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Borrelia burgdorferi, the etiological agent of Lyme disease, adapts to unique host environments as a conse-
quence of its complex life cycle that spans both arthropod and mammalian species. In this regard, B.
burgdorferi must adapt to various environmental signals, pHs, temperatures, and O2 and CO2 levels to
establish infectious foci. We hypothesize that the BosR protein functions as a global regulator that is required
for both borrelial oxidative homeostasis and pathogenesis. To assess the role of BosR in B. burgdorferi, we
constructed an IPTG (isopropyl-�-D-thiogalactopyranoside)-regulated bosR strain. The selective decrease of
bosR resulted in a change in growth when cells were cultured either anaerobically or microaerobically; however,
a distinct growth defect was observed for anaerobically grown B. burgdorferi relative to the growth attenuation
observed for microaerobically grown B. burgdorferi. B. burgdorferi cells in which BosR levels were reduced were
more sensitive to hydrogen peroxide and produced lower levels of NapA (Dps) and SodA, proteins involved in
the oxidative stress response. In addition, the levels of OspC and DbpA were also induced coincident with
increased BosR levels, suggesting that BosR interfaces with the RpoS regulatory cascade, which is known to
modulate virulence gene expression in B. burgdorferi. Taken together, these results indicate that BosR is
involved in the resistance of B. burgdorferi to oxidative stressors and affects the expression of genes, either
directly or indirectly, whose products are important in borrelial pathogenesis.

Infection with Borrelia burgdorferi, the etiologic agent of
Lyme disease, is the leading arthropod-borne infection in the
United States and contributes to extensive morbidity in areas
of endemicity, where the chronic phase of disease generally
presents as arthritis. One characteristic of B. burgdorferi is its
ability to adapt to both arthropod and mammalian hosts. Sev-
eral studies demonstrated that B. burgdorferi responds to a
number of environmental signals, including temperature, pH,
and O2 and CO2 levels, as well as uncharacterized host factors
(1, 2, 8, 13, 15–17, 20, 30, 36, 39, 40, 43, 46, 47, 51, 52, 55, 57).
However, specific details regarding how these signals are inte-
grated into a regulatory response are poorly understood.

The genome sequence of B. burgdorferi predicted only a few
regulatory proteins (14, 22); one such regulator was annotated
as Fur. However, Posey and Gherardini demonstrated that B.
burgdorferi has no requirement for iron (42), suggesting that
the assignment of a Fur protein in B. burgdorferi was inaccu-
rate. In fact, examination of the primary amino acid sequence
showed that borrelial Fur was most similar to PerR, an oxida-
tive stress regulator that represses genes involved in the oxi-
dative stress response in Bacillus spp. (9, 23, 27, 38). However,
unlike PerR, BosR appears to activate expression of target
borrelial genes involved in the oxidative stress response, in-
cluding napA (dps) and a coenzyme A (CoA) disulfide reduc-
tase gene designated cdr (5, 7). Thus, although BosR is similar
to PerR, it appears to function more like OxyR, an activator
that promotes the expression of genes involved in the oxidative

stress response in Escherichia coli (24, 53, 60). BosR binds in
vitro to sequences upstream of genes such as napA (dps), cdr,
the superoxide dismutase gene (sodA), bosR, bb0646, and
oppA4, providing further support that BosR regulates the ex-
pression of many unlinked genes within the B. burgdorferi ge-
nome (5, 7, 31, 37, 48).

In this report, we describe the isolation and characterization
of a conditional bosR mutant in infectious B. burgdorferi, using
an IPTG (isopropyl-�-D-thiogalactopyranoside)-inducible hy-
brid E. coli-B. burgdorferi promoter (25) linked to bosR (Pflac-
bosR). Cells with reduced BosR have a delayed growth phe-
notype under all conditions but exhibit restricted cell density
under microaerobic conditions. B. burgdorferi cells that do not
make BosR protein exhibit a modest but significant increase
in sensitivity to hydrogen peroxide, suggesting that BosR is
needed for maximal resistance to oxidative stressors. Along
these lines, when bosR is induced with IPTG, the levels of
SodA and NapA increase, consistent with the prior contentions
that BosR activates expression of napA (7) and that these
proteins are important in borrelial oxidative stress homeosta-
sis. Furthermore, BosR production coincides with the increased
synthesis of OspC and DbpA, suggesting that BosR may di-
rectly or indirectly interface with the Rrp2/RpoN/RpoS regu-
latory machinery. These results show that in addition to affect-
ing the expression of genes involved in the oxidative stress
response, BosR may alter the production of proteins that affect
the pathogenic potential of B. burgdorferi.

MATERIALS AND METHODS

Bacterial strains. The Borrelia burgdorferi strain B31 derivatives used in this
study are listed in Table 1. All B. burgdorferi strains were grown in complete
BSK-II medium, either microaerobically or anaerobically, as described previ-
ously (30). For selective pressure, B. burgdorferi was grown in BSK-II medium
with antibiotics, where appropriate, at the following concentrations: kanamycin
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at 300 �g/ml, streptomycin at 50 �g/ml, and gentamicin at 50 �g/ml. The Insti-
tutional Biosafety Committee at Texas A&M University approved the use of
infectious B. burgdorferi described in this study.

Escherichia coli TOP10 and Mach1-T1 cells were used for all cloning steps and
were transformed with appropriate PCR-amplified products cloned into pCR8/
GW/TOPO (Invitrogen Corp., Carlsbad, CA). The E. coli cells were grown with
aeration in LB medium at 37°C. For experiments involving E. coli, antibiotics
were used at the following concentrations: carbenicillin at 100 �g/ml, spectino-
mycin at 100 �g/ml, gentamicin at 5 �g/ml, and kanamycin at 50 �g/ml.

Plasmid constructs. The assembly of pJH211, which replaces the native bosR
promoter with the E. coli-B. burgdorferi hybrid flac promoter (Pflac) (25), re-
quired the production of several intermediate constructs, listed in Table 1.
Briefly, to design the Pflac-bosR construct, a 1,092-bp fragment containing part of
the 3� end of bb0648 and excluding the 70 bp immediately upstream of the bosR
translational start site was amplified by PCR and cloned into pCR8/GW/TOPO,
and the resultant plasmid was designated pJH207. The next construct contained
a 1,134-bp PCR-amplified fragment that included bosR and 605 bp of bb0646 and
was engineered such that an NdeI restriction site could be used to link the Pflac

promoter to the translational start of bosR. This PCR-amplified product was also
cloned into pCR8/GW/TOPO, and the resultant plasmid was designated pJH208.
The resulting transformants were confirmed by restriction digestion and se-
quencing. Both plasmids were digested at engineered NotI and EagI restriction
sites to insert the 1,134-bp downstream fragment from pJH208 together with the
1,092-bp upstream fragment from pJH207 to generate pJH209. The Pflac region
was amplified with NotI and NdeI engineered restriction sites from pTAflac (25)
and cloned into pCR8/GW/TOPO, resulting in pJH209B. The Pflac region was
cloned into pJH209 in frame with the translational start of bosR to obtain
pJH210. A kanamycin resistance (Kanr) cassette was amplified from pBSV2 at
NotI restriction sites and cloned into pCR8/GW/TOPO, to generate pJH210B.
The final construct, pJH211, was obtained by cloning the 1,241-bp NotI fragment
containing the Kanr cassette from pJH210B into pJH210 digested with NotI. The
resulting final construct, containing the Kanr cassette linked to Pflac-bosR, was
designated pJH211. Each construct, including pJH211, was confirmed by both
restriction digestion and sequence analysis.

As the first step in genetically inactivating bb0646, a 2,551-bp fragment that
included bb0646 (984 bp) plus 1,085 bp upstream (5� of bb0646) and 482 bp

downstream (3� of bb0646) was amplified by PCR from B. burgdorferi total
genomic DNA, using the oligonucleotide primers pDS100F and pDS100R (Table
2). The resulting PCR product was cloned into pCR8/GW/TOPO and was des-
ignated pDS100. The 1,014-bp gentamicin resistance cassette from pBSV2G was
amplified using primers flgB_gentF-NsiI and flgB_gentR-NsiI (Table 2), fol-
lowed by cloning into pCR8/GW/TOPO to generate pDS101 (Table 1). To
insertionally inactivate bb0646, a unique NsiI restriction site that is located 357
bp downstream from the translational start site of bb0646 (and also unique to
pDS100) was used as the target sequence to clone in the Gentr cassette. To this
end, pDS100 and pDS101 were digested with NsiI separately, and the approxi-
mately 1-kb NsiI fragment containing the PflgB-Gentr cassette from pDS101 was
cloned into NsiI-digested pDS100 to generate pDS102. Following ligation,
pDS102 was transformed into Mach1-T1 E. coli cells (Invitrogen Corp.). Trans-
formants containing pDS102 were then analyzed by restriction digestion and
PCR and subsequently confirmed by dideoxy sequencing prior to electroporation
into B. burgdorferi.

Transformation of B. burgdorferi. B. burgdorferi strains A3-LS and ML23 were
made competent and electroporated, and transformants were isolated in the
presence of 5 mM IPTG, along with streptomycin and kanamycin for A3-LS and
with gentamicin alone for ML23, as previously described (45, 48, 49, 56), to
isolate strains JH211 and DS102, respectively.

PCR. PCR was done using Invitrogen Supermix high-fidelity master mix as
described previously, using the oligonucleotide primers listed in Table 2 (56).

SDS-PAGE and Western immunoblotting. Anaerobic B. burgdorferi protein
lysates were resolved by SDS–12.5% PAGE as previously described (30). Fol-
lowing SDS-PAGE, the proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane, and the samples were processed for Western blotting as
indicated previously (30, 47–49, 56). Borrelia-specific antibodies were used at
the following dilutions: murine anti-FlaB (Affinity Bioreagent [ABR], Golden,
CO) at 1:20,000; rabbit anti-NapA at 1:100,000 (generously provided by Frank
Gherardini); rabbit anti-OspC at 1:1,000 (generously provided by Richard Mar-
coni); rabbit anti-DbpA at 1:10,000 (generously provided by Magnus Höök); and
mouse anti-Rrp2 and anti-Hk2, each at 1:40 (generously provided by Xiaofeng
Yang). For Western immunoblots that used anti-Rrp2 and anti-Hk2 as primary
antibodies, an additional amplification step was incorporated, using goat anti-
mouse immunoglobulin at 1:1,000 followed by anti-goat with horseradish perox-

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype or characteristic Reference or source

Strains
B. burgdorferi strains

A3-LS Missing lp28-1; bbe02::lacI-Strr 25
JH211 A3-LS Pflac-bosR Kanr This study
ML23 Missing lp25 33, 34
DS102 ML23 bb0646::Gentr This study

E. coli strains
TOP10 F� mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15 �lacX74 nupG recA1 araD139

�(ara-leu)7697 galU galK rpsL(Strr) endA1
Invitrogen

Mach-1-T1r F� �80lacZ�M15 �lacX74 hsdR (rK
� mK

�) �recA1398 endA1 tonA Invitrogen

Plasmids
pCR8/GW/TOPO Spcr; Gateway PCR cloning/entry vector Invitrogen
pTAflac Kanr Ampr 25
pBSV2 Kanr 18
pJH207 Spcr; 1,092-bp fragment upstream of the bosR promoter region containing the 3�

domain of bb0648
pJH208 Spcr; 1,134 bp downstream of the bosR promoter region containing the entire bosR

coding sequence and a 5� domain of the downstream bb0646 gene
pJH209 Spcr; upstream and downstream flanking regions of the bosR promoter from pJH207

and pJH208, respectively
pJH209B Spcr; flac promoter (Pflac) engineered with NdeI and NotI restriction sites
pJH210 Spcr; construct with the Pflac promoter replacing the bosR promoter region
pJH210B Kanr Spcr; Kanr cassette engineered with NotI restriction sites
pJH211 Kanr Spcr; suicide vector containing Pflac-bosR with a genetically linked Kanr cassette
pDS100 Spcr; clone of a 2,551-bp chromosomal fragment containing 1,085 bp upstream of

bb0646, the 985-bp bb0646 gene, and 482 bp downstream from bb0646
pDS101 Gentr Spcr; PflgB-Gentr cassette from pBSV2G with engineered NsiI ends for cloning

into pDS100 to insertionally inactivate bb0646
pDS102 Gentr Spcr; suicide vector containing bb0646::Gentr construct
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idase conjugate at 1:1,000. Appropriate secondary antibodies, e.g., anti-mouse or
anti-rabbit with conjugated horseradish peroxidase, were used in conjunction
with chemiluminescent substrates to detect immobilized immune complexes on
PVDF membranes.

Hydrogen peroxide assays and flow cytometry analysis. JH211 cultures were
inoculated at 104 cells/ml without IPTG or treated with 3 mM IPTG after
washing of cells to remove IPTG from the previous cultivation and were incu-
bated under microaerobic conditions until reaching a cell density of 5 � 107 cells
per ml. For each assay conducted, three independent cultures were grown in
triplicate. Cells were pelleted and resuspended in modified BSK-II medium
lacking bovine serum albumin (BSA) and normal rabbit serum. Both BSA and
rabbit serum were restricted from the BSK-II medium to eliminate abundant
protein-specific targets for H2O2 that might titrate out the effect of this oxidizing
agent, resulting in an apparent greater level of resistance of B. burgdorferi to this
oxidative stressor. A total of 5 � 107 cells were treated with 0, 1, 5, 10, 20, or 50
mM hydrogen peroxide for 4 h. Cells were pelleted, resuspended in phosphate-
buffered saline (PBS) with 2% BSA, and incubated with 100 ng/�l propidium
iodide (PI) in darkness for 15 min. Cells were fixed with 4% paraformaldehyde
for 10 min and washed with PBS with 2% BSA. The fixed cell pellets were
resuspended in 1 ml PBS with 2% BSA and analyzed by flow cytometry. The
number of dead B. burgdorferi organisms was scored using the incorporation of
PI as an indicator of cell death. Specifically, for each experimental replicate
(experiments were done in triplicate), cells were analyzed on a FACSCalibur
(Becton Dickinson Immunocytometry Systems, San Jose, CA) flow cytometer,
using CellQuest (Becton Dickinson) acquisition software. Log amplification was
used to collect forward scatter, side scatter, and PI fluorescence. PI fluorescence
was collected through a 650-nm long-pass filter. List-mode data were acquired
for each sample tested (i.e., strain, growth condition, and concentration of H2O2

imposed) for a minimum of 20,000 events per replicate (each sample was assayed
in triplicate), as defined by light scatter gates. Data analysis was performed in
FlowJo (versions 8.7 and 8.8; Treestar, Inc., Ashland, OR), using forward and
side light scatter to gate the B. burgdorferi cells. Two gating controls were
included in the analysis: a heat-killed control (	99% incorporation of propidium
iodide observed) and a no-treatment control.

Statistical analyses. The fractions of cells killed at various concentrations of
hydrogen peroxide were analyzed using a logistic regression model. Analysis was
performed in R, version 2.9.1 (http://CRAN.R-project.org), using the general-
ized linear model function with a binomial error structure. As recommended, the
response data consisted of a two-column array: for each trial, column 1 contained
the number of cells killed, and column 2 contained the number of live cells. The
level of IPTG (none or 3 mM) was added as a group factor. The remaining
explanatory variable was log10 [H2O2]. Concentrations of H2O2 required for

various fractional cell kills in each IPTG group were predicted from the model,
as were 95% confidence intervals around each predicted concentration. Com-
pared with log10 [H2O2] alone, inclusion of the group factor improved the fit of
the model to a highly significant extent (P 
 0.001), based on �2 analyses of
deviance. This supports rejection of the null hypothesis of no difference in the
lethality curves between the two IPTG groups and indicates that the two groups
differed significantly (P 
 0.001).

RESULTS

Construction of a conditional bosR mutant in infectious B.
burgdorferi. Numerous attempts to inactivate bosR in infectious
B. burgdorferi by allelic exchange were not successful, presum-
ably because BosR regulates genes required for the growth
of pathogenic B. burgdorferi. It should be noted that a nonin-
fectious isolate was inactivated within the bosR locus, but this
strain contained a mutant variant of bosR and was missing
seven plasmids (48). This lack of genetic material may have
provided an enhanced background for the isolation of the bosR
mutant by removing targets that, when dysregulated, are toxic
to B. burgdorferi. As a part of these prior studies, the nonin-
fectious B. burgdorferi strain was found to encode a mutant
form of BosR (BosRR39K) with a mutation in a highly con-
served residue that alters its activity relative to that of wild-type
BosR. This point mutation may also have been instrumental in
the isolation of the mutant (48). In addition, it is possible that
the noninfectious B. burgdorferi strain had accumulated several
point mutations that altered the cells’ regulatory response via
BosR. The observation that the noninfectious B. burgdorferi
strain used in the prior study was highly sensitive to oxidative
stressors (low-passage, infectious B. burgdorferi strains are re-
sistant to oxidative stressors [6, 21, 48]) suggests that one or all
of these parameters were operative.

Since we were unable to isolate a knockout of bosR in in-
fectious B. burgdorferi, we hypothesized that we could construct

TABLE 2. Oligonucleotides used in this study

Designation Oligonucleotide sequence (5�–3�) Description

JH207F GCCCTAGAAAACAACTTACAC Amplifies a 1,092-bp region upstream of the bosR promoter
regionJH207REagINotI ACGCCGGCCGGCGGCCGCCCCAGTTATTAAT

ATTTTAC

JH208FNotINdeI ACGCGCGGCCGCCATCATGAACGACAACATA
ATAGACG

Amplifies a 1,134-bp region downstream of the bosR promoter
region

JH208REagI ACGCCGGCCGCTGTTATAAGATATGCAATTT
GTCGCC

PflacFNotI ACGCGCGGCCGCAATACCCGAGCTTCAAGG Amplifies the flac promoter (Pflac) from pTAflac
PflacRNdeI ACGCCATATGGAAACCTCCCTCAATTGTG

PflgBkanFNotI ACGCGCGGCCGCTAATACCCGAGCTTCAAGG Amplifies a kanamycin resistance cassette expressed from the
B. burgdorferi flgB promoter from pBSV2PflgBkanRNotI ACGCGCCGCCGCCAACCAATTACCAATTCT

bosRRPstI CTGCAGTTTAAATGTTGAAAAAGATA bosR-specific oligonucleotide primer (48) that, when paired
with PflacFNotI, amplifies a 945-bp product in JH211
transformants

pDS100F GATATCTTCTTGAATATTCAGC Amplifies a 2,551-bp chromosomal fragment containing bb0646
pDS100R GTTTTCTGGAGGGTTTGTCG

flgB-gentF-NsiI ACGCATGCATCCGCACCGATCGCCCTTCCC Amplifies a gentamicin resistance cassette expressed from the
B. burgdorferi flgB promoter from pBSV2GflgB-gentR-NsiI ACGCATGCATCGATCTCGGCTTGAACG
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a conditionally lethal mutant by linking a recently developed
inducible promoter system to bosR and selectively turning this
gene on and off by the addition or depletion of the gratuitous
inducer IPTG (25). The goal was to construct a strain that
places bosR under the control of an inducible promoter that
can be selected for under conditions where bosR is expressed at
high levels. Based on our inability to obtain a bosR mutant in
infectious B. burgdorferi, we predicted that subsequent titration
of the inducer would reduce or eliminate growth. To test this
hypothesis, we transformed strain A3-LS (generously supplied
by Scott Samuels) with a suicide vector that contained bosR
under the control of the Pflac promoter (promoter constructs
were also supplied by Scott Samuels), which is a hybrid of the
borrelial flaB and E. coli lac promoters (25). More importantly,
Pflac is regulated by IPTG, as the strain contains constitutively
expressed lacI within the infection-associated lp25 plasmid
(25). The insertion of the lacI gene in the bbe02 gene of lp25
provides a regulatory protein that is responsive to IPTG and
inactivates a restriction/modification gene that facilitates ge-
netic manipulation (25, 32). Strain A3-LS was transformed
with the Pflac-bosR construct (with pJH211, which contained a
linked Kanr marker upstream of Pflac-bosR) (Fig. 1A), the
desired transformant was selected with 5 mM IPTG together
with streptomycin and kanamycin, and the putative transfor-
mants were characterized. The resulting candidates were screened
by PCR (Fig. 1B), by Southern blotting (not shown), and for
total plasmid content (data not shown). JH211 was isolated as
a clone that contained the proper recombination event and
retained all initial plasmids carried by strain A3-LS (note that
A3-LS is missing lp28-1 [25]).

Characterization of a conditional bosR mutant. To correlate
IPTG induction with BosR production, borrelial cells were
incubated with various amounts of IPTG. Immunoblot analysis
indicated that BosR was not produced in the absence of IPTG
and that increased levels of IPTG correlated with increased

production of BosR (Fig. 1C), demonstrating that this system,
as expected, could be exploited to produce a wide range of
BosR protein concentrations in B. burgdorferi, including levels
commensurate with those seen for the parent strain A3-LS,
which expresses bosR from its native promoter (Fig. 1C).

Given that we were unsuccessful in isolating a genetic knock-
out of bosR by using infectious B. burgdorferi, we reasoned that
the elimination of IPTG from JH211 cultivated in vitro would
reduce or abrogate growth. When JH211 was grown with either
0.1, 0.5, 1, 3, or 5 mM IPTG added to the BSK-II medium, we
observed little difference in the growth rate relative to that of
its parent strain, A3-LS; in fact, the growth curves for A3-LS
and JH211 grown with 3 mM IPTG were nearly superimpos-
able (Fig. 2A). However, if no IPTG was added, JH211 was
significantly impaired in its growth, under both anaerobic and
microaerobic conditions, relative to that seen for JH211 in the
presence of 3 mM IPTG (Fig. 2B). Microaerobically grown
JH211 lacking IPTG exhibited a reduced cell density relative to
those for cultures grown with 3 mM IPTG and for anaerobi-
cally grown JH211 at either concentration of IPTG used (Fig.
2), suggesting that cells lacking BosR and grown in the pres-
ence of dissolved oxygen (i.e., microaerobically) are less capa-
ble of adapting and/or neutralizing oxidative stressors than are
cells that can synthesize BosR under the same growth condi-
tions. The fact that anaerobically grown JH211 attained similar
cell densities independent of IPTG levels and grew at compa-
rable rates (albeit with an extra 2-day lag in growth when BosR
was missing) implies that microaerobically grown JH211 with
reduced (or null) levels of BosR is impaired in growth because
it is impaired in the response to the oxidative stressors encoun-
tered. Such an effect would be predicted to be muted under
anaerobic growth conditions, independent of BosR levels, since
reactive oxygen species (ROS) levels would be low and may ex-
plain the enhanced growth density observed for anaerobically
grown JH211 regardless of IPTG concentration (Fig. 2).

FIG. 1. Construction and screening of IPTG-inducible bosR mutant JH211 in B. burgdorferi. (A) Schematic representing the A3-LS chromo-
somal region containing bosR and the chromosomal insertion of the IPTG-inducible promoter, Pflac, upstream of bosR, resulting in strain JH211.
(B) PCR screen of the JH211 clone, specifically amplifying a 945-bp product of the Pflac-bosR region in JH211, using oligonucleotide primers
PflacFNotI and bosRRPstI, which are depicted as arrows in panel A (see Table 2). Lane 1, no-template control; lane 2, pJH211; lane 3, genomic
A3-LS; and lane 4, genomic JH211. Markers (in bp) are shown on the left. (C) BosR synthesis is induced in the presence of IPTG. JH211 cultures
were grown with increasing concentrations of IPTG, ranging from 0 mM to 5 mM IPTG. Equivalent amounts of protein were loaded from the
parent strain A3-LS. Cell lysates from each treatment condition were resolved by SDS-PAGE, immobilized on PVDF membranes, and probed with
antisera for the antigens designated on the left. FlaB is constitutively synthesized and was utilized as a normalization control for equivalent loading.
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Another possible explanation for the growth phenotype ob-
served for JH211 could be the elimination of the gene down-
stream from bosR, bb0646, which is predicted to encode an
exported lipase (31). To address this possibility, bb0646 was
inactivated in strain ML23, a low-passage-number B. burgdor-
feri clonal isolate that lacks lp25, which has been used previ-
ously to inactivate bbk32 and to delete dbpBA (33, 34, 49, 56).
Specifically, the bb0646 gene was inactivated with a gentamicin
resistance cassette (Gentr) that is constitutively expressed in B.
burgdorferi (18). Following transformation, the bb0646 mutant
candidates were screened by PCR and Southern blot analysis
to determine whether the desired genetic lesion in bb0646 was
obtained (data not shown). Several clones containing the
bb0646::Gentr allele were isolated, and one was designated
DS102. Following cultivation in BSK-II medium, DS102 exhib-
ited no statistically significant defect in growth rate relative to
its parent strain (ML23) (Fig. 3) or its genetic complement
(not shown) and, more importantly, did not exhibit the defect
observed for JH211 when IPTG was restricted (Fig. 2). These
results strongly suggest that the growth defect seen for JH211
was restricted to the loss of bosR, not bb0646.

Sensitivity of a conditional bosR mutant to hydrogen perox-
ide. The hypothesis that B. burgdorferi BosR is required for
resistance to oxidative stress has been proposed based on (i)
the sequence homology that BosR shares with the oxidative
stress regulator PerR (7, 48), (ii) the ability of BosR to bind to

operator sequences in vitro in gel shift assays (5, 7, 31, 37, 48),
and (iii) the ability of recombinant BosR to transcriptionally
regulate borrelial napA and cdr promoters linked to lacZ in E.
coli (5, 7). To address a global response to an oxidative stressor
in infectious B. burgdorferi under conditions where BosR levels
vary, strain JH211 was grown either without added IPTG or
with 3 mM IPTG. The 3 mM IPTG concentration was used
because it represented the concentration of IPTG whereby the
BosR level was increased and not further enhanced by addition
of more IPTG, i.e., at or near saturation (Fig. 1C). After the
B. burgdorferi cells were grown to mid-logarithmic phase, the
cells were exposed to different concentrations of H2O2, ranging
from 1 mM to 50 mM, for 4 h and compared to samples to
which no H2O2 was added. To assess toxicity, the incorporation
of propidium iodide was tracked following H2O2 treatment,
since this compound is readily transported into cells whose
cytoplasmic membranes have been compromised. The result-
ing samples were then scored by flow cytometry. This approach
is advantageous because it allows for the rapid and unbiased
evaluation of many cells per sample and treatment rendered. A
representation of the data is depicted in Fig. 4A. Comparison
of strain JH211 grown without IPTG to that grown with 3 mM
IPTG following exposure to hydrogen peroxide indicated that
the cells making BosR were more resistant to H2O2 (the 3 mM
IPTG samples) than those that did not make BosR (no IPTG)
(Fig. 4B). The statistical analyses performed indicated that a
significant difference was observed across all concentrations of
H2O2 tested (logit and probit analyses both yielded P values of

0.001). Based on these analyses, the 50% lethal dose (LD50)
was calculated to be 13.7 mM for BosR-producing B. burgdor-
feri, compared to 5.2 mM for the borrelial cells that did not
synthesize BosR (Fig. 4B). It should also be noted that each
data point shown and the calculated regression curve were
based on approximately 60,000 borrelial cells for each growth
condition imposed (i.e., without or with added IPTG) and
concentration of H2O2 tested and represent the compilation of
three independent assays.

Induction of genes involved in the oxidative stress response
in B. burgdorferi. Previous studies have implicated BosR as an
activator of napA (dps) and cdr, but these studies have been
limited to reporter systems used in E. coli (5, 7). To test the
effect of BosR on the production of proteins involved in the

FIG. 2. The absence of BosR results in differential growth of JH211
lacking IPTG under anaerobic and microaerobic conditions. All cultures
were grown in triplicate, and cell densities were averaged (bars indicate
standard errors). The values shown on the y axis are multiplied by 104/ml
to give the final culture density. (A) Strain JH211 was grown under
microaerobic conditions (3.48 ppm dissolved O2, 1% CO2) without the
addition of IPTG (open circles) or with 3 mM IPTG (dark squares).
Microaerobic growth of strain A3-LS is also shown (dark triangles).
(B) Strain JH211 was grown under anaerobic conditions (0.087 ppm
dissolved O2, 5% CO2) without IPTG (open circles) or with 3 mM IPTG
(dark squares). Asterisks indicate significant differences in growth density
between JH211 grown without added IPTG and that grown with 3 mM
IPTG added to the growth medium for the day shown (P 
 0.05).

FIG. 3. Growth of B. burgdorferi strain DS102 (bb0646::Gentr)
(open circles) relative to its parent strain, ML23 (dark squares). All
cultures were grown in BSK-II medium in triplicate (with 50 �g/ml
gentamicin for DS102), and the average cell densities were deter-
mined. The values shown on the y axis are multiplied by 105/ml to give
the final culture density. The bars indicate the standard error for each
time point taken.
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oxidative stress response in B. burgdorferi, we grew JH211 with
increasing levels of IPTG (Fig. 5). For NapA, an increase in
antigen production correlated with an increase in BosR level
relative to that in cells that were grown in BSK-II medium
without added IPTG (Fig. 5). Furthermore, since NapA pro-
duction is important for growth of B. burgdorferi following a
blood meal (35), the link of BosR to NapA synthesis suggests
that BosR is important for the homeostasis of B. burgdorferi
within fed ticks. Comparison of the IPTG-exposed samples to
the borrelial culture grown without added IPTG indicated that
the SodA level was increased when BosR production was in-
duced (Fig. 5). Given the importance of this sole superoxide
dismutase in the borrelial detoxification response and patho-

genic potential in experimentally infected mice (19), the re-
sponsiveness of sodA expression and production of SodA pro-
tein commensurate with increased BosR levels suggests that
BosR plays an important role in the oxidative response of B.
burgdorferi. For reasons that are not entirely clear, Cdr was not
detected in any of the JH211 samples tested, independent of
IPTG concentration (not shown).

Link of BosR to the Rrp2/RpoN/RpoS regulatory cascade.
Previously, we determined that the BosRR39K level altered
the production of DbpA and dbp transcripts (29, 48). To de-
termine whether DbpA levels were affected in JH211 following
induction of bosR, the strain was exposed to different concen-
trations of IPTG and the resulting protein cell lysates resolved

FIG. 4. B. burgdorferi requires BosR for maximal response to hydrogen peroxide. (A) Flow cytometry forward scatter graphs representative of
one of three independent cultures of JH211 with 0 mM IPTG or JH211 with 3 mM IPTG that were analyzed for viability after treatment with
increasing concentrations of H2O2 (0 mM to 50 mM, as indicated). The number of cells labeled with propidium iodide among approximately 20,000
cells is reflected as a percentage (inset). (B) JH211 grown with 3 mM IPTG (solid squares) is significantly more resistant to killing by treatment
with H2O2 than are JH211 cells lacking IPTG (open circles). The difference in total responses to H2O2 between JH211 grown with and without
IPTG was significant, with a P value of 
0.001.
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by SDS-PAGE and immunoblotted against antibodies specific
for DbpA. Under conditions where no IPTG was added to the
cultures, DbpA was detected in JH211 (Fig. 6). However, after
exposure to as little as 0.1 mM IPTG, an increase in DbpA
production was observed that appeared to become saturated
at a concentration of 1 mM (Fig. 6). Previous studies demon-
strated that dbp expression is dependent on the alternative
sigma factor RpoS, and RpoS-dependent genes have been
shown to be involved in establishing infection (3, 11, 26, 41, 50,
54, 56, 59). We therefore conducted a similar analysis with the
RpoS-dependent protein OspC (Fig. 6). As with DbpA, in-
creased synthesis of OspC was coincident with the IPTG-de-
pendent production of BosR. Taken together, these observa-
tions imply that BosR interfaces with the Rrp2/RpoN regulatory
cascade responsible for the expression of rpoS in B. burgdorferi,
inasmuch as RpoS (along with Rrp2 and RpoN) is required for
the expression of ospC and dbp genes (4, 10, 12, 21, 25, 28,
57, 58). Unfortunately, we were unable to determine whether
RpoS levels were affected by the simultaneous induction of
BosR, presumably because this protein is produced at levels
that are below the threshold of detection in JH211, even fol-
lowing IPTG induction.

Since the expression of rpoS is dependent on Rrp2 function,
it is possible that BosR induction results in increased levels
of Rrp2 protein that accentuate the amount of functional
Rrp2. Also, given that the cognate histidine kinase of Rrp2,
Hk2, might be subject to the same effect as that hypothesized
above for Rrp2, we determined whether Hk2 levels were al-
tered by IPTG induction in strain JH211. The results indicated
that Rrp2 and Hk2 production was unchanged and was inde-
pendent of the level of IPTG (Fig. 6). This observation is
consistent with the idea that the activation of these proteins
does not require increased transcription or translation, since
two-component regulatory proteins are activated posttransla-
tionally via a reversible phosphorylation event.

DISCUSSION

Given that B. burgdorferi can effectively infect both arthro-
pod and mammalian hosts, this spirochete must respond to
environmental stimuli and integrate an appropriate response
to modulate gene expression accordingly to adapt to these

disparate environments. Along these lines, many investigators
have established in vitro correlates that model various stages of
the borrelial arthropod/mammalian life cycle, including tem-
perature, pH, O2, CO2, and host-adapted conditions (1, 2, 8,
13, 15–17, 20, 30, 36, 39, 40, 43, 46, 47, 51, 52, 55, 57). From
these studies, several induced and downregulated genes were
identified, and due to the enhanced ability to genetically inac-
tivate genes in virulent B. burgdorferi, this information has led
to a more sophisticated molecular genetic analysis of this im-
portant pathogen (reviewed in reference 44). Despite these
significant advances, there is still a dearth of knowledge relat-
ing to pathogenic mechanisms of B. burgdorferi; specifically,
details of the molecular signal(s) responsible for the changes in
gene expression observed are not well described.

Studies by Boylan et al. indicated that a regulatory protein,
designated BosR, regulates the oxidative stress response, in
part by activating the napA (dps) and cdr genes (5, 7), encoding
proteins involved in movement from the tick vector into the
mammalian host (35) and in cellular redox balance (5), respec-
tively. The activator activity associated with BosR suggested
that this borrelial regulatory protein shared activity more com-
mensurate with that observed for OxyR, a regulatory protein
that stimulates the expression of genes required to detoxify E.
coli (24, 53, 60). An independent study referred to BB0647 as
Fur and reported that the regulator functioned as a repressor,
did not require any metal cofactor for activity, and recognized
operator sequences of bb0647 (bosR) and bb0646 (31). All of
the aforementioned studies were limited to biochemical ap-
proaches or regulatory studies in a heterologous system (i.e., E.
coli [5, 7, 31]). In fact, the only genetic study on BosR in B.
burgdorferi was restricted to a noninfectious isolate that carried
a mutant allele of bosR (bosRR39K) (29, 48). However, given
that this noninfectious strain was sensitive to ROS, whereas
infectious B. burgdorferi is highly resistant to ROS, the signif-
icance of the bosRR39K results within the context of borrelial
pathogenesis is limited (29, 48).

Clearly, the isolation and characterization of a bosR mutant
in an infectious B. burgdorferi background are needed to link
the role of this regulatory protein to a pathogenic phenotype.
However, all prior attempts to obtain a bosR mutant in infec-

FIG. 5. IPTG induction of bosR results in increased synthesis of
borrelial proteins involved in the oxidative stress response. JH211
cultures were grown with increasing concentrations of IPTG, ranging
from no added IPTG up to 5 mM IPTG. Cell lysates from each
treatment condition were resolved by SDS-PAGE, immobilized on
PVDF membranes, and probed with antisera for several different an-
tigens, as designated on the left. As in Fig. 1, FlaB served as a nor-
malization control.

FIG. 6. BosR level alters the production of virulence determinants
regulated by the RpoN-RpoS pathway. JH211 cultures were grown
with increasing concentrations of IPTG, ranging from no added IPTG
up to 5 mM IPTG. Cell lysates from each treatment condition were
resolved by SDS-PAGE, immobilized on PVDF membranes, and
probed with antisera for several different antigens, as designated on
the left. As in Fig. 1, FlaB served as a normalization control.
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tious B. burgdorferi have been unsuccessful, presumably be-
cause BosR regulates genes that are required for optimal
growth of B. burgdorferi in vitro and/or the experimental con-
ditions employed could not compensate for the loss of BosR.
To circumvent these obstacles, a recently developed inducible
system was exploited to regulate bosR via IPTG through the
use of strain A3-LS (25) (Fig. 1). By titrating out IPTG in this
strain, the amounts of bosR transcript and BosR protein would
become limiting, such that a phenotypic bosR mutant could be
obtained. This inducible bosR strain, designated JH211 and
described herein, now allows for the characterization of BosR
function in an infectious background.

Given the difficulty in isolating a conventional bosR mutant
from infectious B. burgdorferi strains grown microaerobically, it
was unexpected that JH211 could grow when IPTG was absent,
i.e., under conditions where the borrelial cells should no longer
be making BosR (Fig. 1). One possibility is that when IPTG is
limiting, a small amount of BosR is made that is below the
threshold of detection but is enough to sustain growth at a low
level (Fig. 2). The slowed growth that ensues suggests that the
reduction or absence of BosR results in the dysregulation of
several genes needed for optimal growth of B. burgdorferi in
vitro. To determine the complete battery of genes affected by
BosR levels, array analyses are required.

The induction of bosR in strain JH211 induced the produc-
tion of NapA and SodA (Fig. 5). This result for NapA is
consistent with the prior contention that BosR functions as an
activator for napA (7) and represents the first data directly
linking BosR levels to NapA production in B. burgdorferi. How
borrelial sodA is regulated is not well defined, but based on
studies conducted with a noninfectious B. burgdorferi isolate,
the BosR mutant protein encoded by this strain (BosRR39K)
appears to act as a transcriptional repressor (29, 48). However,
inasmuch as the noninfectious B. burgdorferi strain employed in
the previous study was missing at least seven plasmids and
encoded a mutated version of BosR (29, 48), the regulation of
sodA previously described might not be representative of what
occurs in infectious B. burgdorferi. Array analysis of JH211
should provide additional clarification regarding BosR regula-
tion of sodA in virulent B. burgdorferi.

The observation that the phenotypic bosR mutant is more
sensitive to H2O2 is consistent with the ability of BosR to
activate genes required for detoxification, i.e., napA and sodA;
however, it was somewhat surprising that the effect seen was
not more dramatic (Fig. 4B). This may be due to the inability
of the borrelial cells to combat the conditions imposed by the
H2O2 treatment within the time frame tested. That is, if the
major targets are protein or lipid species, as suggested by Boylan
et al. (6), then perhaps the ability of BosR to affect genes
involved in lipid and protein homeostasis function is, in part,
independent of functional BosR levels. It is also conceivable
that the 4-h incubation period was either too long to see a
steady-state effect or not long enough to mobilize a maximal
detoxification response. Alternatively, it is possible that there
is another compensatory pathway that provides some level of
resistance to ROS when BosR is absent or that the Pflac pro-
moter is leaky, such that enough BosR protein was made to
detoxify the cells to a lesser extent. Regardless, the differential
observed was significant and was strengthened by the fact that
each data point was based on data from approximately 60,000

borrelial cells per strain and H2O2 concentration evaluated
(Fig. 4B).

The ability to regulate bosR by the addition and depletion of
IPTG serves as a potent method to evaluate the role of BosR
in borrelial pathogenesis. However, the fact that bosR is tran-
scribed together with a downstream gene, bb0646, complicates
the interpretation of the data. BB0646 is predicted to be a
lipase (31); however, its exact function has not been deter-
mined. Although the phenotypes observed for JH211 grown in
the absence of IPTG may be due to loss of both genes, it is
more likely that the loss of a regulatory protein such as BosR
would result in the phenotypes observed, given its likely ability
to modulate the transcription of many unlinked genes. Along
these lines, a genetic knockout of bb0646 exhibited a compa-
rable growth rate to that of its parent, ML23 (and its respective
bb0646 genetic complement [data not shown]), which was sim-
ilar to the growth of JH211 in the presence of IPTG (Fig. 2 and
3). Furthermore, recent results indicated that the bb0646::
Gentr mutant is capable of colonizing mice (D. K. Shaw and
J. T. Skare, unpublished observations). These results suggest
that the presence or absence of BB0646 does not affect the in
vitro cultivation of B. burgdorferi. As such, the growth defect
observed in JH211 grown in the absence of IPTG would ap-
pear to be restricted to the loss of BosR.

The most interesting characteristic of the conditional bosR
mutant was the observation that the IPTG-dependent Pflac-
bosR induction resulted in the increased production of OspC
and DbpA (Fig. 6). Previous studies have implicated BosR in
the regulation of the dbp genes, but in these reports, the
BosRR39K derivative appeared to function as a repressor of
the dbp genes (48). However, as indicated above, this analysis
was complicated by the noninfectious status of this strain due
to the absence of several plasmids and the mutant allele of
bosR carried by this strain (48). The fact that OspC and DbpA
levels were increased by BosR induction suggests that BosR
may either directly or indirectly activate the Rrp2/RpoN/RpoS
two-component regulatory system. It is well documented that
RpoS is involved in the regulation of genes that are required
for the successful colonization of B. burgdorferi, including ospC
and the dbpBA genes (11, 12, 21, 59). Specifically, rpoS mutants
do not synthesize detectable levels of OspC or DbpA protein
(10, 12, 28). Separately characterized genetic knockouts or
deletions of rpoS, ospC, and dbpBA result in either complete
abrogation (for rpoS and ospC) or significant attenuation (for
dbpBA) of borrelial infectivity (3, 11, 26, 41, 50, 54, 56, 59),
indicating an important role for RpoS regulation in B. burg-
dorferi pathogenesis.

Alternatively, it is possible that the induction of OspC and
DbpA is due entirely to a BosR-dependent regulatory effect
independent of RpoS; however, the observation that both
OspC and DbpA production is coincident with BosR synthesis
strongly suggests that this response involves RpoS. Unfortu-
nately, for reasons that are not evident, we were unable to
track RpoS production in either the A3-LS or JH211 strain of
B. burgdorferi. As such, any mechanistic linkage of BosR to the
activation of the Rrp2/RpoN/RpoS regulatory cascade in these
strains remains tenuous.

We were interested in determining the role that BosR played in
vivo and thus carried out a number of experimental infections
with A3-LS and JH211 in mice given either conventional water
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or water supplemented with IPTG 1 week prior to and during
the infection for both immunocompetent and immunodeficient
(SCID) mice. While the parent strain A3-LS was isolated from
all mice infected and from the majority of tissues analyzed, all
tissues from mice infected with JH211 were not infected, in-
dependent of exposure to IPTG (data not shown). The inabil-
ity to “complement” JH211 from the Pflac-bosR construct by
IPTG induction is similar in some respects to that seen previ-
ously for a Pflac-ospC strain. In that study, nonviable spiro-
chetes were observed in tissues from SCID mice infected with
the Pflac-ospC construct and given IPTG (25). PCR was then
used to detect DNA from Pflac-ospC-containing B. burgdorferi
in most of the samples tested. When a similar analysis was
done for our infection study, only A3-LS-infected samples
were PCR positive; no JH211 samples had detectable borrelial
DNA, independent of IPTG treatment (not shown). While
clearly not definitive, these results, coupled with the infectious
nature of the bb0646 mutant (see above), suggest that BosR is
required for experimental infection in mice.

In this report, we describe the development and character-
ization of a conditional bosR mutant in infectious B. burgdor-
feri. The results indicate that BosR is required for optimal
growth of B. burgdorferi under both microaerobic and anaero-
bic conditions; however, the growth rate of cells cultured under
anaerobic conditions is rescued following an extended lag
phase of growth, suggesting that B. burgdorferi lacking BosR
can mobilize an adaptive response when oxygen is limiting and
when a function for BosR might be less needed. In contrast,
microaerobically grown B. burgdorferi cells without BosR do
not exhibit a lag phase but never grow at the same rate or to
the maximum cell density, suggesting that these cells are un-
able to neutralize the increased levels of oxidative stressors
encountered under these growth conditions. In support of this
contention, microaerobically grown B. burgdorferi cells in which
BosR is absent are more sensitive to H2O2, suggesting that
BosR regulatory events are required for the high-level resis-
tance to ROS seen for B. burgdorferi. Furthermore, the induc-
tion of BosR results in the expression of genes involved in both
the oxidative stress response and infectivity, indicating that
BosR regulation is required for homeostatic and pathogenic
functions of B. burgdorferi. Certainly, the identification of the
entire compendium of genes regulated by BosR will be key in
determining the role of BosR in these various processes and
whether the regulatory effects seen are direct or indirect. Such
array-based studies, as well as the characterization of a con-
ventional bosR mutant (along with its genetic complement),
are needed to provide a clearer link of BosR to borrelial
pathogenesis.
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