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ABSTRACT The Lyme disease-causing organism Borrelia burgdorferi is transmitted
into the mammalian host by an infected-tick bite. Successful infection relies on the
ability of this extracellular pathogen to persist and colonize different tissues. B. burg-
dorferi encodes a large number of adhesins that are able to interact with host li-
gands to facilitate adherence and tissue colonization. Multiple glycosaminoglycan
binding proteins present in B. burgdorferi offer a degree of redundancy of function
during infection, and this highlights the importance of glycosaminoglycans as host
cell receptors for spirochete adherence. Of particular interest in this study is Borrelia
glycosaminoglycan binding protein (Bgp), which binds to heparin-related glycosami-
noglycans. The properties of a bgp transposon mutant and a trans-complemented
derivative were compared to those of the wild-type B. burgdorferi in the in vitro
binding assays and in infection studies using a C3H/HeJ mouse infection model. We
determined that the loss of Bgp impairs spirochete adherence, infectivity, and tissue
colonization, resulting in a reduction of inflammatory manifestations of Lyme dis-
ease. Although Bgp is not essential for infectivity, it is an important virulence factor
of B. burgdorferi that allows adherence and tissue colonization and contributes to
disease severity.
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Lyme disease is the most common vector-borne illness in the United States, with an
estimated 300,000 new cases occurring each year (1, 2). Symptoms of the disease

range from acute skin involvement with the characteristic bull’s eye rash known as
erythema migrans and generalized flu-like symptoms to chronic and debilitating
inflammatory manifestations such as Lyme carditis and arthritis (3, 4). Infection with
Borrelia burgdorferi or other Lyme spirochetes triggers an inflammatory response due to
the expression of a large number of immunogenic lipoproteins on the surface of these
pathogens (5, 6). Many of these lipoproteins, as well as other proteins, function as
surface adhesins and play a critical role in the ability of this extracellular pathogen to
infect and persist within the host (7). The relatively small, 1.52-Mbp, genome of
extracellular B. burgdorferi encodes a large repertoire of adhesion mechanisms, high-
lighting the importance of this function in Lyme disease pathogenesis.

Investigations of host-pathogen interactions between B. burgdorferi adhesins and
components of the host extracellular matrix (ECM) and other receptors, such as
collagen, fibronectin, glycosaminoglycans (GAGs), and integrins, have been an area of
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active research for many years. The ubiquitous expression of GAGs, particularly in the
ECM of skin, neuronal, and joint tissues, which are commonly affected in patients with
Lyme disease, has prompted investigations to identify the spirochetal proteins that
bind to these important host molecules (8–10). GAGs are long carbohydrate chains
composed of disaccharide repeats covalently linked to a protein core; the composition
of the disaccharide repeats and the sulfation patterns generate different types of GAGs,
including heparan sulfate, dermatan sulfate, and chondroitin sulfate, which have been
investigated to determine recognition by B. burgdorferi strains (11).

The ability of Lyme disease-causing spirochete strains to bind to GAGs (including
purified heparin, heparan sulfate, and dermatan sulfate on host cells) and proteogly-
cans was recognized quite early (11–14). Concerted efforts were made to identify and
characterize GAG-binding adhesins using biochemical approaches that led to the
identification of Borrelia glycosaminoglycan-binding protein (Bgp) (12, 15). Bgp is a
26-kDa protein expressed on the outer membrane of the spirochete and has been
classified as a GAG-binding adhesin since it was purified using heparin affinity chro-
matography and possesses hemagglutination activity. Binding of recombinant Bgp to
immobilized heparin and the observation of partial inhibition of B. burgdorferi attach-
ment to heparin following preincubation with recombinant Bgp further validated the
role of Bgp as a heparin-binding hemagglutinin (15). The relative contribution of
Bgp-mediated GAG binding to the virulence of Lyme spirochetes has not been assessed
systematically due to the unavailability of appropriate mutant and complemented
strains. The gene encoding Bgp was suggested to be the first gene in a two-gene
operon, with the downstream essential gene encoding phosphate acetyltransferase
(Pta), thus making genetic manipulations difficult (16, 17).

In 2012, a genome-wide transposon mutagenesis study of B. burgdorferi performed
by Lin et al. identified approximately 4,800 single-insertion events, from which over 400
mutants were characterized for infectivity (18). A bgp mutant strain, T06TC117, which
harbors a single transposon insertion within the BB_0588 gene, was identified. The
study utilized two methods to investigate the infectivity of a mutant library of 502
signature-tagged mutants (STM) with disruption in 422 genes (18). A Luminex/PCR-
based system was used for detection of transposon insertion in spirochete DNA
recovered from organs of the infected mice directly or after tissue cultures. The median
fluorescence intensity (MFI) value correlated with the quantities of spirochete DNA
present. T06TC117 had a mean MFI of 33 and 0% positive cultures, indicating the
importance of Bgp as a virulence factor of B. burgdorferi (18). The retention of viability
of the bgp mutants suggested that expression of the essential Pta protein of B.
burgdorferi was not perturbed in this mutant strain. Furthermore, this transposon
mutagenesis screen did not identify any insertions in the pta gene, validating that the
protein is essential for B. burgdorferi survival (18).

Two of the most commonly studied B. burgdorferi GAG-binding adhesins are decorin
binding protein A (DbpA) and DbpB, which have been shown to bind to decorin, a
proteoglycan prevalent in the ECM that binds to collagen via conserved lysine residues
(19, 20). Adherence of B. burgdorferi to immobilized decorin was inhibited in the
presence of recombinant DbpA (21). Overexpression of these proteins in a high-
passage, nonadherent B. burgdorferi strain lacking the plasmid encoding DbpA/B
restored binding to immobilized decorin (22). In decorin-deficient mice, B. burgdorferi
dissemination, tissue colonization, and inflammatory manifestations of disease were
diminished (23–25). Several reports have demonstrated the affinity of DbpA/B for
decorin and dermatan sulfate and showed correlation of this binding with joint
colonization and Lyme arthritis development and persistence within the host. These
results suggest that the expression of decorin-binding proteins and other GAG-binding
adhesins enhances the virulence of these spirochetes and contributes to the patho-
genesis of Lyme disease (22, 24, 26–32).

Another B. burgdorferi protein, BBK32, originally described as a fibronectin binding
protein, was also shown to have affinity for GAGs, specifically heparin and heparan
sulfate (33, 34). An observation that BBK32 was able to bind to HEp-2 epithelial cells,
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which lack fibronectin, prompted further investigation into other potential receptors
(35). The finding that enzymatic digestion with heparinase effectively removed adher-
ence, coupled with the ability of BBK32 to bind to immobilized heparin as efficiently as
fibronectin, confirmed the proposed affinity of this protein for GAGs (34). Studies
comparing a BBK32 mutant strain in which the gene was disrupted by allelic exchange
revealed impaired infectivity and tissue colonization of mice infected with the mutant
strain (36). Multiple truncations and deletions in the bbk32 gene showed that the
fibronectin and GAG-binding domains of the encoded protein were independent of
one another. Furthermore, removal of the GAG-binding activity of BBK32, and not its
fibronectin domain, abolished joint colonization, demonstrating the importance of
spirochete adherence to GAGs in inflammatory manifestations of disease (35).

Unlike DbpA/B and BBK32, the GAG-binding contributions of Bgp have not been
characterized thoroughly yet, in part because the mutagenesis assays required to
elucidate the role of this protein during infection are complicated by the organization
of the gene, and also because the protein has dual function both as a GAG-binding
adhesin and 5= methylthioadenosine/S-adenosyl homocysteine (MTA/SAH) nucleosi-
dase. In addition to hydrolysis of MTA and SAH, this class of enzymes has several critical
functions, such as regulation of methylation reactions, production of quorum-sensing
autoinducer compounds, and regulation of the synthesis of polyamines (37, 38). Due to
the extreme auxotrophic nature of B. burgdorferi, these nucleosidases have been
suggested to be important for the recycling of nutrients, particularly the purine adenine
by hydrolysis of MTA and SAH (38, 39).

The use of the specific mutants is the ideal method to directly demonstrate the role
of an adhesin in attachment to the host cells in vitro and in colonization of the specific
tissues in vivo. The purpose of this study was to characterize the bgp mutant of B.
burgdorferi strain B31 using in vitro and in vivo experimental techniques. We sought to
investigate how loss of this protein affects spirochete adherence, infectivity, tissue
colonization, and disseminated inflammatory manifestations of Lyme disease. Our
findings demonstrate that even though Bgp is not essential for infectivity, the protein
is an important virulence factor employed by the spirochete for tissue colonization and,
ultimately, Lyme disease pathogenesis.

RESULTS
Characterization of a bgp mutant of B. burgdorferi strain B31. We used the

derivatives of low-passage, infectious B. burgdorferi strain B31 in this study. Strain B31
5A4 included in this study retains lp56 and lacks only lp5, which appears to possess
only one open reading frame other than those required for plasmid maintenance (18).
The bbe02 mutant of the wild-type (WT) strain B31 5A18, B31 5A18NP1, was the strain
used for generation of our bgp mutant strain, bgpmut. The bgp mutant possesses a
single transposon in the BB_0588 gene (18). Thus, the difference between these strains
is primarily the presence of a defective bgp gene in the mutant. Both strains B31 5A4
and B31 5A18 were included in parallel in different experiments. To restore Bgp
expression in the mutant strain, we generated a trans-complemented strain that carries
a wild-type bgp-pta operon on the pJSB175 shuttle vector of B. burgdorferi. Sequencing
of the B. burgdorferi genome suggested that the bgp-pta genes are under the control
of a single promoter, with no additional promoter sequences identified in the inter-
space between the two genes. To confirm if the bgp-pta genes are indeed present in
an operon, we designed a single set of primers that were at the N-terminal region of
BB_0588 and toward the 3= end of BB_0589 for reverse transcriptase (RT)-PCR. The
presence of a single band of 1.9 kB in strain B31 5A4 (WT) indicates that both genes are
transcribed as a single mRNA transcript (Fig. 1A). We did not detect any bgp transcript
in our mutant, suggesting disruption of the gene expression. Our complemented strain
restored the transcript to a size comparable to that of the WT strain B31 5A4 (Fig. 1A).

The organization of bgp-pta into an operon raises concern that disruption of the bgp
gene may interfere with the expression of Pta and thus affect the phenotype of the
mutant. Pta is considered to be an essential gene for B. burgdorferi cell wall biogenesis,
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and supplementation with mevalonate is required for spirochete survival if the expres-
sion of this protein is perturbed (16). To determine if mutagenesis of bgp gene alters
Pta, thus resulting in a defect in growth, we conducted growth assays. There was no
impairment of growth in our bgpmut and bgpcomp strains compared to WT strain B31
5A4 (Fig. 1B), suggesting that Pta expression was not altered in our mutant strain.

Based upon our growth assay results, we hypothesized that the insertion of the
transposon in the same direction as the bgp gene allows expression of the downstream
pta gene through the flgB promoter of the gentamicin cassette within the transposon.
In addition, there is also growing evidence to support that an alternative transcriptional
start site upstream of the pta gene may allow for gene transcription and Pta expression
in the absence of Bgp (16, 40). To test this hypothesis, we performed an RT-PCR using
primers spanning the pta gene and found that the bgpmut strain had pta transcript
present (Fig. 1A). We observed elevated levels of transcription of pta in our bgp mutant
and complemented strains, suggesting that the strong flgB promoter of gentamicin
cassette may be driving increased expression. We performed RT-PCR using the same
RNA samples and a combination of gentamicin- and pta-specific primers. Although we
failed to obtain a product by RT-PCR, an �3.5-kb product was obtained by PCR using
the same primers and genomic DNA of the mutant (data not shown). The absence of
transcript initiated by the bgp promoter or by the flgB promoter of the gentamicin
cassette resulting in a product as a read-through suggests that a second transcription
start site lies within the bgp gene and may be used for pta transcription in bgpmut. Our
Western blot analysis detected higher levels of Bgp in the complemented strain and
also slightly higher levels of Pta protein expression in the bgpcomp strain (Fig. 1C).
Thus, the elevated levels of pta transcript in our bgpmut and bgpcomp strains were
reflected by a moderate increase in Pta protein expression, likely due to posttranscrip-
tional regulation of pta as described previously (17, 41).

It is also important to note that the highest Pta levels occur under growth conditions
different from those for optimum Bgp expression under in vitro conditions. Bgp is
expressed at 33°C, while Pta is expressed at 23°C (41, 42). Western blot analysis of B.
burgdorferi grown at physiological temperature showed lower levels of Pta expression
(41). Therefore, we evaluated Pta expression after incubation of cultures for a week at
23°C by Western blotting to compare different strains when protein is expressed at a
maximum level. Furthermore, we expected that any regulatory mechanisms for pta
expression would remain intact in our bgpmut strains. The observation of more pta
transcript with moderate increase in protein expression is likely a testament to the
posttranscriptional regulation of the gene (17, 41).

Using anti-Bgp antisera, we show that Bgp is absent only in the bgpmut strain while
its expression is restored in the bgpcomp strain (Fig. 1C). Higher expression of Bgp was

FIG 1 Growth and bgp expression in strains B31 5A4 (WT), bgpmut, and bgpcomp. (A) Reverse transcriptase PCR (RT-PCR) with bgp-pta operon primers produced
a 1.9-kb product in WT and bgpcomp strains. No transcript was detected in the bgpmut strain. RT-PCR using pta primers produced a 1-kb transcript, indicating
that transcription of the downstream gene was not affected by the bgp mutagenesis. A control without reverse transcriptase indicates that all RNA samples
were free from DNA contamination. (B) Growth rates of all B. burgdorferi strains were comparable. (C) Western blot analysis using anti-Bgp antibodies showed
the absence of Bgp expression in the mutant strain. Anti-Pta antibodies showed that this protein is expressed uniformly, albeit at low levels, in all strains.
Flagellin protein detected by anti-FlaB antibodies was included as a loading control.
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observed in our bgpcomp strain, as evidenced by Western blotting. This result is
consistent with the employment of the trans-complementation strategy, where copy
number may affect the amount of protein produced. Such increased expression in B.
burgdorferi strains has been reported in other studies that utilized a similar genetic
approach (34, 43). Thus, all changes observed for our mutant strain can be attributed
to the lack of expression of Bgp.

Disruption of the bgp gene impairs spirochete adherence in vitro. Our labora-
tory has previously shown that Bgp has the highest affinity for heparin/heparan sulfate
and little affinity for chondroitin sulfate C. We first confirmed these results using
adherence assays to quantify binding of Bgp to GAGs. Our results showed that Bgp
bound to heparin at significantly higher levels (P � 0.0001) than our negative control,
OspC, and only slightly to chondroitin sulfate C (Fig. 2). The binding pattern of the
recombinant Bgp to GAGs was consistent with the trend reported previously (15).
Binding of OspC to both GAGs was comparable to that seen in the buffer-only and
no-protein control (NPC), showing the specific interaction of Bgp to GAGs.

We further investigated if binding to GAGs is affected by disruption of the bgp gene
in B. burgdorferi using 35S-labeled intact bacterial strains. No-GAG (phosphate-buffered
saline [PBS]) control wells demonstrate that B. burgdorferi strains do not bind to the
empty wells appreciably (Fig. 3A). We found a highly significant (P � 0.001) reduction
in binding of the mutant strain to heparin compared to the B31 5A4 (WT) strain (Fig.
3B), while binding to chondroitin sulfate C was not affected (Fig. 3C). The bgpcomp
strain was able to restore binding to heparin. Although the binding level of the
complemented strain was slightly lower, it was not statistically different from that of the
WT strain (Fig. 3B). Binding to chondroitin sulfate C remained relatively unchanged
irrespective of Bgp expression (Fig. 3C). Taken together, these results suggest that
adherence to heparin is impaired in the absence of Bgp despite retention of other
spirochete GAG-binding adhesins.

To assess spirochete adherence to mammalian cells, we used two epithelial cell
lines, i.e., human embryonic kidney cells (HEK293) and kidney epithelial cells isolated
from African green monkey (Vero), and an endothelial cell line derived from human
umbilical vein (EA.hy296). Cell monolayers were grown to confluence and incubated

FIG 2 Bgp is a GAG-binding adhesin with affinity for heparin. Biotinylated GAGs were able to bind to
recombinant Bgp protein (20 �g/ml), with the most-significant adherence to heparin. Bgp binds poorly
to chondroitin sulfate C. Recombinant OspC was included as a negative control. The no-protein control
(NPC) shows that interaction of Bgp was specific for GAGs. Each bar represents the mean � standard
deviation (SD) for quadruplicate samples. Data were normalized by dividing the total absorbance
obtained in each well by the coated protein concentration in parallel control wells as determined by
ELISA. The adjusted binding was then averaged for four replicates per treatment, and the percentage of
biotinylated GAGs bound to the respective proteins is shown. Statistical significance (****, P � 0.0001; **,
P � 0.01; *, P � 0.05) was determined by the Student t test for comparison of samples with unequal
variances.
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with 35S-labeled bacterial strains. For this set of experiments, only the results for strain
B31 5A18 (WT) is shown. We found that the mutant strain was significantly impaired in
its ability to bind to both human epithelial and endothelial cell lines. Binding of the
bgpmut strain to the Vero cell line was only slightly reduced compared to strain B31
5A18 (Fig. 4), consistent with previous findings showing that significant adherence of
B. burgdorferi to Vero cells was facilitated by GAG-independent binding mechanisms
(11). Our results demonstrate that in the absence of Bgp, B. burgdorferi adherence to
both endothelial and epithelial cells is significantly diminished despite retention of
other GAG-binding adhesins in the spirochetes, thus highlighting the importance of
Bgp for tissue colonization.

The absence of Bgp attenuates infectivity and reduces tissue colonization and
inflammatory disease in C3H/HeJ mice. Our in vitro characterization of Bgp-mediated
spirochete adherence led us to investigate the infectivity, tissue colonization, and
histopathological changes during infection of susceptible mice. We infected 4-week-old

FIG 3 Binding of the bgp mutant to heparin is significantly reduced. Plate wells were coated with purified heparin or
chondroitin sulfate C (5 mg/ml) or PBS. 35S-labeled B31 5A4 (WT), bgpmut, and bgpcomp strains were added, and binding was
quantified by scintillation counting. (A) Buffer-only-treated (control) wells showed low nonspecific binding by each strain. (B)
Adherence to heparin was significantly reduced in the mutant strain compared to WT and bgpcomp strains. (C) Overall binding
of all strains to chondroitin sulfate C was unaffected by Bgp expression and was comparable to that seen in buffer control wells
as shown in panel A. After subtracting the background count for empty well from all treated-well radiolabel counts determined
by scintillation counting, the adjusted binding was divided by the total bacterial input label for each strain, and the percent
binding was calculated. Each bar represents the mean � SD for quadruplicate samples. Statistical significance (***, P � 0.001)
was determined by the Student t test for comparison of samples with unequal variances (ns, not significant).

FIG 4 B. burgdorferi mutant lacking Bgp expression is impaired in binding to epithelial and endothelial
cell lines. 35S-labeled B31 5A18 (WT), bgpmut, and bgpcomp strains were incubated with epithelial
(HEK293 and Vero) and endothelial (EA.hy926) cell lines. The bgpmut strain showed statistically signifi-
cant reduction in binding to HEK293 and EA.hy926 cells compared to the WT and bgpcomp strains.
Binding of the mutant strain to Vero cells was slightly reduced (ns). Binding of the bgpcomp strain, in
which Bgp expression is restored, was comparable to that in the WT strain. Wells containing no cells were
included as a control for nonspecific binding to wells. After subtracting the mean background (four
empty wells) binding levels, the adjusted counts for all treated wells were divided by the total bacterial
input for the respective strain, and the percent binding was calculated. Each bar represents the mean �
SD for quadruplicate samples. Statistical significance (**, P � 0.01; ***, P � 0.001; ****, P � 0.0001) was
determined by the Student t test for comparison of samples with unequal variances.
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female C3H/HeJ mice with a range of inoculum doses from 100 to 100,000 spirochetes
per mouse of the B31 5A4 and B31 5A18 (WT), bgpmut, or bgpcomp strains. Two weeks
postinfection, mice were euthanized, and ear, injection site skin, and bladder tissues
were harvested for B. burgdorferi recovery in growth medium. Liquid cultures were
checked weekly by microscopy for the presence of live spirochetes, indicative of
positive infection. We found that the bgpmut strain was somewhat impaired in causing
infection in the mouse model of Lyme disease. With an initial inoculum of 102 bacteria
from WT B. burgdorferi strains (both B31 5A4 and 5A18), all mice became infected and
spirochetes were recovered from different tissues. At the same dose of infection by the
bgpmut strain, no mice (0/3) became infected, demonstrating a significant attenuation
of infectivity compared to the WT strain at this dose of infection (Table 1). We observed
partial restoration of infectivity in our bgpcomp strain with one mouse infected at a
dose of 102 spirochetes per mouse. At an inoculum of 103 bgpcomp spirochetes, 2/3
mice for skin and bladder were positive for live spirochetes, while only 1 of 3 mice was
positive when ear tissue was cultured. The reduction in infectivity in the bgpmut strain
relative to the WT strain and the partial restoration of culture positivity in the comple-
mented strain suggest that Bgp is an important virulence factor needed for colonization
of these tissues.

Western blot analysis using sera from the mice 14 days postinfection further
supported these findings (Fig. 5). Consistent with stimulation of humoral immune
response only when spirochetes persist in high numbers, both WT strains showed
significantly higher antibody reactivity with B31 lysate than the mutant, and several
protein bands were detected when even 100 spirochetes/mouse were injected. Sera
from our bgpmut strain-infected mice at this dose failed to show any reactivity, and this
lower antibody response also supports the results that show lack of bgpmut culture
recovery at this dose. This result is also consistent with the original results obtained
with the bgp mutant determined by STM (18). The overall diminished immune response
observed for the mutant at this dose improved when 103 to 104 mutant spirochetes
were used for infection, as evidenced by the recognition of additional protein bands,
albeit the response remained significantly lower than for the WT strains. Our bgpcomp
strain showed strong reactivity for only 1/3 mice at inoculums of 100 spirochetes/
mouse, consistent with the infection and recovery of spirochetes from the same mouse.
Mice with low humoral immune response also retained fewer bacteria as detected by
quantitative real-time PCR (qPCR) analysis of various tissues to determine colonization.

TABLE 1 Infectivity of WT, bgpmut, and bgpcomp strains in C3H miced

B. burgdorferi
strain Inoculum

No. of culture-positive mice/no. of mice tested

Ear Skin (IS)e Bladder Total (%)

B31 5A4 100 3/3 3/3 3/3 9/9 (100)
1,000 4/4 4/4 4/4 12/12 (100)
10,000 3/3 3/3 3/3 9/9 (100)

B31 5A18 100 3/3 3/3 2/3 8/9 (90)
1,000 4/4 4/4 4/4 12/12 (100)
10,000 3/3 3/3 3/3 9/9 (100)

bgpmut 100 0/5 0/5 0/5 0/15 (0)
1,000 5/5 5/5 5/5 15/15 (100)
10,000 5/5 5/5 5/5 15/15 (100)
100,000 5/5 5/5 5/5 15/15 (100)

bgpcomp 100 1b/3 1b/3 1b/3 3/9 (33)
1,000 1b/3 2b,c/3 2a,c/3 5/9 (56)
10,000 3/3 2a,b/3 3/3 8/9 (90)

aMouse number 1.
bMouse number 2.
cMouse number 3.
dCultures were monitored at 14 days postharvest.
eIS, injection site.
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FIG 5 Immune response against total B. burgdorferi lysate demonstrates the diminished persistence of the bgpmut strain in mice. Proteins of B. burgdorferi lysate
resolved by SDS-PAGE were blotted on an Immobilon-P membrane, and strips cut from the blots were then probed with sera recovered from different mice
14 days postinfection. For each strain, strips cut from the same blot were used, except for the mutant, for which strips from two blots run together in the same
setup were used. Anti-mouse-IgG-AP secondary antibodies were used for detection of protein bands. Arrows indicate potential recognition of medium
components associated with B. burgdorferi by mice sera, because these bands were also detected when probed with uninfected mouse serum. Mean
densitometric readings with sera from all mice infected with each dose of infection with the respective strains are provided at the bottom. Sera recovered from
WT strain (B31 5A4 and B31 A18)-infected mice produced a strong reaction (3/3 mice); however, the intensity of bands was not significantly different between
doses of infection for the two WT strains. An intense reaction by WT strains observed even at doses as low as 100 spirochetes/mouse was significantly higher
than in the bgpmut-infected mice with B. burgdorferi proteins (***, P � 0.001 compared to B31 5A4; **, P � 0.01 compared to B31 5A18) and was not significantly
different from the reaction in the complemented strain at the same dose of infection. The difference between immunological responses against B31 5A4 and
bgpmut strains was most significant at an inoculum of 103 bacteria/mouse (****, P � 0.0001) and was reduced, albeit remaining significant, at the infection dose
of 104 bacteria/mouse (*, P � 0.05). A significant difference between B31 5A18 and bgpmut was also observed at an inoculum of �103 bacteria (***, P � 0.001).
The reaction of sera from the complemented-strain-infected mice at doses of �103 spirochetes/mouse was significantly higher than from bgpmut-infected mice
at the same inoculum (**, P � 0.01).
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Reactions of sera from the complemented-strain-infected mice at doses of �103

spirochetes/mouse were also significantly higher than in bgpmut-infected mice at the
same inoculum.

To study changes in tissue colonization, we used DNA isolated from the joints of
infected mice to quantitatively determine the spirochete burden in the tissue. Spiro-
chete infiltration of the joint is associated with the common inflammatory Lyme disease
complication, Lyme arthritis. Our results showed that inoculums as low as 100 spiro-
chetes of either of the two WT strains (n � 3) produced detectable levels of colonization
in the joints (Fig. 6A and B). These results agree with our ability to recover live bacteria
from tissues and the strong immune response observed in mice infected with either of
the two WT strains. We were able to recover live spirochetes from one mouse infected
with B31 5A18 at an inoculum of 100, and a serological response was detected by
Western blotting using serum from this mouse; however, surprisingly, joints of this
mouse remained qPCR negative. We observed a reduction in spirochete burden in
joints of bgpmut-infected animals (n � 5) and failed to detect any spirochete DNA
present when mice were inoculated with 100 mutant bacteria (Fig. 6C), again consistent
with both the culture recovery results and serology. Interestingly, the ability of the
bgpmut strain to colonize joints was impaired only at low inoculums, while inoculation
with 104 to 105 mutant bacteria was able to produce colonization of the joint at levels
similar to that seen with the WT strain (Fig. 6C). Consistent with our previous results,
spirochete DNA was also detected from joints of the majority of bgpcomp-infected
mice; 2 mice from each group (n � 3) were positive for colonization by qPCR, while
DNA could not be detected from one animal (Fig. 6D).

FIG 6 Disruption of bgp reduces the efficiency of joint colonization by B. burgdorferi in C3H/HeJ mice. Fourteen
days after infection, mice were euthanized, and tissues were collected for DNA isolation and qPCR analysis of
spirochete burden within joint tissues. Each point is representative of one mouse sample. Three/four mice for the
WT and five mice for the mutant were used. (A) B31 5A4 spirochetes showed colonization of the joint in all mice
at an inoculum dose as low as 100 B. burgdorferi spirochetes. (B) B31 A18 was less efficient at colonization as
evidenced by 1 mouse remaining PCR negative at an inoculum of 100. (C) We failed to detect any spirochete DNA
from mice infected with 100 bgpmut spirochetes, such that the difference between B31 5A4-100 and bgpmut-100
is statistically significant (P � 0.05). At a higher inoculum (104 spirochetes), joint colonization for the bgpmut strain
was similar to that of the WT B31 A18-infected mice. (D) Only partial restoration of joint colonization was evident
in the complemented strain, with 1/3 mice for all inoculums remaining PCR negative for B. burgdorferi DNA.
Colonization by B31 A18 and complemented strains were comparable in the other 2/3 mice.
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Lyme disease is primarily an inflammatory disease, particularly during chronic or
persistent infections. The manifestation of inflammatory disease in mice was deter-
mined by histopathological examination of heart and joint sections stained with
hematoxylin and eosin. Scoring of sections from the hearts and joints of infected mice
in a blinded manner showed that inflammatory disease is attenuated in mice infected
with the mutant strain (Table 2). Scoring was based on infiltration of white blood cells
into the pericardial structures and vasculature, as well as changes in the synovial
structures of the joint. Inflammation of the knee and tibiotarsus was observed in all
mice (3/3, 4/4) infected with WT strain B31 5A4, with higher inflammatory responses
observed when mice were infected with increasing doses. The hearts of all mice
infected with this strain also showed an inflammatory response. We observed similarly
strong inflammatory responses in the majority of the mice infected with B31 5A18;
however, one mouse at an inoculum of 100 (1/3) remained equivocal for inflammation
at the knee. This is consistent with the poor serological detection of B. burgdorferi
proteins and our negative qPCR result for this animal. Thus, strain B31 5A18 may have
a slight attenuation in virulence compared to strain B31 5A4 (attributable to the loss of
lp56). Pathological changes to the heart tissue were present to similar degrees across
higher inoculums in both WT strains. At an inoculum of 100 spirochetes/mouse, none
of the mice (0/5) displayed inflammation of the joint when infected with bgpmut, while
2/5 mice were positive for slight inflammation in the heart. These results indicate
impairment of the bgpmut strain to colonize heart and joints and induce inflammation,
particularly at a low dose of infection. At a dose of 103 mutant bacteria/mouse,
differences in the inflammatory response in knees between either of the two WT strains
and the mutant strain were less pronounced; however, significant increases in tibio-
tarsus inflammation by the WT strains reflect an attenuation of the inflammatory
response to mutants (�� to ��� versus �). At higher inoculums (104 bacteria), there
was no apparent difference between WT and bgpmut strains and similar pathological
changes were observed for all strains. It is nonetheless important to note that mice
infected at lower-dose inoculums with either WT or complemented strains showed a
relatively higher inflammatory response than the mutant strain. The knee and tibiotar-
sus of complemented-strain-infected animals were positive at all inoculums and
showed little difference in severity compared to the WT strain-infected mice. One
mouse from each inoculum dose remained equivocal for inflammation of the heart (1/3
in all cases) when infected with the complemented strain. These results agree with

TABLE 2 Results of histological examinations for tibiotarsal joint swelling and carditis 14 days after B. burgdorferi infection

B. burgdorferi strain
Inoculum dose
(no. of bacteria)

Inflammation score for mice 1 to 5a

Knee Tibiotarsus Carditis

B31 5A4 WT 100 �/��, �, � ���, ���, ��� �, �, �
1,000 �, �, �, � ���, ���, ��, ��� �, �, �, �
10,000 ��, �, � ���, ���, ��� �, �, �

B31 5A18 WT 100 �/�, �, � ��, ��, ��� �, �, �
1,000 �, �, �, � ���, ���, ���, �� ��, ��, �, �
10,000 ���, ���, �� ���, ���, �� ��, ��, ���

bgpmut 100 �, �, �, �, � �, �, �, �, � �, �, �, �, �
1,000 �, �, �, �, � �, �, �, �, � �, ��, ��, ��, ��, ��
10,000 �, ��, ��, ��, �� �, �, ��, ��, �� ��, ��, ��, ���, ���
100,000 ��, ��, ��, ���, ��� ��, ���, ���, ���, ��� ���, ���, ���, ���, ���

bgpcomp 100 �, �/��, � ��, ��, �� �/�, �, �
1,000 �, �, � ���, ���, ��� �/�, �, �
10,000 �, �, � ���, ���, ��� �/�, �, �

aThree to five mice were infected with each strain, and inflammation scores are listed in sequential order for each mouse (numbered 1 to 5). Scores ranged from �
(no inflammation) to ��� (severe arthritis). For carditis, scoring was based upon the number of infiltrating white blood cells between cardiomyocytes, loss of cell
structure, and the breakdown of structures surrounding blood vessels/perivascular cuffing. For joints, scoring was based on infiltration of white blood cells in and
around periarticular structures, the presence of cells within the synovium, and thickening of articular surfaces. �/�, samples that showed the presence of
histopathological changes without a large number of infiltrating immune cells.
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other test results indicating that the respective animals showed low antibody response
and remained qPCR negative for spirochete DNA. Overall, histopathological examina-
tion of the knee and tibiotarsus showed more inflammation in the WT strain-infected
mice than in the bgpmut-infected animals, while some inflammation of joints was
observed in all animals infected with the complemented strain even at a dose of 100
spirochetes (Table 2). Restoration of increased inflammation in the complemented
strain at a higher dose of infection highlights the importance of Bgp in the pathogen-
esis of Lyme disease, as relevant to heart and joint inflammatory disease.

The overall histopathological scoring of tibiotarsus (Table 2) was consistent and
most reflective of infectivity and tissue colonization levels and also correlates well to
the inflammatory response. Thus, the highest severity of arthritis by strain B31 5A4 was
observed even when 100 spirochetes were used, while the same level of severity was
observed when infection doses of �103 bacteria from WT B31 5A18 and complemented
strains and 105 bacteria from the bgpmut strain were used. These mice also showed
higher infectivity and tissue colonization (Table 1 and Fig. 6) and good antibody
response (Fig. 5). The lack of infectivity of bgpmut at a dose of 100 bacteria per mouse
both by culture recovery (Table 1) and by qPCR (Fig. 6) also showed high correlation
with lack of antibody response and joint inflammation (Table 2). We conclude that even
though a bgp mutant remained infectious, the absence of Bgp reduced infectivity and
tissue colonization and also diminished inflammatory disease severity of infection by B.
burgdorferi.

DISCUSSION

Understanding the genetic organization of bgp (BB_0588)-pta (BB0_589) has been a
point of controversy within the field. A 2011 report by Sze and Li mapped the
transcriptional start site of pta to the 5= region upstream of bgp. RT-PCR with primers
spanning the predicted operon produced a transcript consistent with the two genes
being cotranscribed (17). A subsequent report in 2015 by Richards and coworkers failed
to detect a bgp-pta transcript by RT-PCR (16). These two studies utilized slightly
different primer pairs and cycling parameters for RT-PCR analysis, which may have
contributed to their conflicting results. A more recent report (2017) by Adams et al.
utilized in vivo expression technology (IVET) and 5= end mapping to characterize
alternative transcriptional start sites throughout the Borrelia genome and also identified
a potential second transcription start site for pta (40). We utilized an RT-PCR approach
to determine if the two genes were transcribed together. Primers for the work pre-
sented here were designed to begin after the translational start site of bgp and toward
the 3= end of the pta gene to amplify the region spanning the proposed operon. Our
results are consistent with the presence of bgp and pta genes in an operon (Fig. 1A).
RT-PCR with the same RNA samples using a combination of gentamicin and pta primers
failed to result in a product, although the same primers resulted in the expected-size
product when genomic DNA was used. Our results support the suggested presence of
a second transcriptional start site for pta within BB_0588 (16, 40).

A bgp-pta operon complicates a straightforward analysis of the bgp mutant due to
potential disruption of downstream pta gene expression. Pta is considered an essential
protein, and perturbation in its expression negatively affects spirochete survival. We
selected a bgp mutant strain generated through a genome-wide STM transposon
mutagenesis study (18). This strain remained viable, suggesting retention of Pta protein
expression. Pta functions in the essential AckA-Pta pathway, in which AckA converts
acetate to acetyl phosphate, which is followed by acetyl phosphate conversion to acetyl
coenzyme A (acetyl-CoA) by Pta. Due to the absence of enzymes for the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation in B. burgdorferi, the acetyl-CoA is fed
into the mevalonate pathway for cell wall synthesis (42). Efforts to mutate the pta gene
have failed unless the culture medium is supplemented with mevalonate (16, 18, 42).
Regulatory functions of Pta have also been proposed but remain controversial and
unsubstantiated. Xu and coworkers explored if small high-energy phosphate donors,
including the substrate for Pta, acetyl phosphate, could activate the Rrp2-RpoN-RpoS
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regulon such that Pta was directly involved in modulating the amount of available
acetyl phosphate and downstream activation of critical virulence pathways (42). Exog-
enous sodium acetate was added to the culture, resulting in activation of the pathway.
Subsequently, employment of a Pta-overexpressing strain showed the lack of pathway
activation. Correlation between acetyl phosphate concentrations and expression of
virulence genes was assumed to be due to the effects of Pta; however, the study did
not account for the effects of acid stress due to the addition of sodium acetate and
failed to accurately draw comparisons between exogenous sodium acetate and en-
dogenous acetyl phosphate levels. These shortcomings were later elaborated by show-
ing that the absence of Pta (mevalonate-supplemented mutant) does not change the
activation of the Rrp2-RpoN-RpoS pathway (16). Thus, the essentiality of Pta is most
likely due to its role in cell wall biogenesis.

Our sequence analysis demonstrated that the direction of transcription through the
flgB promoter, used for the expression of the gentamicin cassette within the trans-
poson, is the same as the bgp open reading frame (data not shown), potentially
allowing transcription of the downstream pta gene through the flgB promoter. Read-
through from the bgp promoter might also maintain pta expression. Our results
indicate that expression of pta in bgpmut might be through a second transcriptional
start site upstream of the pta gene. Our growth studies indicated that the mutant is
able to survive and grow in a fashion similar to that of the WT strain, providing the first
evidence that the essential Pta protein is present in the bgp mutant strain. Furthermore,
RT-PCR and Western blot analysis confirmed that only Bgp, and not Pta, is missing in
our bgpmut strain. By RT-PCR using the pta-specific primers, we were able to detect the
presence of pta transcript in our mutant strain and observed elevated transcript levels
in our complemented strain. The increased transcript level in our complemented strain
is likely due to a higher operon copy number because of its presence on the shuttle
vector. It has been reported that pta transcript is posttranscriptionally regulated by
CsrABb, such that pta is repressed when CsrABb is upregulated, which has been noted
particularly under growth conditions at 37°C (41). Our efforts to genetically manipulate
bgp while retaining pta expression is expected to maintain regulatory regions or
systems relating to Pta, and the posttranscriptional regulation of the mRNA is likely
responsible for the uniform expression of Pta in the WT and mutant strains and the only
slight increase in the level of Pta protein expression in the complemented strain (17,
41). Therefore, changes observed in our mutant are attributable only to the absence of
Bgp protein.

It is widely accepted that GAGs are important receptors for spirochete adherence
and tissue colonization in the pathogenesis of Lyme disease. Given the ubiquitous
expression of heparan sulfate on mammalian tissues, we hypothesized that a significant
reduction in spirochete adherence to heparin in vitro would also impair spirochete
adherence to the ECM and therefore reduce the spirochete ability to colonize tissues
during infection. Our results from in vitro binding experiments validate previous
findings and show that recombinant Bgp binds significantly to heparin and less
efficiently to chondroitin sulfate C. These observations agree with previous findings in
which a different B. burgdorferi strain was used (15). We show for the first time that in
the absence of Bgp expression in B. burgdorferi, GAG binding is significantly reduced
(Fig. 4). This significant (nearly 4-fold) reduction in binding from 18.6% of the WT strain
to only 4.77% of the bgpmut strain indicates that Bgp contributes to GAG-mediated
adherence of the Lyme spirochetes.

The B. burgdorferi genome encodes a high number of adhesins; �30 adhesins have
been identified and extensively investigated to date, and numerous other putative
adhesins have yet to be characterized (7, 44, 45). Many B. burgdorferi adhesins have
redundant, overlapping functions and affinities allowing for compensation during
plasmid loss or expression profile changes between vector and host (7, 45). We have
demonstrated Bgp as a GAG-binding adhesin, which binds significantly to heparin (15).
At least two other adhesins that recognize heparin have been identified: BBK32, which
has been experimentally shown to bind purified heparin (34), and DbpA, which has a
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confirmed heparin binding consensus sequence (46). Reduction but not elimination of
binding to heparin can be attributed to redundancy of function due to remaining B.
burgdorferi GAG-binding adhesins (7, 22, 28, 34, 35). Thus, compensation by other
heparin binding adhesins, such as BBK32, could be responsible for the remaining 4.77%
of spirochete binding to the purified heparin observed in our bgpmut strain. In strains
such as N40, which lack BBK32, the effect of a bgp mutation would likely be even more
significant because it lacks this protein (47). Binding to chondroitin sulfate C is signif-
icantly less than binding of heparin, even by the WT strain, which is consistent with
previously published results that showed that different B. burgdorferi strains recognize
this GAG poorly (11, 14, 23).

We further report a significant reduction in the ability of the bgpmut strain to adhere
to mammalian cells compared to both WT and complemented strains, particularly with
respect to epithelial and endothelial cells. Reduced adherence of the bgpmut to
purified heparin and mammalian cells in vitro is also reflected in diminished tissue
colonization and inflammatory disease manifestations. Although bgp mutant spiro-
chetes retain the ability to infect mice, it is impaired compared to that of the WT strains.
Mutagenesis of other GAG-binding adhesin-encoding genes also resulted in retention
of infectivity, albeit with demonstration of reduced virulence. For example, bbk32
mutants display variable results, with some mutants exhibiting an increased 50%
infective dose (ID50), reduced dissemination, and tissue colonization (36, 48, 49).

It is speculated that in addition to adhesin function, BBK32 may also have a role in
modulating the immune response through the formation of superfibronectin and
interference in the innate immune response (50). A decrease in infectivity observed for
the bgp mutant could also be attributed to the other functional role of this protein. Bgp
is a dual-function protein that exhibits both GAG binding and MTA/SAH nucleosidase
activity. This nucleosidase is responsible for critical functions such as detoxification by
removal of metabolic by-products MTA and SAH, salvage of nutrients, regulation of
SAM-mediated methylation reactions, and quorum sensing (37–39). We observed a
decrease in spirochete burden within tissues when mice were infected with bgpmut
spirochetes compared to what was seen with the WT strain. Consistent with decreased
colonization, the inflammatory responses were also reduced in the joints and hearts of
mice infected with low doses of mutant spirochetes as determined by histopathological
examination (Table 2). Mutagenesis of the bgp gene impacts both activities of Bgp,
which may contribute to the attenuation of virulence of the mutant. Our findings here
suggest that the contribution of Bgp in cell adherence contributes to tissue coloniza-
tion; however, more-targeted mutagenesis studies are needed to investigate whether
the lack of Bgp-associated nucleosidase activity contributes to the reduced infectivity
of the bgp mutant.

Our trans-complemented strain was able to restore binding to purified heparin
compared to the WT strain (Fig. 4B). This trans-complemented strain displayed only
partial restoration of the WT phenotype during infection of mice as indicated by
Western blotting and determination of tissue colonization, because one infected mouse
remained negative by both serological test and qPCR at an inoculum of 100 bacteria.
One mouse from higher inoculums of 103 to 104 bacteria remained negative by qPCR
for colonization, despite testing positive by Western blotting (Fig. 5 and 6). This
observation of full restoration of functional activity in vitro and only partial restoration
in vivo may be attributed to subtle changes occurring during genetic manipulation, as
reported for other B. burgdorferi mutants. Partial restoration of function in the com-
plemented strain has also been reported for the mutants of other GAG-binding
adhesins (36).

Collectively, our findings indicate that Bgp is an important virulence factor for B.
burgdorferi. Our current work has focused heavily on evaluating the adhesin function of
Bgp; however, it is possible that the MTA/SAH nucleosidase functions of the protein
also contribute to lower infectivity and poor spirochete survival within the host, thus
resulting in decreased colonization and inflammation. Additional studies to character-
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ize the dual function of this protein will provide evidence and mechanistic support for
the critical role that Bgp plays in Lyme disease pathogenesis.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Low-passage, infectious B31 Borrelia burgdorferi strains

were grown according to standard in vitro laboratory cultivation methods. B31 5A18 and B31 5A4 are the
two WT strains carried in parallel for the majority of experiments here. WT strain B31 5A18 is the parental
strain, in which mutation of the bbe02 gene generated strain B31 5A18NP1, which was used to generate
the strain designated T06TC117 (bgpmut) in the laboratory of Steven Norris (51). The mutant strain
harbors a single transposon cassette insertion within the bgp (BB_0588) gene. trans-complementation of
T06TC117 was achieved by transformation with plasmid pJSB175Bgp589, such that expression of
functional Bgp is restored in strain T06TC117pJSB175Bgp589 (bgpcomp). All clones were cultured in
Barbour-Stoenner-Kelly (BSK-II) medium containing 6% rabbit serum at 33°C until the cultures reached
mid-logarithmic phase or �1 � 108 to 2 � 108 cells/ml. All strains were checked for plasmid loss by
previously described methods (52, 53) (see Fig. S1 and Table S1 in the supplemental material). The
bgpmut and bgpcomp strains lacked lp28-4, cp9, lp5, and lp56, which are not required for mouse
infection (18, 54, 55). The wild-type strain B31 5A4 retained these plasmids except lp5 and cp9.

RT-PCR. RNA was isolated from B. burgdorferi strains by using kits and as suggested by the
manufacturer. Briefly, nucleic acids were isolated from the cells by phase separation using TRIzol reagent
(Thermo Scientific, Waltham, MA) followed by RNA purification using the RNeasy kit (Qiagen, Valencia,
CA) according to the manufacturers’ protocols. Bacterial pellets were washed once with 1� PBS and
resuspended in 500 �l of TRIzol reagent. The homogenate was then transferred to a MaXtract high-
density tube, and chloroform was added. Following phase separation, the RNA collected from the
aqueous phase was transferred to the RNeasy spin column and purified. RNA samples were treated with
1 U/�g RQ01 DNase (Promega, Madison, WI) to remove any contaminating DNA. The pure RNA sample
was used as a template for cDNA synthesis for RT-PCR. The cycling parameters for bgp RT-PCR were as
follows: cDNA synthesis at 47°C for 30 min, initial denaturation at 94°C for 2 min, 40 cycles of
denaturation at 94°C for 15 s, annealing at 50°C for 30 s, extension at 68°C for 2 min, and final extension
at 68°C for 5 min. Primers were designed based on the known bgp and pta gene sequences (56). For
detection of the bgp-pta operon, primers spanning BB_0588 (5=TATAAGGAGTGTGATTTTATGAATAA3=)
and BB_0589 (5=TTAAATGCTTATCATTAAAGCACTT3=) were used. For pta RT-PCR, the following modifi-
cations were made: cDNA synthesis was at 53°C for 30 min and annealing at 58°C for 2 min. Primers for
BB_0589 were used (5=GCTTTCAATTCAGCCAAAGT3= and 5=ACCAATAAAGCTACTCTGAGAG3=). In order to
confirm that contaminating DNA is not responsible for bgp or pta amplification, control reactions were
also performed in parallel using the same parameters in the absence of reverse transcriptase.

SDS-PAGE and Western blotting. For examination of protein expression in B. burgdorferi strains,
�2 � 108 cells/ml were centrifuged and washed three times with PBS to remove medium components,
and pellets were resuspended in 1� PBS and an equal volume of 2� SDS loading dye. In order to obtain
the maximum expression of Pta in all strains, the cultures were moved to 23°C for 1 week prior to
centrifugation. Proteins were then analyzed on 12% SDS-polyacrylamide gels and transferred to an
Immobilon-P polyvinylidene difluoride membrane (Millipore, Billerica, MA). Anti-Bgp mouse polyclonal
antibodies were generated as previously described (15). Immunoblotting was performed with anti-Bgp
mouse serum diluted to 1:2,000 or with anti-Pta mouse serum, as generated by Janakiram Seshu, diluted
to 1:750 in the blocking buffer, 1� PBS containing 5% skim milk. As a loading control, immunoblotting
was conducted in parallel using monoclonal anti-FlaB antibodies diluted to 1:200. Secondary anti-mouse
IgG antibodies conjugated with either alkaline phosphatase or horseradish peroxidase (HRP) diluted
1:2,000 were used to detect proteins of interest. A 1:1 ratio of substrate mixture containing 5-bromo-
4-chloro-3-indolylphosphate (BCIP) and Nitro Blue Tetrazolium (NBT) in 70% dimethylformamide (DMF;
Sigma, Billerica, MA) for alkaline phosphatase or 1� diaminobenzidine tetrahydrochloride (DAB; Thermo
Scientific, Waltham, MA) for HRP was added, and the mixture was incubated at room temperature until
bands developed.

Determining the genetic organization of the bgp-pta operon in bgpmut. The bgp gene is
disrupted by a gentamicin-containing transposon from pMarGentKan (18). Genomic DNA from the bgp
mutant strain was isolated by standard genomic DNA purification, digested with the restriction enzyme
Spe1 (New England BioLabs, Ipswich, MA), and cloned in pUC19 (Thermo Scientific, Waltham, MA).
Transformation of Top10 competent E. coli cells was followed by selection on gentamicin (15 �g/ml)-
containing Luria-Bertani plates to select for the DNA fragment containing the resistance cassette of the
transposon. Plasmids were isolated and sequenced using bgp primers to determine the location and
direction of the transposon within the gene. Sequencing was performed at Tufts University Core Facility
in Boston, MA.

Murine infection. All animal infection studies were performed in accordance with approved IACUC
protocols under Rutgers University standard animal care procedures. Young C3H/HeJ mice have been
shown to be highly susceptible to B. burgdorferi (57). Therefore, 4-week-old C3H/HeJ female mice were
needle inoculated by subcutaneous injection of a serial dilution of B. burgdorferi WT, bgpmut, or
bgpcomp strains containing from 100 to 100,000 spirochetes per mouse. Three/four mice for the WT and
complemented strains were used, while five mice were used for the bgp mutant strain. Two weeks
postinfection, blood was obtained by cardiac puncture, animals were euthanized, and tissues were
harvested for spirochete culture, histopathology, and qPCR. Serum collected from each mouse was
diluted 1:100 and used for Western blotting. Detection of primary sera with 1:2,500 dilution of anti-
mouse-IgG-AP revealed proteins of interest. Joint and heart tissues were fixed in formalin and sent for
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serial histological sectioning and hematoxylin and eosin staining at Rutgers Core Facility. Initially,
Stephen Barthold scored some samples for inflammation. All samples were rescored in a blinded manner
by two researchers with degrees that included studies in veterinary pathology for arthritis and carditis/
cardiovascular disease severity.

Our trans-complementation strategy with a plasmid-borne WT bgp gene required maintained
selective pressure with streptomycin. For in vitro work, supplementation of culture media with strepto-
mycin was able to positively select for bacteria carrying the complementation plasmid. We maintained
antibiotic selective pressure in vivo through supplementation of the animals’ water with streptomycin (5
mg/ml) and artificial sweetener (1.5 mg/ml) to make it palatable (58; our unpublished data).

Detection of B. burgdorferi tissue colonization by qPCR. DNA isolated from joint tissue as
previously described (59, 60) was used to determine the spirochete burden by qPCR. Briefly, our
multiplex test utilizes gene-specific primers (i) for the Lyme spirochete recA gene (5=GTGGATCTATTGT
ATTAGATGAGGCTCTCG and 5=GCCAAAGTTCTGCAACATTAACACCTAAAG) to produce a 222-bp amplicon
and (ii) for the mouse Nidogen gene (5=CCAGCCACAGAATACCATCC and 5=GGACATACTCTGCTGCCATC)
to produce a 154-bp amplicon. Molecular beacon probes tagged to the fluorophore 6-carboxyfluorescein
(FAM) (RecA) or Quasar670 (Nidogen) that were complementary to the target sequences of the ampli-
cons produced were designed and detected in real-time PCR. In the absence of target, the molecular
beacons remain organized into a hairpin structure that inhibits fluorescence, allowing for sensitive
detection of DNA with low background. DNA concentrations were adjusted to 40 ng/�l, and a 5-�l
sample was used as the template for each multiplex qPCR in a total reaction volume of 25 �l. The
reaction mixture contained 1� AmpliTaq Gold buffer (Applied Biosystems, Carlsbad, CA), 0.5 mg/ml
bovine serum albumin (BSA), 3 mM MgCl2, 0.25 mM each deoxynucleotide triphosphate, 0.5 �M recA set
of primers, 0.1 �M Nidogen set of primers, 50 ng of each molecular beacon, and 2.5 U AmpliTaq Gold
enzyme (Applied Biosystems, Carlsbad, CA). The thermal profile for all reactions was as follows: initial
enzyme activation at 95°C for 10 min, followed by 60 cycles of 95°C for 15 s, 60°C for 30 s, and 75°C for
20 s. The spirochete load within the tissue was determined from the standard curve. Overlapping
Nidogen curves in the duplex assay confirmed that a consistent concentration of mouse DNA was used,
allowing an accurate determination of the B. burgdorferi load.

Recombinant protein production. Escherichia coli BL21(DE3�) was transformed with the expression
vector pET30a-bgp or with pET30a-ospC for all negative-control experiments and purified as described
previously (23). Cultures were induced with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside; Lab
Scientific, Highlands, NJ) overnight at 37°C. Pellets were resuspended in a total volume of 5 ml lysis buffer
containing bacterial protein extraction reagent (BPER; Thermo Scientific, Waltham, MA), 100 �l of
protease inhibitor cocktail (Sigma, Billerica, MA), lysozyme at a final concentration of 2 mg/ml, and
�2,500 U of benzonase. Sonication was performed until maximum lysis was achieved. Affinity chroma-
tography using bacterial lysate loaded onto His-Bind resin was performed according to the manufac-
turer’s instructions (Millipore). Protein purity was checked by SDS-PAGE, and concentration was deter-
mined using a bicinchoninic acid (BCA) kit (Sigma, Billerica, MA).

Binding of biotinylated GAGs to recombinant Bgp. Quadruplicate wells of 96-well plates were
coated with 50 �l of 20 �g/ml Bgp or with OspC protein as a negative control. After blocking with 1%
BSA containing 1� PBS for 1 h, 50 �l of 200-�g/ml biotinylated heparin or chondroitin sulfate C, diluted
in 1� PBS, was added. PBS alone was added in control wells. To confirm that the same concentrations
of GAGs were used, quadruplicate wells were coated with 50 �l of 5-mg/ml biotinylated GAGs that were
detected using 1:200 dilution of anti-biotin-HRP (Sigma, Billerica, MA)/anti-streptavidin-HRP (Calbiogen,
San Mateo, CA). For protein controls, 50 �l of recombinant proteins coated in the wells was directly
detected using anti-poly-His-HRP. Following washes with 1� PBS to remove unbound antibody, tetram-
ethylbenzidine (TMB) substrate (KPL, Milford, MA) was added to all wells, and quantification of bound
GAG was detected by measuring the A670 nm. By dividing the absorbance obtained from each treated well
by the average protein absorbance value from quadruplicate control wells, as determined by enzyme-
linked immunosorbent assay (ELISA), binding was normalized to account for any differences due to each
protein coating level. Mean binding levels from quadruplicate wells were then calculated.

Adherence of radiolabeled bacteria to purified glycosaminoglycans and mammalian cell lines.
To assess adherence of the WT, bgpmut, and bgpcomp strains, we radiolabeled strains with a
[35S]methionine-cysteine mixture, prepared aliquots, and stored them at �80°C until use. Bacteria were
thawed, resuspended in BSK-H medium, allowed to recover for 2 h at room temperature, and then
diluted 1:3 in buffer containing 10 mM glucose, 50 mM NaCl, and 10 mM HEPES at pH 7. Binding of
radiolabeled bacterial strains to quadruplicate wells coated with heparin or chondroitin sulfate C (5
mg/ml) was conducted as described previously (15). In addition, cell lines, including HEK293 (human
embryonic kidney epithelium), C6 glioma (rat neuronal), EA.hy926 (human endothelial), and Vero
(monkey bladder fibroblast), were grown to confluence in their respective standard cell culture media for
binding assays in Nunc Maxisorp break-apart plates. Binding assays were conducted as described
previously using quadruplicate wells for each cell type (11). Briefly, 50 �l of bacteria prepared as
described above was added to the plate containing mammalian cells, centrifuged at 800 � g, and
incubated at 37°C in an incubator with 5% CO2 for 1 h. Quadruplicate wells coated with 1� PBS served
as a “no-cell” control for binding. The total scintillation count obtained for each strain (50 �l) determined
the total input per well. After subtracting the background counts for empty wells from the radiolabel
count obtained for each treated well, values were divided by the total input count to calculate the
percent binding to both GAGs and mammalian cells. The average percent binding from four replicates
for each treatment is documented in the figures.
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