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Dramatic alteration of surface lipoprotein profiles is a key strategy that Borrelia burgdorferi, the Lyme
disease pathogen, has evolved for adapting to the diverse environments of arthropod and mammalian hosts.
Several of these differentially expressed lipoproteins have been shown to play important roles in the enzootic
cycle of B. burgdorferi. The BBAOS protein is a previously identified putative lipoprotein (P55 or S1 antigen)
that elicits antibody responses in mammals. Recent microarray analyses indicate that the BBAOS gene is
differentially expressed by many environmental factors, including temperature. However, the role of the BBA05
protein in the life cycle of B. burgdorferi has not been elucidated. Here we show that expression of the BBA05
gene was exclusively induced in feeding nymphal ticks during the spirochetal transmission from ticks to
mammals. Upon generating a BBAO5 mutant in an infectious strain of B. burgdorferi, we showed that the BBA05
mutant remained capable of establishing infection in mice, being acquired by ticks, persisting through tick
molting, and reinfecting new mammalian hosts. These results indicate that, despite being a highly conserved
and regulated antigen, the BBAO5S protein has a nonessential role in the transmission cycle of B. burgdorferi,

at least in the animal model.

Borrelia burgdorferi, the causative agent of Lyme disease, has
an astonishing number of lipoprotein genes (~150) in its ge-
nome (over 10% of the total genome) (9, 21); many of these
lipoprotein genes are differentially expressed during the enzo-
otic cycle of B. burgdorferi in the two diverse hosts, an arthro-
pod tick (e.g., Ixodes scapularis) vector and a mammalian host
(e.g., white-footed mice) (46, 50, 54, 59). A body of evidences
indicates that these differentially regulated lipoproteins are
important for B. burgdorferi’s maintenance in its natural cycle.
For example, OspA, an outer surface lipoprotein that is ex-
pressed chiefly in unfed ticks, functions as an adhesin essential
for spirochetal survival in the tick vector (12, 41, 42, 47, 56, 70).
The outer surface lipoprotein OspC, on the other hand, is
induced when ticks feed, concomitant with the downregulation
of OspA (17, 24, 55, 56). OspC is not required for B. burgdorferi
replication in the tick vector but is essential for spirochetes to
establish infection in the mammalian host (26, 51, 62, 63).
Although controversial, it has been proposed that OspC may
also contribute to spirochetal transmission from ticks to mice
(16, 26, 48, 51, 63). In addition to OspA and OspC, several
other lipoproteins, such as DbpB/A, BBK32, BB0365, and
BBAG64, were also shown to play a role in spirochetal coloni-
zation either in the tick vector or in the mammalian host (2, 18,
37, 45,57, 58, 71). Thus, studying the functions and regulation
of B. burgdorferi lipoproteins is significant to our understanding
of how B. burgdorferi adapts to diverse hosts in its natural cycle.

In the past few years, we and others identified a regulatory
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pathway, the Rrp2-RpoN-RpoS pathway (also called the
o°*-05 sigma factor cascade), that governs the differential ex-
pression of numerous borrelial genes during the enzootic cycle
of B. burgdorferi (6-8, 19, 23, 29, 36, 60, 69). In this pathway,
the two-component response regulator Rrp2, along with the
alternative sigma factor RpoN (a°* or o), directly controls the
production of a second alternative sigma factor, RpoS (c®),
which in turn modulates expression of more than 145 Borrelia
genes (8, 19, 44). Many of the Rrp2-RpoN-RpoS pathway-
regulated genes are lipoprotein genes that are either activated
(e.g., ospC, dbpA/B, BBK32, and BBA64) or repressed (e.g.,
ospA and [p6.6) by the pathway. This pathway is induced at the
onset of nymphal feeding and is indispensable for B. burgdor-
feri’s transmission from ticks to mice and establishment of
infection in mammals.

Consistent with the essential roles of the Rrp2-RpoN-RpoS
pathway in the life cycle of B. burgdorferi, this pathway controls
expression of many mammalian infection-associated antigens
of B. burgdorferi, including OspC (23, 29, 69). However, the
Rrp2-RpoN-RpoS pathway likely controls another factor(s)
essential for the enzootic cycle of B. burgdorferi, as constitutive
production of OspC could not rescue the avirulent phenotype
of an rrp2 mutant via either needle inoculation or tick bite (3).
Although DbpB/A and BBK32 also are Rrp2-dependent anti-
gens and have been shown to partially contribute to the infec-
tivity of B. burgdorferi in mice upon needle inoculation, they
are not required for mammalian infection upon tick feeding (2,
32, 57, 58). Therefore, the Rrp2-RpoN-RpoS pathway likely
controls a yet-to-be-identified virulence determinant(s) re-
quired for mammalian infection.

In an effort to uncover new virulence factors of B. burgdor-
feri, we have been focusing on infection-associated antigens
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TABLE 1. Primers used in the study
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Primer Sequence (5" — 3') Purpose
Bbas5-DF GAGCTCGGCGCGCCTGGAAAGGAATATTCTAGGTTGA To amplify BBAOS downstream region
Bba5-DR GGTACCCCTGCAGGAAGACACTATATAGCAAATCCAA To amplify BBAO5S downstream region
Bbas-UF GCGGCCGCATTGTCTTTAATGTTTATACCGTA To amplify BBAOS upstream region
Bba5-UR AGATCTGCGATCGCAAATGCAATTCCTATTTTATTCA To amplify BBAOS upstream region
Qbba4-F GCTTTGACTTAATAGTAATCTCGG qRT-PCR primer for BBAO4
Qbba4-R AAAATCAGTTGAATCTGGGCTTGT qRT-PCR primer for BBAO4
Qbbas-F TTGTTGACACAAATTCATATCCA qRT-PCR primer for BBAOS
Qbba5-R TTGTCTTCTAAAATGAGCACCTT qRT-PCR primer for BBAOS
Qbba6-F TAGCTCACTTTACATACACTAAATG qRT-PCR primer for BBA06
Qbba6-R TTAAGGCAGCTGCAAGCCTA qRT-PCR primer for BBA06
Primer A GTGTGTGGGAGACGTATG Used for Fig. 4
Primer B ATGAATAAAATAGGAATTGC Used for Fig. 4
Primer C TTAACGCCTGCTAATCTC Used for Fig. 4
Primer D TTATTTGCCGACTACCTT Used for Fig. 4
OflaB-F ACCAGCATCACTTTCAGGGTCTCA qRT-PCR primer for flaB
QflaB-R CAGCAATAGCTTCATCTTGGTTTG qRT-PCR primer for flaB
QTactin-F CGGGACCTGACCGACTACCTGATG qRT-PCR primer for tick actin
QTactin-R CTCCTTGATGTCGCGGACAATTTC qRT-PCR primer for tick actin
Probba5-F GGATCCAATGCTAAACAGCAATTGCTACAGGTTG To construct the BBAS5-Flag fusion
Bba5-flag-R CTGCAGTTATTTATCATCATCATCTTTATAATCACGCCT To construct the BBAS-Flag fusion

gbba5-cDNA-R
qFlaB-cDNA-R

GCTAATCTCTTTTATCAAGCTGTTTAA
AAATCTCCCCACCGCTTTTTTCCTAT
GATTCAAGTCTATTTTGGAAAGCACC

cDNA synthesis for BBAOS
cDNA synthesis for flaB

controlled by the Rrp2-RpoN-RpoS pathway. One such can-
didate is the BBAOS protein, a putative lipoprotein encoded by
the BBAO5 gene on endogenous linear plasmid 1p54. The
BBAUOS protein was initially identified as an antigen (P55 or S1
antigen) that elicits antibody responses in patients with early-
or late-stage Lyme disease as well as in laboratory-infected
mice (14, 15). Results from several microarray analyses indi-
cate that BBAOS expression is highly influenced by culture
conditions that spirochetes likely encounter during their natu-
ral cycle (43, 52, 64). An elevated culture temperature (from
23°C to 37°C) or addition of mammalian blood into the culture
medium increases levels of BBAOS expression more than nine-
or sixfold, respectively (52, 64). Furthermore, most recent mi-
croarray analyses by us and others identified BBAOS as one of
the top candidate genes whose expression was under the con-
trol of the Rrp2-RpoN-RpoS pathway. Mutation of r7p2, rpoN,
or rpoS reduced BBAOS transcriptional levels 10- to 354-fold
(3, 8, 44). Since the BBAOS protein was shown to be a mam-
malian infection-associated antigen and BBAOS expression is
highly differentially regulated, it is tempting to speculate that
the BBAOS protein may be an Rrp2-dependent virulence fac-
tor important to B. burgdorferi infection. To test this possibility,
in this study, we first examined BBAO5 expression in various
stages of the spirochetal life cycle. We then constructed a
BBAOS mutant of an infectious strain of B. burgdorferi B31 and
determined its contribution to the enzootic cycle of B. burg-
dorferi.

MATERIALS AND METHODS

Bacterial strains and plasmids. Low-passage, virulent B. burgdorferi strain
5A4NPI (a gift of H. Kawabata and S. Norris, University of Texas Health Science
Center at Houston) was derived from wild-type strain B31 by inserting a kana-
mycin resistance marker in the restriction modification gene BBE02 on plasmid
Ip25 (30). Low-passage, virulent B. burgdorferi strain 297 BbAH130 and its
isogenic rrp2 [rp2(G239C)] and rpoS (rpoS) mutants were described previously
(29, 70). Strain B31-13A, which lacks Ip25 and 1p56, was kindly provided by F. T.
Liang (Louisiana State University) (65). Borreliae were cultivated in Barbour-

Stoenner-Kelly (BSK-H) medium (Sigma, St. Louis, MO) supplemented with 6%
normal rabbit serum (Pel Freez Biologicals, Rogers, AR) at 35°C unless indi-
cated otherwise. the shuttle vector pBSV2 (a gift of P. Rosa, Rocky Mountain
Laboratories, National Institute of Allergy and Infectious Diseases, National
Institutes of Health) was maintained in Escherichia coli strain TOP10.

Generation of a BBA0O5 mutant. To construct a suicide vector for homologous
recombination, regions of DNA corresponding to 1.5 kb upstream and 1.3 kb
downstream, respectively, of BBAO5 were PCR amplified from 5A4-NP1
genomic DNA with primer pairs bba5-UF/bba5-UR and bba5-DF/bba5-DR (Ta-
ble 1), respectively. The resulting DNA fragments were then cloned upstream
and downstream of an aadA streptomycin resistance marker (20) within the
pCR-XL-TOPO cloning vector (Invitrogen) to create suicide vector pHX05. The
reconstructed suicide vector was confirmed by sequencing, and the plasmid DNA
was transformed into B. burgdorferi strain SA4NP1 as previously described (53,
70). Whole-cell lysates from positive clones were analyzed by PCR and reverse
transcription-PCR (RT-PCR) to confirm corrected marker insertion and inacti-
vation of BBAOS. The plasmid profiles of the BBAOS mutant clones were deter-
mined by PCR analyses with 21 pairs of primers specific for each of the endog-
enous plasmids (31, 39, 49). Two of the three randomly picked clones had
plasmid profiles that were identical to that of the parental strain SA4NP1 (13).
One of the clones was chosen for further study.

Mouse infection via needle inoculation. Three- or 4-week-old C3H/HeN mice
(Harlan, Indianapolis, IN) were subcutaneously inoculated with 1 X 10° spiro-
chetes. At 2 weeks postinoculation, ear punch biopsy samples and mouse tissue
samples (skin, heart, spleen, and joint) were collected and cultured in BSK-H
medium supplemented with 1X Borrelia antibiotic mixture (Sigma, St. Louis,
MO). A single growth-positive culture was used as the criterion for infection of
each mouse. All animal and tick protocols (see below) were approved by the
Institutional Animal Care and Use Committee at Indiana University.

Tick-mouse cycle of B. burgdorferi. The colony of Ixodes scapularis originated
from females obtained from Bridgeport, CT, and was maintained in the Tick-
Borne Disease Activity laboratory at the Centers for Disease Control and Pre-
vention, Ft. Collins, CO. The tick-mouse experiments were conducted in the
Vector-Borne Diseases Laboratory at Indiana University School of Medicine,
Indianapolis, IN. Unfed larvae were fed on groups of mice (C3H/HeN, three
mice per group, 150 to 200 larvae per mouse) that were needle infected with
either SA4NP1 or BBAOS mutant spirochetes. Ticks were allowed to feed to
repletion (3 to 4 days) and then collected within 24 h. A portion of fed larvae
were subjected to immunofluorescence assay (IFA), quantitative PCR (qPCR),
or qRT-PCR analyses (see below). The remaining fed larvae were maintained in
the tick incubator and allowed to molt to the nymphal stage (about 5 weeks). One
month after molting, unfed nymphs were then allowed to feed on naive C3H/
HeN mice (nine mice per group, 12 ticks per mouse). Fully engorged nymphal
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ticks were collected within 24 h of repletion and subjected to IFA, gPCR, and
qRT-PCR analyses. Two weeks after tick feeding, mouse tissues were collected
and tested for infection as described above.

IFA. IFA was performed as reported previously (3). Briefly, the entire contents
of a fed tick were smeared and fixed on silylated microscope slides (CEL Asso-
ciates, Pearland, TX). The slides were incubated with BacTrace fluorescein
isothiocyanate-conjugated goat anti-B. burgdorferi antibody (Kirkegaard and
Perry Laboratories Gaithersburg, MD) at 37°C. Samples were observed using an
Olympus BX50 fluorescence microscope. Twenty ticks from each group were
examined by IFA.

qRT-PCR and qPCR. RNA samples were extracted from either B. burgdorferi
cultures or ticks using the RNeasy mini kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocols. Mouse tissue RNAs isolated from Borrelia-infected
mice were kindly provided by F. T. Liang (Louisiana State University) as previ-
ously described (66). Briefly, SCID mice were given a single intradermal injection
of 10* wild-type B. burgdorferi spirochetes. Animals were sacrificed at 4 weeks
postinoculation, and mouse tissues were subjected to RNA isolation (66). For
RNA analysis of in vitro-cultivated B. burgdorferi, three independent culture
samples were used for each strain. For RNA analysis of spirochetes in ticks, 10
groups of fed larvae (3 ticks per group), 3 groups of unfed nymphs (40 ticks per
group), and 10 groups of fed nymphs (1 tick per group) were used. For RNA
analysis of spirochetes in mice, four RNA samples from four mice were used.
Digestion of contaminating genomic DNA in the RNA samples was performed
using RNase-free DNase I (Promega, Madison, WI), and removal of DNA was
confirmed by PCR amplification using primers specific for the B. burgdorferi flaB
gene. For RNA samples isolated from in vitro cultures, cDNA was synthesized
using SuperScript IIT reverse transcriptase with random primers (Invitrogen,
Carlsbad, CA). For RNA samples isolated from ticks or mouse tissues, cDNA
was synthesized using the primer mixes specific for the BBAOS (pbba5-cDNA-R)
and flaB (qFlaB-cDNA-R) genes (Table 1).

To quantify the transcript levels of the BBAOS and flaB genes, an absolute
quantitation method was used by creating a standard curve in a qPCR assay by
following the manufacturer’s protocol (Stratagene, La Jolla, CA). Briefly, a
cloning vector containing the BBA(O5 gene served as a standard template. A
series of 10-fold dilutions (10° to 107 copies/l) of the standard template was
prepared, and qPCR was performed in triplicate using the BBAOS primer pair.
A standard curve was therefore generated by plotting the initial template quan-
tity against the threshold cycle values for the standards. The quantities of the
BBAOS5 and flaB genes in cDNA samples were calculated by comparing their
threshold cycle values to the standard curve plot. Both standards and samples
were used in triplicate on an ABI 7000 sequence detection system using Green
PCR master mix (ABI, Pleasanton, CA). Levels of BBAOS transcript were re-
ported as per 10* copies of flaB transcripts.

For qPCR analyses of B. burgdorferi DNA in ticks, DNA samples were ex-
tracted from fed nymphs (10 data points for each group, one tick per data point)
using a DNeasy tissue kit (Qiagen, Valencia, CA) according to the manufacturer’s
protocol. gPCR was performed with primer pairs of qflaB-F/R and qTactin-F/R
(Table 1). Calculations of relative DNA copy number (represented by flaB) were
normalized with the copy number of the tick actin gene.

Construction of a BBA05-Flag tag fusion and proteinase K accessibility ex-
periments. To detect the BBAOS protein, the BBAOS gene with its native pro-
moter region was PCR amplified from B. burgdorferi B31 genomic DNA using
primers probba5-F and bba5-flag-R (Table 1). Two restriction sites, BamHI and
Pstl, were incorporated into the designated primers and used for insertion of the
digested PCR-amplified fragment into a pBSV2-derived shuttle vector pJD55. In
addition, a Flag tag sequence was also attached to the bba5-R primer so that the
Flag tag sequence was fused to the C terminus of the BBAOS protein. The
resulting shuttle vector, pJD55/BBA05-flag, was verified by sequencing and
transformed into B31-13A (65).

Proteinase K accessibility experiments were performed as previously reported
(5). Briefly, B31-13A containing pJD55/BBA05-flag was cultured at 35°C and
harvested at a cell density of 1 X 10® spirochetes per ml. Spirochetes were equally
divided into two samples; one sample was treated with 200 pg proteinase K
(Sigma, St. Louis, MO) for 1 h at room temperature, and the other sample was
incubated with 1X phosphate-buffered saline as a control. Samples were then
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting analyses.

SDS-PAGE and immunoblotting. SDS-PAGE and immunoblotting were per-
formed as previously described (68). Monoclonal anti-Flag tag residue was pur-
chased from Sigma (St. Louis, MO). Monoclonal antibodies directed against
OspA (14D2-27) and FlaB (8H3-33) were also described previously (67).
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FIG. 1. Levels of BBAOS gene expression in B. burgdorferi at dif-
ferent stages of the tick cycle. Relative levels of BBAOS5 expression in
fed larvae, unfed nymphs, or fed nymphs were determined by qRT-
PCR analyses and are reported as the numbers of the BBAOS tran-
script per 10,000 copies of the flaB transcript. Black triangles represent
values from each data point, which were generated from three fed
larvae (total of 10 data points), 40 unfed nymphs (3 data points), and
1 fed nymph (10 data points). The horizontal bar represents the mean
value (labeled with a numerical value). *%*, P < 0.001 for differences
between the fed nymph group and the other groups.

RESULTS

Expression of the BBA0OS gene during the enzootic cycle of B.
burgdorferi. Since the expression of the BBAOS gene has been
indicated to be influenced by several environmental factors
that B. burgdorferi spirochetes likely encounter during their
natural cycle, we sought to examine the expression of BBA0S
at different stages of the tick cycle as well as during mammalian
infection. Pathogen-free, unfed 1. scapularis larvae were fed on
mice (C3H/HeN) infected with wild-type B. burgdorferi strain
B31 5A4NP1. Fed larvae were allowed to molt to the nymphal
stage. Unfed nymphs were then allowed to feed on naive mice.
Fed larvae, unfed nymphs, and fed nymphs were then sub-
jected to RNA extraction and qRT-PCR analyses. As shown in
Fig. 1, while the BBAQS transcript was undetectable in fed
larvae and unfed nymphs, expression of BBAOS was dramati-
cally induced in fed nymphs. Thus, BBAOS is expressed during
tick feeding, exclusively in the phase of transmission, and not in
the phase of acquisition.

To examine the expression of BBAOS in mice, RNASs iso-
lated from mouse tissues (skin, heart, and joint) collected after
4 weeks of infection with B. burgdorferi were subjected to
qRT-PCR analyses; BBAOS transcripts were detected in all
three types of tissue samples tested, with significantly higher
levels in heart (P = 0.0047) and joint (P = 0.0034) tissues than
that in skin samples (Fig. 2) but no obvious difference (P =
0.92) between the heart and joint tissues. In addition, levels of
BBAOS expression in all mouse tissues were greatly lower than
those in fed nymphs.

Influence of the Rrp2-RpoN-RpoS regulatory pathway on
the expression of the BBAO5 gene. The Rrp2-RpoN-RpoS
pathway has been shown to play a central role in modulating
differential expression of many genes in B. burgdorferi (3, 7, 8,
10, 19, 22, 23, 25, 28, 37, 40, 44). Recent microarray analyses
performed by us and others suggest that BBAOS may be an
Rrp2-RpoN-RpoS pathway-controlled gene (3, 8, 44). To ver-
ify the microarray results, wild-type B. burgdorferi 297, the
isogenic r7p2(G239C) mutant (3), and the rpoS mutant (29),
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FIG. 2. Levels of BBAO5 expression in various mouse tissues. Rel-
ative levels of BBAOS expression in joint, heart, and skin tissues har-
vested from mice infected with B. burgdorferi were determined by
qRT-PCR analyses and are reported as the numbers of the BBAOS
transcript per 10,000 copies of the flaB transcript. Each bar represents
one tissue sample from one mouse tested in triplicate. Error bars
indicate standard deviations. *%, P < 0.01 between skin and heart or
joint.

bba05 transcripts / 10*flaB transcripts

were cultivated in BSK-H medium at 35°C. RNAs were
isolated from each of the Borrelia cultures and subjected to
qRT-PCR analysis. As shown in Fig. 3, mutation in mp2 or
inactivation of rpoS greatly reduced the level of BBAOS tran-
scription, suggesting that the expression of BBAOS is governed
by the Rrp2-RpoN-RpoS pathway.

Construction of the BBA05S mutant. To assess the role of the
BBAOS protein in the enzootic cycle of B. burgdorferi, we con-
structed a BBA(OS-deficient mutant by homologous recombi-
nation. A suicide vector, pHXS (Fig. 4A), was constructed with
an aadA gene (which confers streptomycin-resistance in B.
burgdorferi) (20) flanked by upstream and downstream regions
of the BBAOS gene. The pHXS plasmid DNA was then trans-
formed into B. burgdorferi strain B31 SA4NP1 (kanamycin re-
sistant) (30). More than 10 streptomycin-resistant and kana-
mycin-resistant clones were obtained; these clones were then
subjected to PCR and RT-PCR analyses for confirmation of
the correct BBAOS disruption (Fig. 4B and C). All clones
showed correct marker replacement and loss of the BBAOS
transcript. In addition, all BBAOS mutants displayed normal
growth kinetics in BSK-H medium (data not shown). Further-
more, disruption of BBAOS did not appear to affect the ex-
pression of the downstream and upstream genes, BBA04 and
BBAO6 (Fig. 4C). Three clones were further subjected to en-
dogenous plasmid profile analyses; one mutant clone that had
an endogenous plasmid profile identical to that of SA4NP1 was
selected for further study.

The BBA0O5 mutant is capable of infecting mice upon needle
inoculation. To determine whether the BBA(S protein is re-
quired for infection of mice, groups of C3H/HeN mice were
inoculated with either wild-type B. burgdorferi SA4NP1 or the
BBAOS mutant. At 2 weeks after infection, all mice developed
joint swelling (data not shown), and ear punch biopsy speci-
mens were also culture positive for spirochetal growth (Table
2). Subsequent cultivation of skin, heart, bladder, joint, and
spleen tissues were also positive for B. burgdorferi. These data
suggest that the BBAOS protein is not essential for B. burgdor-
feri to establish infection in mice, colonize in various tissues, or
cause Lyme arthritis.
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FIG. 3. Expression of BBAOS is under the control of the Rrp2-
RpoN-RpoS pathway. Wild-type B. burgdorferi strain BbAH130 (wt),
the r7p2 mutant [rrp2(G239C)], and the rpoS mutant were cultivated at
35°C in BSK-H medium (pH 7.5) and harvested at late-logarithmic
growth. Relative levels of BBAOS expression were determined by qRT-
PCR analyses and are reported as the numbers of the BBAOS tran-
script per 10,000 copies of the flaB transcript. Data represent three
independent culture samples. Error bars indicate standard deviations.
#% P < (.01 between wt and the other groups.

The BBAOS mutant is capable of entering ticks, persisting
through tick molting, and infecting the mammalian host. To
determine whether the BBAOS protein plays a role in the
enzootic cycle of B. burgdorferi, pathogen-free I scapularis
larvae were allowed to feed on mice infected with either wild-
type or BBAOS mutant spirochetes. Larval ticks were fed to
repletion and collected for IFA analyses. As shown in Fig. SA
and B, both wild-type and BBAOS mutant spirochetes were
readily detectable in ticks, and no obvious difference in spiro-
chetal numbers was observed, suggesting that the BBA(S pro-
tein is not required for the process of tick acquisition.

To assess the ability of the BBAOS mutant to colonize and
survive in the tick vector, fed larvae were maintained in the tick
incubator and allowed to molt to nymphs (about 5 weeks). At
1 month after molting, unfed nymphs were then allowed to
feed on naive mice. After detachment, fed nymphs were sub-
jected to IFA analyses. Both the wild-type and mutant strains
were abundantly present in fed nymphs (Fig. 5C and D). qPCR
analyses indicated that there was no statistical difference in the
spirochetal burdens of the fed nymphs in the two strains (Fig.
5E). These data suggest that the BBAOS protein is not essential
for B. burgdorferi to colonize and survive in the tick vector.

It has been reported that needle inoculation and tick chal-
lenge of mice may have profoundly different infection out-
comes (27). Therefore, we further examined the infectivity of
the BBAOS5 mutant via tick bite. At 3 weeks after nymphal tick
infestation, mice were sacrificed and tissue samples (ear, blad-
der, heart, and joint) were cultured for the presence of spiro-
chetes. Similar numbers of mice were infected by wild-type and
the BBAOS mutant spirochetes (Table 2). To confirm that the
BBAOS5 mutant spirochetes retained the BBAOS-deficient phe-
notype after going through the mouse-tick-mouse cycle, spiro-
chetes were recovered from infected mouse tissues and sub-
jected to PCR and RT-PCR analyses. The result showed that
the BBAO5 mutant phenotype was stably maintained (data not
shown). Taken together, these results indicate that BBAOS is
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FIG. 4. Construction of the BBAO5 mutant. (A) Strategy for insertional inactivation of the BBA(OS5 gene. wt, genomic structure of BBA0OS and
the surrounding regions in wild-type B. burgdorferi. pHXO05, suicide plasmid used for generating the BBAO5 mutant. Only the relevant portion of
the plasmid is shown. BBA0S, genomic structure of the BBAOS mutant. Small labeled arrows denote positions of oligonucleotide primers used for
PCR analyses. (B) Confirmation of the BBAO5 mutant by PCR analyses. Letter combinations denote primer pairs used for PCR. kb, DNA ladder;
wt, wild-type strain; BBAOS, BBAOS mutant. (C) Expression of BBA04, BBAOS, and BBAOG6 in the wild type and the BBAO5 mutant by RT-PCR
analyses. Spirochetes were cultured at 35°C and harvested at late logarithmic growth. RT-PCR was performed using primers specific for BBA04,

BBAOS, or BBA(G.

not essential for the enzootic cycle of B. burgdorferi, at least as
recapitulated in the animal model.

The BBAOS protein is not surface localized. To initially in-
vestigate a possible function of the BBAOS protein, we sought
to determine whether it is a surface-localized lipoprotein, as it
was reported that the BBAOS protein was recognized serolog-
ically by patients with early- or late-stage Lyme disease (15).
First, a shuttle vector carrying a BBA(OS gene with a Flag tag
attached to the C terminus of the BBAOS protein was trans-
formed into B. burgdorferi B31-13A (65). Transformed spiro-
chetes were subjected to proteinase K treatment, and whole-
cell lysates were subsequently subjected to immunoblotting
analysis. Although OspA, an outer surface lipoprotein, was
sensitive to the proteinase K treatment, BBA05-Flag remained
detectable after the treatment, suggesting that the BBAOS pro-
tein is not a surface-localized lipoprotein (Fig. 6).

DISCUSSION

The B. burgdorferi genome contains very few recognizable
genes involved in virulence or host-pathogen interactions (21);
much work toward understanding virulence determinants of B.
burgdorferi has been focused on the outer surface lipoprotein
genes present in the genome. The purpose of our investigation
was to determine whether BBAOS, a highly differentially ex-
pressed, Rrp2-dependent lipoprotein gene, plays an important
role in the enzootic cycle of B. burgdorferi. The results showed
that BBAOS is induced in spirochetes exclusively during tick
feeding but appears to play a nonessential role in the survival
of B. burgdorferi in either the tick vector or the mammalian
host.

TABLE 2. Mouse infectivity of the BBAOS mutant

No. of infected samples/total no. of tissue
samples for indicated inoculation route

Strain Needle Nymphal ticks
(ear punch) Skin Bladder Heart Joint
Wild type 33 8/9 8/9 8/9 8/9
BBAOS5 mutant 3/3 7/9 7/9 7/9 7/9

Recent microarray analyses of the B. burgdorferi transcrip-
tome indicate that expression of BBAOS is induced by elevated
temperature or by addition of mammalian blood to the culture
medium (52, 64), implying that BBAOS may be differentially
expressed in the enzootic cycle of B. burgdorferi. Indeed, we
found that BBAOS was not detected in unfed nymphs, but its

e > >

9 .
8
:7'
©
g 4
L3
u2‘
1
0

> >o|ee>

E
—
@
o
Q
=
“
)
0
2
o
Q
(3]

wt bba05

FIG. 5. Detection of BBAOS mutant spirochetes in ticks. (A and B)
Naive 1. scapularis larvae were allowed to feed to repletion on mice
infected with either the wild type (A) or the BBAO5 mutant (B) and
were subjected to IFA. Spirochetes were detected using fluorescein
isothiocyanate-labeled anti-B. burgdorferi antibody. Engorged larvae
were allowed to molt to nymphs. (C to E) Flat nymphs were allow to
feed on naive mice, and newly engorged nymphs harboring either the
wild type (C) or BBAO5 (D) were subjected to IFA and qPCR analyses
(E). For qPCR analyses, the copy number of flaB gene was chosen to
represent the number of spirochetes. The copy numbers of flaB were
normalized by the copy numbers of the tick actin gene in each DNA
sample. Black triangles represent values from individual nymphs. Hor-
izontal bars represent the mean value in each group.
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FIG. 6. The BBAOS protein is not a surface-localized lipoprotein.
B. burgdorferi strain 13A or 13A transformed with a shuttle vector that
produces recombinant BBA0S5-Flag was incubated either with 1X PBS
(=) or with proteinase K (+). Treated cells were harvested and sub-
jected to SDS-PAGE (left panel) or to immunoblot analysis using a
mixture of monoclonal antibodies against Flag epitope, FlaB, and
OspA (right panel). OspA, a surface-localized lipoprotein, served as a
positive control, and FlaB served as a negative control.

expression was greatly induced in fed nymphs during the pro-
cess of spirochetal transmission to the mammalian host (the
transmission phase). We expect that the production of the
BBAOS protein should be consistent with its mRNA expres-
sion, although the result has not been verified at the protein
level because anti-BBAOS5 antibody is currently unavailable.
Therefore, temperature and host blood may be the key sensing
signals for BBAQS expression during tick feeding. However,
other factors may be involved in regulating BBAOS5 expression,
since BBAOS transcripts were not detectable in fed larvae even
though spirochetes also encounter mammalian blood as well as
a similar temperature change when bacteria enter the tick gut
from mice (the acquisition phase). This pattern of expression
of BBAOS during the processes of spirochetal acquisition and
transmission is identical to that of ospC (55). In addition to
BBAOS expression in ticks, BBAOS transcripts were also de-
tected in spirochetes during mammalian infection. This finding
is consistent with a previous report showing by microarray
analysis that BBAOS is one of the lipoprotein genes expressed
in infected mice (34). However, levels of BBAQS transcripts in
mouse tissues appeared to be much lower than those in feeding
ticks (Fig. 1 and 2). Note that the mouse tissue RNAs used
were from SCID mice 4 weeks after infection with B. burgdor-
feri by the route of needle inoculation. Although spirochetes
transmitted via tick bites likely present a different level of
BBAUOS in comparison with the spirochetes from needle inoc-
ulation at the early stage of mammalian infection, they likely
have a similar pattern of gene expression after 4 weeks of host
adaptation. Thus, our observation suggests that spirochetes
express a lower level of BBAOS in the mammalian host than in
the tick vector. This observation also supports the previous
notion that B. burgdorferi dramatically downregulates its li-
poprotein gene expression after entering the mammalians host
from ticks and establishing infection in mammals as a strategy
of host immune evasion (4, 34, 35).

Recent microarray analyses revealed that BBAOS expression
may be controlled by the Rrp2-RpoN-RpoS pathway (3, 8, 44).
The qRT-PCR results from this study further confirmed that
BBADOS is an Rrp2-RpoN-RpoS-dependent lipoprotein gene.
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The dependence of BBAOS expression on the Rrp2-RpoN-
RpoS pathway is congruent with its exclusive induction in feed-
ing nymphs, as the Rrp2-RpoN-RpoS pathway is turned on at
the onset of tick feeding (8). This pathway functions as a
“gatekeeper” for B. burgdorferi’s transition from the tick state
to the mammalian state, by producing factors essential for
spirochetal migration from ticks to mice, as well as for the
establishment of infection in the mammalian host (3, 7, 8, 19,
44). We recently showed that, in addition to known virulence
factors such as OspC, the Rrp2-RpoN-RpoS pathway controls
a yet-to-be-identified virulence determinant(s) (3). Although
the BBAOS protein appeared to be an attractive candidate, our
data showed that it is not a virulence factor essential for mam-
malian infection. Further work will focus on investigating the
roles of other Rrp2-dependent antigens in the infectious cycle
of B. burgdorferi.

Previous reports showed that the BBAOS protein is an anti-
gen (P55 or S1) that elicits antibody responses in some patients
with Lyme disease as well as in mice at 90 days after B. burg-
dorferi infection by tick bites (14, 15). However, immunization
with recombinant BBAOS proteins did not protect mice against
B. burgdorferi infection by tick bites (14). The negative result of
the active immunization study can be explained by the finding
in this study that the BBAOS protein is not a surface-exposed
lipoprotein, as demonstrated by the proteinase K treatment
experiment. Note that a recent B. burgdorferi proteome array
study failed to identify the BBAOS protein as an immunogen in
human patients (1), and the discrepancy between the proteome
array result and the previous finding remains to be further
clarified.

Sequence analyses revealed that the BBAOQOS protein is
present in many Lyme disease spirochetes, including Borrelia
afzelii, Borrelia garinii, Borrelia spielmanii, and Borrelia valaisi-
ana (data not shown), suggesting that BBAOS is a highly con-
served gene among this group of bacteria. The putative func-
tion of the BBAOS protein remains unclear, as BLAST analysis
did not identify any homologues with any other proteins in the
database. Regardless, it is reasonable to speculate that being a
highly conserved, highly regulated gene, BBAOS would play a
prominent role in the enzootic cycle of B. burgdorferi. How-
ever, our results showed that inactivation of BBAO5 did not
affect the survival of B. burgdorferi in ticks or in mice. It should
be noted that the 50% infectious dose of the BBAOS mutant
was not determined in this study. Although it is possible that
the BBAOS mutant may have a different level of infectivity than
the wild-type strain by needle inoculation, our results showed
that there is no difference in infectivity between the mutant
and its parental strain via tick bites, an appropriate route of
infection relevant to the natural cycle of B. burgdorferi. One
possibility for the nonessential nature of BBAOS is that its
function is compensated by another protein(s) present in B.
burgdorferi. In this regard, the B. burgdorferi genome is highly
redundant and contains more than 100 paralogous gene fam-
ilies. Many of the lipoprotein genes are members of these
paralogous families. The loss of one of these lipoproteins of B.
burgdorferi can be compensated for by the presence of other
paralogous genes in the same family (11, 38). However, this
appears not to be the case for BBA0S, as BBAOS is one of the
few lipoprotein genes that do not belong to a paralogous fam-
ily. Interestingly, another nonparalogous lipoprotein gene,
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ospD, was also shown to be nonessential for the infectious cycle
of B. burgdorferi (33, 61). Thus, either the loss of the BBA05
protein is compensated for by a Borrelia protein that has no
sequence homology with the BBAOS protein or the BBAOS
protein plays a nonessential, secondary role in B. burgdorferi’s
enzootic cycle.
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