1 contains 

0.05-10 kb Perfect DNA Marker, lane 2 contains pCC1-BAC DNA, lane 3 contains 

original B. burgdorferi 297, lane 4 contains double mutated B. burgdorferi 297.  Presence 

of lp28-1 was indicated by an arrow at approximately 325 bp band (panel A), and 

presence of lp25 was indicated by an arrow at approximately 504 bp (panel B). 
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DISCUSSION 

 Lyme disease is the most common tickborne illness worldwide (2, 3) and an 

effective vaccine is not commercially available.  Among the most promising strategies 

for antibody-mediated immunity are OspC-based vaccines, because anti-OspC antibodies 

target a dominant surface-expressed antigen (35, 37, 38) that performs an essential role 

for establishing infection in the mammalian host (48-56).  In addition, multiple epitopes 

within OspC induce borreliacidal antibodies (35, 37, 38), and the complement-dependent 

antibody response has provided the most efficacy in previous protection studies (35, 37, 

38).  However, major drawbacks have significantly hindered developing an OspC-based 

vaccine, including primarily the extreme heterogeneity of the protein (35, 37, 38, 49, 52) 

and profound differences in OspC expression by the spirochetes that colonize humans or 

laboratory animals or grow in laboratory growth medium.  Most notably, spirochetes 

cultured in vitro express high amounts of OspA, the immunodominant protein expressed 

in the tick midgut, but only miniscule amounts of OspC.  Morever, while OspC is 

required for mammalian infection, the protein is rapidly downregulated coincident with 

colonization of laboratory mice (35, 37).  

Several strategies, including vaccination with a chimera of protective OspC 

epitopes (38) or a peptide with homology to a highly conserved epitope (35, 37), have 

been postulated to overcome the former issue, but the latter problem of suitable 
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laboratory spirochetes or animal models where the organisms express OspC at 

comparable levels to  human infection have remained elusive.  A previous graduate 

student (71) showed that modifying in vitro culture conditions induced B. burgdorferi to 

express higher levels of OspC, but the laboratory manipulations failed to decrease the 

expression of OspA.  As a consequence, expression of OspA prevented the OspC from 

being properly expressed on the spirochete surface, as evidenced by the inability of anti-

OspC antibodies specific for the C-terminal region to bind.  Therefore, the utility of 

laboratory-manipulated organisms for investigating the function(s) of OspC or efficacy of 

an OspC-based vaccine remained significantly limited. 

In this study, I tried the alternative approach of mutating an infectious B. 

burgdorferi isolate so that the expression of OspC could be controlled via the LacI 

repressor protein, the promoter/operator from the lac operon, and the gratuitous inducer 

IPTG.  In short, LacI would bind tightly to the lac promoter/operator which was inserted 

into the native ospC promoter, and in the presence of IPTG, the inducer would remove 

LacI from the operator and allow ospC transcription.  This strategy would allow OspC 

expression to be regulated by IPTG in culture medium or by feeding IPTG to infected 

laboratory mice (58), and the mutated spirochetes would therefore be extremely valuable 

for studies to evaluate the role of OspC during infection or the efficacy of a vaccine.   

Most importantly, a previous study (58) had employed an almost identical 

strategy and achieved successful in vitro and in vivo regulation of OspC expression, so I 

had a valid template to guide my efforts.  An important caveat, however, is that the 

laboratory manipulations in the previous study had rendered the organisms non-infectious 

to normal laboratory mice, so the spirochetes remained unsuitable for in vivo studies.  I 
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therefore also monitored the mutated spirochetes in my study to make sure they 

maintained two plasmids (lp25 and lp28-1) that each contain genes considered crucial for 

the ability of Lyme disease spirochetes to infect mammals (68-70).   

My first goal to insert the lac promoter sequence into the ospC promoter region 

was successful, but there was also clearly a sub-population of non-mutated or incorrectly 

mutated spirochetes in the population of mutated organisms.  The mixed population was a 

concern because the inappropriate spirochetes could confound the recovery of an 

appropriate double-mutant.  Despite this possibility, however, I re-transformed the mixed 

population to introduce the lacI repressor into lp25 and was fortunate enough to recover 

spirochetes that only had the correctly-inserted lac promoter.   

Unfortunately, however, my effort to correctly introduce the second mutation 

(lacI) was unsuccessful despite repeated attempts.  I was able to insert the correct lacI 

mutation sequence, but the area where the construct was inserted remained undefined, 

and the insertion appeared to downregulate expression of several other proteins in 

addition to OspC.  A possible scenario is the insert recombined near the flgB (flagellin) 

gene, because my construct contained two DNA segments that were homologous to the 

flgB promoter region.  Other possible explanations include the mutation inserted near the 

right location, but the manipulation destroyed the primer binding areas so that the 

mutation was not detectable by my PCR, or lacI inserted into the chromosome.  

Additionally, lacI may have incorporated correctly, but is being expressed at levels too 

low for effective downregulation of OspC.  A possible explaination could be codon usage 

bias, which is a phenomenon where the frequency of synonymous codons differs across 
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bacterial species.  In this case, a rare tRNA may be needed to start translation, leading to 

fewer LacI proteins produced. 

Therefore, additional studies to successfully introduce the second mutation remain 

necessary.  However, my work should also help this effort.  For example, I showed the 

organisms maintained two important mammalian virulence plasmids, especially lp28-1, 

despite the two rounds of transformations.  This was especially important since previous 

reports (72-74) documented the difficulty of retaining this plasmid under laboratory 

conditions.  In addition, aliquots of the organisms with the correctly inserted first 

mutation are now stored in the laboratory.   Moreover, my effort yielded other 

suggestions that should improve the chances of success.  For example, increasing the 

length of the flanking arms of the second construct would increase the chance of correct 

insertion by adding specificity.  In addition, my techniques to confirm expression of LacI 

were not very sensitive and, in fact, the second mutation may even have been correctly 

inserted, but expression may have been too low to be detectable by Western blotting.  

Therefore, more sensitive techniques such as enhanced chemiluminescence (ECL), or 

measuring RNA transcripts using Northern blotting or RT-PCR products may be needed 

to determine the level of LacI expression.  Additionally, the PCR I developed to 

determine the placement of lacI on lp25 may require higher concentrations of DNA for 

agrose gel detection due to larger amplicon size and lowered processivity of the Taq 

polymerase. 

In summary, I intended to create an infectious B. burgdorferi with appropriate 

genetic mutations to allow OspC expression to be induced by IPTG under in vitro and in 

vivo conditions.  I successfully replaced the ospC promoter with a modified lac promoter, 
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but failed to appropriately integrate lacI.   Despite this shortcoming, my work provides 

valuable information for future effort since organisms with an appropriate initial mutation 

are readily-available in the laboratory and additional transformations are unlikely to 

affect virulence. 
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Genbank #EU140750 
 

        1 gcggccgcaa ggggttcgcg tcagcgggtg ttggcgggtg tcggggctgg cttaactatg 

       61 cggcatcaga gcagattgta ctgagagtgc accatatgcg gtgtgaaata ccacacagat 

      121 gcgtaaggag aaaataccgc atcaggcgcc attcgccatt cagctgcgca actgttggga 

      181 agggcgatcg gtgcgggcct cttcgctatt acgccagctg gcgaaagggg gatgtgctgc 

      241 aaggcgatta agttgggtaa cgccagggtt ttcccagtca cgacgttgta aaacgacggc 

      301 cagtgaattg taatacgact cactataggg cgaattcgag ctcggtaccc ggggatcctc 

      361 tagagtcgac ctgcaggcat gcaagcttga gtattctata gtctcaccta aatagcttgg 

      421 cgtaatcatg gtcatagctg tttcctgtgt gaaattgtta tccgctcaca attccacaca 

      481 acatacgagc cggaagcata aagtgtaaag cctggggtgc ctaatgagtg agctaactca 

      541 cattaattgc gttgcgctca ctgcccgctt tccagtcggg aaacctgtcg tgccagctgc 

      601 attaatgaat cggccaacgc gaaccccttg cggccgcccg ggccgtcgac caattctcat 

      661 gtttgacagc ttatcatcga atttctgcca ttcatccgct tattatcact tattcaggcg 

      721 tagcaaccag gcgtttaagg gcaccaataa ctgccttaaa aaaattacgc cccgccctgc 

      781 cactcatcgc agtactgttg taattcatta agcattctgc cgacatggaa gccatcacaa 

      841 acggcatgat gaacctgaat cgccagcggc atcagcacct tgtcgccttg cgtataatat 

      901 ttgcccatgg tgaaaacggg ggcgaagaag ttgtccatat tggccacgtt taaatcaaaa 

      961 ctggtgaaac tcacccaggg attggctgag acgaaaaaca tattctcaat aaacccttta 

     1021 gggaaatagg ccaggttttc accgtaacac gccacatctt gcgaatatat gtgtagaaac 

     1081 tgccggaaat cgtcgtggta ttcactccag agcgatgaaa acgtttcagt ttgctcatgg 

     1141 aaaacggtgt aacaagggtg aacactatcc catatcacca gctcaccgtc tttcattgcc 

     1201 atacgaaatt ccggatgagc attcatcagg cgggcaagaa tgtgaataaa ggccggataa 

     1261 aacttgtgct tatttttctt tacggtcttt aaaaaggccg taatatccag ctgaacggtc 

     1321 tggttatagg tacattgagc aactgactga aatgcctcaa aatgttcttt acgatgccat 

     1381 tgggatatat caacggtggt atatccagtg atttttttct ccattttagc ttccttagct 

     1441 cctgaaaatc tcgataactc aaaaaatacg cccggtagtg atcttatttc attatggtga 

     1501 aagttggaac ctcttacgtg ccgatcaacg tctcattttc gccaaaagtt ggcccagggc 

     1561 ttcccggtat caacagggac accaggattt atttattctg cgaagtgatc ttccgtcaca 

     1621 ggtatttatt cgcgataagc tcatggagcg gcgtaaccgt cgcacaggaa ggacagagaa 

     1681 agcgcggatc tgggaagtga cggacagaac ggtcaggacc tggattgggg aggcggttgc 

     1741 cgccgctgct gctgacggtg tgacgttctc tgttccggtc acaccacata cgttccgcca 

     1801 ttcctatgcg atgcacatgc tgtatgccgg tataccgctg aaagttctgc aaagcctgat 

     1861 gggacataag tccatcagtt caacggaagt ctacacgaag gtttttgcgc tggatgtggc 

     1921 tgcccggcac cgggtgcagt ttgcgatgcc ggagtctgat gcggttgcga tgctgaaaca 

     1981 attatcctga gaataaatgc cttggccttt atatggaaat gtggaactga gtggatatgc 

     2041 tgtttttgtc tgttaaacag agaagctggc tgttatccac tgagaagcga acgaaacagt 

     2101 cgggaaaatc tcccattatc gtagagatcc gcattattaa tctcaggagc ctgtgtagcg 

     2161 tttataggaa gtagtgttct gtcatgatgc ctgcaagcgg taacgaaaac gatttgaata 

     2221 tgccttcagg aacaatagaa atcttcgtgc ggtgttacgt tgaagtggag cggattatgt 

     2281 cagcaatgga cagaacaacc taatgaacac agaaccatga tgtggtctgt ccttttacag 

     2341 ccagtagtgc tcgccgcagt cgagcgacag ggcgaagccc tcgagctggt tgccctcgcc 

     2401 gctgggctgg cggccgtcta tggccctgca aacgcgccag aaacgccgtc gaagccgtgt 

     2461 gcgagacacc gcggccggcc gccggcgttg tggatacctc gcggaaaact tggccctcac 

     2521 tgacagatga ggggcggacg ttgacacttg aggggccgac tcacccggcg cggcgttgac 

     2581 agatgagggg caggctcgat ttcggccggc gacgtggagc tggccagcct cgcaaatcgg 

     2641 cgaaaacgcc tgattttacg cgagtttccc acagatgatg tggacaagcc tggggataag 

     2701 tgccctgcgg tattgacact tgaggggcgc gactactgac agatgagggg cgcgatcctt 

     2761 gacacttgag gggcagagtg ctgacagatg aggggcgcac ctattgacat ttgaggggct 
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     2821 gtccacaggc agaaaatcca gcatttgcaa gggtttccgc ccgtttttcg gccaccgcta 

     2881 acctgtcttt taacctgctt ttaaaccaat atttataaac cttgttttta accagggctg 

     2941 cgccctgtgc gcgtgaccgc gcacgccgaa ggggggtgcc cccccttctc gaaccctccc 

     3001 ggtcgagtga gcgaggaagc accagggaac agcacttata tattctgctt acacacgatg 

     3061 cctgaaaaaa cttcccttgg ggttatccac ttatccacgg ggatattttt ataattattt 

     3121 tttttatagt ttttagatct tcttttttag agcgccttgt aggcctttat ccatgctggt 

     3181 tctagagaag gtgttgtgac aaattgccct ttcagtgtga caaatcaccc tcaaatgaca 

     3241 gtcctgtctg tgacaaattg cccttaaccc tgtgacaaat tgccctcaga agaagctgtt 

     3301 ttttcacaaa gttatccctg cttattgact cttttttatt tagtgtgaca atctaaaaac 

     3361 ttgtcacact tcacatggat ctgtcatggc ggaaacagcg gttatcaatc acaagaaacg 

     3421 taaaaatagc ccgcgaatcg tccagtcaaa cgacctcact gaggcggcat atagtctctc 

     3481 ccgggatcaa aaacgtatgc tgtatctgtt cgttgaccag atcagaaaat ctgatggcac 

     3541 cctacaggaa catgacggta tctgcgagat ccatgttgct aaatatgctg aaatattcgg 

     3601 attgacctct gcggaagcca gtaaggatat acggcaggca ttgaagagtt tcgcggggaa 

     3661 ggaagtggtt ttttatcgcc ctgaagagga tgccggcgat gaaaaaggct atgaatcttt 

     3721 tccttggttt atcaaacgtg cgcacagtcc atccagaggg ctttacagtg tacatatcaa 

     3781 cccatatctc attcccttct ttatcgggtt acagaaccgg tttacgcagt ttcggcttag 

     3841 tgaaacaaaa gaaatcacca atccgtatgc catgcgttta tacgaatccc tgtgtcagta 

     3901 tcgtaagccg gatggctcag gcatcgtctc tctgaaaatc gactggatca tagagcgtta 

     3961 ccagctgcct caaagttacc agcgtatgcc tgacttccgc cgccgcttcc tgcaggtctg 

     4021 tgttaatgag atcaacagca gaactccaat gcgcctctca tacattgaga aaaagaaagg 

     4081 ccgccagacg actcatatcg tattttcctt ccgcgatatc acttccatga cgacaggata 

     4141 gtctgagggt tatctgtcac agatttgagg gtggttcgtc acatttgttc tgacctactg 

     4201 agggtaattt gtcacagttt tgctgtttcc ttcagcctgc atggattttc tcatactttt 

     4261 tgaactgtaa tttttaagga agccaaattt gagggcagtt tgtcacagtt gatttccttc 

     4321 tctttccctt cgtcatgtga cctgatatcg ggggttagtt cgtcatcatt gatgagggtt 

     4381 gattatcaca gtttattact ctgaattggc tatccgcgtg tgtacctcta cctggagttt 

     4441 ttcccacggt ggatatttct tcttgcgctg agcgtaagag ctatctgaca gaacagttct 

     4501 tctttgcttc ctcgccagtt cgctcgctat gctcggttac acggctgcgg cgagcgctag 

     4561 tgataataag tgactgaggt atgtgctctt cttatctcct tttgtagtgt tgctcttatt 

     4621 ttaaacaact ttgcggtttt ttgatgactt tgcgattttg ttgttgcttt gcagtaaatt 

     4681 gcaagattta ataaaaaaac gcaaagcaat gattaaagga tgttcagaat gaaactcatg 

     4741 gaaacactta accagtgcat aaacgctggt catgaaatga cgaaggctat cgccattgca 

     4801 cagtttaatg atgacagccc ggaagcgagg aaaataaccc ggcgctggag aataggtgaa 

     4861 gcagcggatt tagttggggt ttcttctcag gctatcagag atgccgagaa agcagggcga 

     4921 ctaccgcacc cggatatgga aattcgagga cgggttgagc aacgtgttgg ttatacaatt 

     4981 gaacaaatta atcatatgcg tgatgtgttt ggtacgcgat tgcgacgtgc tgaagacgta 

     5041 tttccaccgg tgatcggggt tgctgcccat aaaggtggcg tttacaaaac ctcagtttct 

     5101 gttcatcttg ctcaggatct ggctctgaag gggctacgtg ttttgctcgt ggaaggtaac 

     5161 gacccccagg gaacagcctc aatgtatcac ggatgggtac cagatcttca tattcatgca 

     5221 gaagacactc tcctgccttt ctatcttggg gaaaaggacg atgtcactta tgcaataaag 

     5281 cccacttgct ggccggggct tgacattatt ccttcctgtc tggctctgca ccgtattgaa 

     5341 actgagttaa tgggcaaatt tgatgaaggt aaactgccca ccgatccaca cctgatgctc 

     5401 cgactggcca ttgaaactgt tgctcatgac tatgatgtca tagttattga cagcgcgcct 

     5461 aacctgggta tcggcacgat taatgtcgta tgtgctgctg atgtgctgat tgttcccacg 

     5521 cctgctgagt tgtttgacta cacctccgca ctgcagtttt tcgatatgct tcgtgatctg 

     5581 ctcaagaacg ttgatcttaa agggttcgag cctgatgtac gtattttgct taccaaatac 

     5641 agcaatagca atggctctca gtccccgtgg atggaggagc aaattcggga tgcctgggga 

     5701 agcatggttc taaaaaatgt tgtacgtgaa acggatgaag ttggtaaagg tcagatccgg 

     5761 atgagaactg tttttgaaca ggccattgat caacgctctt caactggtgc ctggagaaat 

     5821 gctctttcta tttgggaacc tgtctgcaat gaaattttcg atcgtctgat taaaccacgc 
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     5881 tgggagatta gataatgaag cgtgcgcctg ttattccaaa acatacgctc aatactcaac 

     5941 cggttgaaga tacttcgtta tcgacaccag ctgccccgat ggtggattcg ttaattgcgc 

     6001 gcgtaggagt aatggctcgc ggtaatgcca ttactttgcc tgtatgtggt cgggatgtga 

     6061 agtttactct tgaagtgctc cggggtgata gtgttgagaa gacctctcgg gtatggtcag 

     6121 gtaatgaacg tgaccaggag ctgcttactg aggacgcact ggatgatctc atcccttctt 

     6181 ttctactgac tggtcaacag acaccggcgt tcggtcgaag agtatctggt gtcatagaaa 

     6241 ttgccgatgg gagtcgccgt cgtaaagctg ctgcacttac cgaaagtgat tatcgtgttc 

     6301 tggttggcga gctggatgat gagcagatgg ctgcattatc cagattgggt aacgattatc 

     6361 gcccaacaag tgcttatgaa cgtggtcagc gttatgcaag ccgattgcag aatgaatttg 

     6421 ctggaaatat ttctgcgctg gctgatgcgg aaaatatttc acgtaagatt attacccgct 

     6481 gtatcaacac cgccaaattg cctaaatcag ttgttgctct tttttctcac cccggtgaac 

     6541 tatctgcccg gtcaggtgat gcacttcaaa aagcctttac agataaagag gaattactta 

     6601 agcagcaggc atctaacctt catgagcaga aaaaagctgg ggtgatattt gaagctgaag 

     6661 aagttatcac tcttttaact tctgtgctta aaacgtcatc tgcatcaaga actagtttaa 

     6721 gctcacgaca tcagtttgct cctggagcga cagtattgta taagggcgat aaaatggtgc 

     6781 ttaacctgga caggtctcgt gttccaactg agtgtataga gaaaattgag gccattctta 

     6841 aggaacttga aaagccagca ccctgatgcg accacgtttt agtctacgtt tatctgtctt 

     6901 tacttaatgt cctttgttac aggccagaaa gcataactgg cctgaatatt ctctctgggc 

     6961 ccactgttcc acttgtatcg tcggtctgat aatcagactg ggaccacggt cccactcgta 

     7021 tcgtcggtct gattattagt ctgggaccac ggtcccactc gtatcgtcgg tctgattatt 

     7081 agtctgggac cacggtccca ctcgtatcgt cggtctgata atcagactgg gaccacggtc 

     7141 ccactcgtat cgtcggtctg attattagtc tgggaccatg gtcccactcg tatcgtcggt 

     7201 ctgattatta gtctgggacc acggtcccac tcgtatcgtc ggtctgatta ttagtctgga 

     7261 accacggtcc cactcgtatc gtcggtctga ttattagtct gggaccacgg tcccactcgt 

     7321 atcgtcggtc tgattattag tctgggacca cgatcccact cgtgttgtcg gtctgattat 

     7381 cggtctggga ccacggtccc acttgtattg tcgatcagac tatcagcgtg agactacgat 

     7441 tccatcaatg cctgtcaagg gcaagtattg acatgtcgtc gtaacctgta gaacggagta 

     7501 acctcggtgt gcggttgtat gcctgctgtg gattgctgct gtgtcctgct tatccacaac 

     7561 attttgcgca cggttatgtg gacaaaatac ctggttaccc aggccgtgcc ggcacgttaa 

     7621 ccgggctgca tccgatgcaa gtgtgtcgct gtcgacgagc tcgcgagctc ggacatgagg 

     7681 ttgccccgta ttcagtgtcg ctgatttgta ttgtctgaag ttgtttttac gttaagttga 

     7741 tgcagatcaa ttaatacgat acctgcgtca taattgatta tttgacgtgg tttgatggcc 

     7801 tccacgcacg ttgtgatatg tagatgataa tcattatcac tttacgggtc ctttccggtg 

     7861 atccgacagg ttacggggcg gcgacctcgc gggttttcgc tatttatgaa aattttccgg 

     7921 tttaaggcgt ttccgttctt cttcgtcata acttaatgtt tttatttaaa ataccctctg 

     7981 aaaagaaagg aaacgacagg tgctgaaagc gagctttttg gcctctgtcg tttcctttct 

     8041 ctgtttttgt ccgtggaatg aacaatggaa gtccgagctc atcgctaata acttcgtata 

     8101 gcatacatta tacgaagtta tattcgat 
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Genbank #Y14837 

        1 tcgcgcgttt cggtgatgac ggtgaaaacc tctgacacat gcagctcccg gagacggtca 

       61 cagcttgtct gtaagcggat gccgggagca gacaagcccg tcagggcgcg tcagcgggtg 

      121 ttggcgggtg tcggggctgg cttaactatg cggcatcaga gcagattgta ctgagagtgc 

      181 accatatgcg gtgtgaaata ccgcacagat gcgtaaggag aaaataccgc atcaggcgcc 

      241 attcgccatt caggctgcgc aactgttggg aagggcgatc ggtgcgggcc tcttcgctat 

      301 tacgccagct ggcgaaaggg ggatgtgctg caaggcgatt aagttgggta acgccagggt 

      361 tttcccagtc acgacgttgt aaaacgacgg ccagtgaatt cgagctcggt acctcgcgaa 

      421 tgcatctaga tatcggatcc cgggcccgtc gactgcagag gcctgcatgc aagcttggcg 

      481 taatcatggt catagctgtt tcctgtgtga aattgttatc cgctcacaat tccacacaac 

      541 atacgagccg gaagcataaa gtgtaaagcc tggggtgcct aatgagtgag ctaactcaca 

      601 ttaattgcgt tgcgctcact gcccgctttc cagtcgggaa acctgtcgtg ccagctgcat 

      661 taatgaatcg gccaacgcgc ggggagaggc ggtttgcgta ttgggcgctc ttccgcttcc 

      721 tcgctcactg actcgctgcg ctcggtcgtt cggctgcggc gagcggtatc agctcactca 

      781 aaggcggtaa tacggttatc cacagaatca ggggataacg caggaaagaa catgtgagca 

      841 aaaggccagc aaaaggccag gaaccgtaaa aaggccgcgt tgctggcgtt tttccatagg 

      901 ctccgccccc ctgacgagca tcacaaaaat cgacgctcaa gtcagaggtg gcgaaacccg 

      961 acaggactat aaagatacca ggcgtttccc cctggaagct ccctcgtgcg ctctcctgtt 

     1021 ccgaccctgc cgcttaccgg atacctgtcc gcctttctcc cttcgggaag cgtggcgctt 

     1081 tctcatagct cacgctgtag gtatctcagt tcggtgtagg tcgttcgctc caagctgggc 

     1141 tgtgtgcacg aaccccccgt tcagcccgac cgctgcgcct tatccggtaa ctatcgtctt 

     1201 gagtccaacc cggtaagaca cgacttatcg ccactggcag cagccactgg taacaggatt 

     1261 agcagagcga ggtatgtagg cggtgctaca gagttcttga agtggtggcc taactacggc 

     1321 tacactagaa gaacagtatt tggtatctgc gctctgctga agccagttac cttcggaaaa 

     1381 agagttggta gctcttgatc cggcaaacaa accaccgctg gtagcggtgg tttttttgtt 

     1441 tgcaagcagc agattacgcg cagaaaaaaa ggatctcaag aagatccttt gatcttttct 

     1501 acggggtctg acgctcagtg gaacgaaaac tcacgttaag ggattttggt catgagatta 

     1561 tcaaaaagga tcttcaccta gatcctttta aattaaaaat gaagttttaa atcaatctaa 

     1621 agtatatatg agtaaacttg gtctgacagt taccaatgct taatcagtga ggcacctatc 

     1681 tcagcgatct gtctatttcg ttcatccata gttgcctgac tccccgtcgt gtagataact 

     1741 acgatacggg agggcttacc atctggcccc agtgctgcaa tgataccgcg agacccacgc 

     1801 tcaccggctc cagatttatc agcaataaac cagccagccg gaagggccga gcgcagaagt 

     1861 ggtcctgcaa ctttatccgc ctccatccag tctattaatt gttgccggga agctagagta 

     1921 agtagttcgc cagttaatag tttgcgcaac gttgttgcca ttgctacagg catcgtggtg 

     1981 tcacgctcgt cgtttggtat ggcttcattc agctccggtt cccaacgatc aaggcgagtt 

     2041 acatgatccc ccatgttgtg caaaaaagcg gttagctcct tcggtcctcc gatcgttgtc 

     2101 agaagtaagt tggccgcagt gttatcactc atggttatgg cagcactgca taattctctt 

     2161 actgtcatgc catccgtaag atgcttttct gtgactggtg agtactcaac caagtcattc 

     2221 tgagaatagt gtatgcggcg accgagttgc tcttgcccgg cgtcaatacg ggataatacc 

     2281 gcgccacata gcagaacttt aaaagtgctc atcattggaa aacgttcttc ggggcgaaaa 

     2341 ctctcaagga tcttaccgct gttgagatcc agttcgatgt aacccactcg tgcacccaac 

     2401 tgatcttcag catcttttac tttcaccagc gtttctgggt gagcaaaaac aggaaggcaa 

     2461 aatgccgcaa aaaagggaat aagggcgaca cggaaatgtt gaatactcat actcttcctt 

     2521 tttcaatatt attgaagcat ttatcagggt tattgtctca tgagcggata catatttgaa 

     2581 tgtatttaga aaaataaaca aataggggtt ccgcgcacat ttccccgaaa agtgccacct 

     2641 gacgtctaag aaaccattat tatcatgaca ttaacctata aaaataggcg tatcacgagg 

     2701 ccctttcgtc
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TTAATATATTTTATATTTAAATCATATTGATGCTTTAATTCTAGTATTTTTTTATCTTCATTTTTGCGCAACAA
TCCAGTGTTTATAAAAACGCAGATCAAATTTTTGTTTATAGCTTTTTTTATAAGTAATGCGCAAACTAAAG
AGTCTGTACCACCAGAAAGTCCTAAAATAACCTTTTTGTTTCCCACTTTAAGCTTAATTTTTTCCACAATGG
TTTCTAGATTGCCTTCTAATGACCAATTAATTTGGGCTTGGCAAATTTTAAAAACAAAATTTTTAAGTATTT
GATCGCCAAATTCAGAATGAGTTACTTCTGGATGGAATTGTAGGCCGTAAATTTTTTGATTTTCATTTGAT
ATAGAAGCAATACAATTTTTTGTAAAAGCTAATTGTTTGAAATTATCAGGAATTTTTTCAATACTGTCTCCA
TGACTCATAATAATTTGAAATTTATTTGGAAGTTCTGAAAATAAAAGAGATTTTTCATCTCTTAGAAAGAT
TTCAGAGCTTCCATATTCTTGTTTAGAATCTTTAGATACTAGGCCCCCAAATAATTTAACAATTATTTGCAT
TCCATAACATATACCCAAAACAGGTATTTTCAAATTAAAAATTTCCATATCCAAGGTAGGAGCTTCTTTTG
AATAAACAGAAGCAGGACTTCCACTTAGTATTATTCCTGAGATATTCATATTTTTAATTTCTTTTAAAGGAG
TATAGTAAGGTATTACTTTTGTATAAACGCCAATTTCTCTAATTCTTCTTGCAATTAGTTGGCTATATTGGG
ATCCAAAATCTAATACAAGTATTGCCTGAGTATTCATCATATAAGTCCTTAAATAAATTAAAACTTTTTTTA
TTAAAGTATATTTCATTTAATTTTAGCATATTTGGCTTTGCTTATGTCGATTTTAAAATCAAATTAAGACAA
TATTTTTCAAATTCTTCAATATCTTGAATAAATATTGAAGAATTTGAAAAAATATTTTTTCAAATAAAAAAG
CTATTGCTATTTGCGTTTCTTTTTTTTTAATTTTTGTGCTATTCTTTTTAACAGGCAAAAGGATTTGCCAAAG
TCAGAAATTTAAATTTTATCATGGAGGAATGATATATGAGCCATATTCAACGGGAAACGTCTTGCTCGAG
GCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAA
TCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAA
GGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTC
CGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGGAAAACA
GCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGC
GCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCG
CAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTT
GAACAAGTCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTT
CTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATC
GCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACG
GCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGT
TTTTCTAATAAGTAGAGCAAGGTGCTTTTTTGGCTGGCTATATTGCAGCCAAAAAAAGCTTTTCTGGCAAA
ATAGGTTGACGTCTAATACCCGAGCTTCAAGGAAGATTTCCTATTAAGGTTGAACTTAAGAGCTTAAGCA
TAGACGATTTGAAAAAAATTTTAAAACAAACAAAAAATTCTTTAATAAAACAATATGTTGCGATGTTTAAG
GTTTATGATTTAGATTTAAAGTTTAGTGAGGAAGCTATAGATAGAATTGCAGAGCTTACTTTTAATATGAA
TCTTGAGAGTGAAAATCTTGGTGCCAGAAGACTTCACGGTGTTATGGAAATAGTGCTTGCAGATCTTTTT
TTTGAAGTGCCTGGCAGTAAGTTGAAAAAATTTGAAATAAACTTGGACTATGTTAATAAAAAAATACAAA
TTAACGAACAAAAAGATTTGAATTATTATATAATTTAGTTAAAATTGTGAGCGCTCACAATTGAGGGAGG
TTTCAATATGAAAAAGAATACATTAAGTGCAATATTAATGACTTTATTTTTATTTATATCTTGTAATAATTC
AGGAAAAGATGGGAATACATCTGCAAATTCTGCTGATGAGTCTGTTAAAGGGCCTAATCTTACAGAAATA
AGTAAAAAAATTACAGAATCTAACGCAGTTGTTCTGGCTGTGAAAGAAATTGAAACTTTGCTTGCATCTA
TAGATGAACTTGCTACTAAAGCTATTGGTAAAAAAATACAACAAAATGGTGGTTTAGCTGTCGAAGCGG
GGCATAATGGAACATTGTTAGCAGGTGCTTATACAATATCAAAACTAATAACACAAAAATTAGATGGATT
GAAAAATTCAGAAAAATTAAAGGAAAAAATTGAAAATGCTAAGAAATGTTCTGAAGATTTTACTAAAAA
ACTAGAAGGAGAACATGCGCAACTTGGAATTGAAAATGTTACTGATGAGAATGCAAAAAAAGCTATTTT
AATAACAGATGCAGCTAAAGATAAGGGCGCTGCAGAGCTTGAAAAGCTATTTAAAGCAGTAGAAAACTT
GGCAAAAGCAGCTAAAGAGATGCTTGCTAATTCAGTTAAAGAGCTTACAAGTCCTATTGTGGCAGAAAG
TCCAAAAAACCCTTAATTAAAATCAATATTATAAGATTTTAAAAAAGTAACTGGAAAAATAAAGTCAATAT
AAGTCAAGAAAGATTTCTTGGCTTTTATTTTTTTATTTTTCAAAAAATATCTTAAAATGAATTTCAACAAGG
GATTAAATGTTTTAATCTTAAAATCATTTCTTATAAAAAGTAAAACTTATTTAAAAACTGTTAATAAATTGA
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ATTTAAGCATTTAAATATAAACAAAATTGGGTGCTATAAATTTGATTTTAAAGACTTTAAGTAGGCTTAAA
CAGTTTTGGCAAATTTTTTAATAAAGACAATAGTAGTTTCTTTGGTTTTATGTGAGATTTTATAAAGTTGTT
CAATAGACCTAAGTATTTAAAAAATAAAGACTCTTTTTTATGATTTATAATTTAGGTTTTTGAAATTGCAAA
TTTTAAATTTTTTTTATAAATAGCAAATAGTCAATAAATATAAATAAATTTAATAATAAAAATTAGACACAG
TATTATCATTACTGGAGAGATTTTATTTTTTTTATTTTCCAATAAATTAAGTATTATGTTTATTAAAACATAA
AATATTATTCCAATGCTTATCCCGGAAGAGATATTGTATGTTAAGGGAATTAAAAAAAGTATTAAAAAAC
TGGGAATATTTTCTCTTATATTAGAAAAATTAATTTTTAATATTTCTCTGCACATTGAAAATCCTACATATAT
TAGCGCTGCAGCAGTTGCACTGGCAGGAACTGCAATAAATAATGGCGAAAGAAATATTGCAATAAAGAA
CATTATTCCCGTTACTATTGTTGTAAGTCCAGTTTTACCACCTTCTTCTATTCCTGTGCAACTTTCAATGTAT
GCGGTTACAGTTGAAACTCCCATTATTGCTCCAACAGTAGTAGAAATGGCATCAATTAAAAATATTTTGCC
GACATTAGGAATTTTTCCATTTTTGTCTAACATATTACCTTTTGCTGCCACTGCTATTAAAGTGCCCAAAGT
ATCAAATAAATCGTTA 

 

Black = Flanking arm derived from guaA and intergenic spacer upstream of ospC on 

cp26 of B. burgdorferi (bases 15841-16845 from GenBank #CP002268) 

 

Red = Native B. burgdorferi flgB promoter (refer to reference #66) 

 

Blue = kan
R
 (ada—kanamycin resistance gene from bases 2717-3532 from GenBank 

#KF322084) 

 

Purple = Repeated stop codon (used to avoid transcriptional readthrough) 

 

Orange = Rho-independent transcriptional stop sequence (hairpin loop from bases 

392442-392508 of GenBank # CP009656) 

 

Green = Synthetic lac operon promoter and operator sequence designed with flgB of B. 

burgdorferi by Gilbert et al. 2007 (Genbank #EF015592) 

 

Gray = Native ospC without promoter sequence (bases 16905-17537 from GenBank 

#CP002268) 

 

Brown = Flanking arm derived from DNA downstream of ospC on cp26 of B. 

burgdorferi (bases 17538-18540 from GenBank #CP002268) 
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MUTATION SEQUENCE FOR LACI INSERTION
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CAGTATTTTATTAACTTTTTCTTTATCAAACTTAAAATATTCTAAGTAAAGTAAATATTTAAAGTTTTCGG

GATCATTTTTGGCTATCAGTAAAGAAGTATTTTTTGCAAGATTTAAATATAAAGGATTACTTAAAATTTCT

TTTTCTTCGGGTTGAGGCATTGGGCATTGATAAAGGCATGATTTTAGCACATTTGAATCAACAAATCTTCT

TAACAAAAAGTCAAATACAAATGAGTTGAAAATAGATATAATAAATAATTTTTTATAAAGTGATATTGGTG

TTTTCTCATCATTTATATATATTGAATTCACACAATAACAATTTCCAGGAGATAAAGTACTAATCATAGTT

CTTTCATTTGTGTTGCTTGCAATTGCTCTATAAAATACTCTTTCGGTTTGATATTGGTTATCTTTAGTTAA

TACCTTTTCCAAATCCTCTTTATCTATCCATAGCAATTTAGAGCTTTCTTTTGCATCTTTATCTTCAAAAA

ATCTTGAATTAAATTGATGAATATTAGCTCCAGAATAAAGAAATATAAGATTTTTATTATTACATTCTTTT

AATAAAGATTTACGATTCTTAATGCTTGGATCTAAGCCTGCTATTGCTATTTGCGTTTCTTTTTTTTTAAT

TTTTGTGCTATTCTTTTTAACAGGCAAAAGGATTTGCCAAAGTCAGAAATTTAAATTTTATCATGGAGGAA

TGATATATGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCG

CGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGA

ATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCC

AGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAG

CGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGC

AACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGC

ACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGA

AGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCC

CATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAG

CCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGA

GGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCG

AGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTAT

ATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCA

ACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCC

TGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTT

TCCCGACTGGAAAGCGGGCAGTGATGAGTAGAGCAAGGTGCTTTTTTGGCTGGCTATATTGCAGCCAAAAA

AAGCTTTTCTGGCAAAATAGGTTGCTATTGCTATTTGCGTTTCTTTTTTTTTAATTTTTGTGCTATTCTTT

TTAACAGGCAAAAGGATTTGCCAAAGTCAGAAATTTAAATTTTATCATGGAGGAATGATATATGAGGGAAG

CGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACG

TTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCT

GGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGG

CTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTGCACGACGACATCATTCCG

TGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTT

CGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGG

TAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACC

TTAACGCTATGGAACTCGCCGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCAT

TTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGC

CGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTTGGCC

TCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATA

ACTGAAATGGGATTAATATCAACACCATAAATACACTTCTTTAGTAACATCCTTTTAAGTACTAATTCTTT

ACTTATACTATCTTGAACATCATACTCTTCACTTTCTTCAATAATAACCCTATATTCTTCATCAAGTTCTT

TTTTTACATCTTCAAATTTATCTAGCTCGTACCATACCTTTTCTGTTAAGTAATCTAGACAAGAAATTAAA

AAATGCCCTGATCCACAAGAATTATCAATTATCTTTATATCTAAAGGGGATTTGGTTTTAAGCTGCTCTTC

AATTGATGATATGACCATAAAATCAGTCAAGTCATCTGGAGTATAATATGCCCCACTTTTCTTTCTATCAA

GTGATCTAGATGTAAGATAAATATTACCTTTAAGATATGTAGCAATTTTGTTTACTTTCTTATTTTCAAGC

TCTTCTTCAGTACGAATAAGGTAAACTCCGTCTTCAATAATACGATGAACAGTGGTATCTGCAATTCTTAG

GTCATATTCAAGTAGAGTTTCGTATAATTCTCCAAAACTTTTAGGATCTAACCTTGAATACTTTACAAATT

TTTCATCTTTAATATTTTTTTCTTCAAAGAAAAGCATTTTAACTAGTATTTCTTCAATCTCGCTAATACTG

AGCAAACCTTCATTATTTAAATATTTAACCTTATCTTCTGAAAATAACCCTCCATTAAATACAGGAAACTT

TATTGCATCACTTCCTTTATCAAGTAAATTGAAAATTGTTATTATTTTTTTATATTCTAATTTCTTTTTTG

TATTTTCATCATAAAAAAAATATCTAAAAGATATAGAAGATCTGTATAGCTTATTTTCTTGTAATATTTTC
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TTAAAAATGTCGTTATCTTCAATATATGCAATAAAAAATATTCTTAAAATAAAAATAATTGATTCTTCAAG

AATGCTAGCTAAAATATGCTGAGTAATTTCTTTGCCTGATAATTTAAATTCTTTGTCATATATATTTTTTG

CAATTTTAAATACTATAGAGTCGTCGGGTCTCTCATAAAGTATCTCTTTTAGAGTTTTTTGAATTATCTCT

TTTTCTTTAGCTATTTGTTCTTTTTCAACCTCTATTACATTACTTGTCTTTAGATATCTTTCTTTTCTTAT

AAGGTAGATGAATAAAACAAACCATTCTTGTTCCTTATATTCTTCTTTTTCTTCAATTTTAGAAAAATTGA

ATTCAATATATCTTTTTTCTCCATAAAGTACTTTCGATTTGTCATATAATCTCCATACCTTTCCATTTGAA

AGTATCCCATAATGTTTTTGATATTGATTTAGATATCTATATAGCTGATCTTCTGATTCTTTTAATTTATC

TTTAGCATCAAAACTAAATGTTGGGCGCTTAACCTCTGCTATAATCAAGATATCTTCGATAGGAATAGGTT

CATTATTTTTTTTAGCTTCTTTTAATTTATTATTAAAGGATGCTTTGTCT 

 

Black = Flanking arm derived from the BBE02 region of lp25 (bases 539-1145 from 

GenBank #AE000785) 

 

Red = Native B. burgdorferi flgB promoter (refer to reference #66) 

 

Blue = lacI (bases 3298-4379 from GenBank #U13850) 

 

Purple = Repeated stop codon (used to avoid transcriptional readthrough) 

 

Orange = Rho-independent transcriptional stop sequence (hairpin loop from bases 

392442-392508 of GenBank # CP009656) 

 

Green = strep
R
 (aadA—streptomycin resistance gene from bases 107-898 from GenBank 

#AF052459) 

 

Brown = Flanking arm derived from BBE02 region of lp25 (bases 2402-3872 from 

GenBank #AE000785)  

 
 


