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Borrelia burgdorferi Linear Plasmid 28-3 Confers a Selective Advantage
in an Experimental Mouse-Tick Infection Model

Daniel P. Dulebohn, Aaron Bestor, Patricia A. Rosa

Laboratory of Zoonotic Pathogens, Rocky Mountain Laboratories, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes

of Health, Hamilton, Montana, USA

Borrelia burgdorferi, the bacterium that causes Lyme disease, has a unique segmented genome consisting of numerous linear
and circular plasmids and a linear chromosome. Many of these genetic elements have been found to encode factors critical for B.
burgdorferi to complete the infectious cycle. However, several plasmids remain poorly characterized, and their roles during in-
fection with B. burgdorferi have not been elucidated. To more fully characterize the role of one of the four 28-kb linear plasmids,
1p28-3, we generated strains specifically lacking p28-3 and assayed the contribution of genes carried by 1p28-3 to B. burgdorferi
infection. We found that Ip28-3 does not carry any genes that are strictly required for infection of a mouse or tick and that 1p28-
3-deficient spirochetes are competent at causing a disseminated infection. Interestingly, spirochetes containing Ip28-3 were at a
selective advantage compared to 1p28-3-deficient spirochetes when coinjected into a mouse, and this advantage was reflected in
the population of spirochetes acquired by feeding ticks. Our data demonstrate that genes carried by 1p28-3, although not essen-

tial, contribute to the fitness of B. burgdorferi during infection.

yme disease is the most common tick-transmitted disease in

the United States and is caused by infection with the pathogen
Borrelia burgdorferi (1-3). This bacterium survives in a complex
enzootic cycle transmitted by Ixodes ticks and infects a wide range
of vertebrate hosts (4-8). B. burgdorferi must adapt to markedly
different environments within the arthropod vector and mamma-
lian host to ensure successful colonization, persistence, and trans-
mission throughout the natural infectious cycle.

The unique genome of the B. burgdorferi type strain B31 con-
sists of a small 0.9-Mbp linear chromosome and a collection of 12
linear and 9 circular plasmids (9-12). Together, the plasmids
comprise 0.533 Mbp and range in size from 5 kb to 56 kb (13-16).
With the genetic tools now available to manipulate B. burgdorferi,
anumber of chromosomal and plasmid genes have been identified
that encode factors required by this spirochete at particular stages
of the infectious cycle.

Plasmid-borne genes in B. burgdorferi have been shown to en-
code proteins required for viability, virulence, and fundamental
metabolic processes (see reviews in references 17, 18, 19, 20, and
21). However, identification of such genes in B. burgdorferi by
means of sequence homology alone has been difficult. Cumula-
tively, the strain B31 plasmids encode 706 putative proteins, 58%
of which have no database match and 26% of which are conserved
hypothetical proteins. In contrast, the B31 chromosome has 815
predicted open reading frames (ORFs), with only 29% lacking a
database match and 12% annotated as conserved hypothetical
proteins (14, 22). Although a growing number of plasmid-borne
genes have defined roles in the infectious cycle, most remain
poorly characterized.

Several B. burgdorferi plasmids have been shown to be required
for or to contribute to survival in the tick vector or mammalian
host. One of the four 28-kb linear plasmids of strain B31, desig-
nated Ip28-3, has not been fully investigated for its role in the B.
burgdorferilife cycle. Analysis of the nucleotide sequence of [p28-3
indicates that this plasmid is highly conserved except at the very
distal ends (22), and the predicted ORFs encode mostly hypothet-
ical or conserved hypothetical proteins with no known function
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(14, 22). Interestingly, some of the annotated protein-coding se-
quences with predicted functions are suggestive of a role in the
infectious cycle. These include cspZ, encoding complement regula-
tor-acquiring surface protein 2 (CRASP2), a factor H-binding pro-
tein produced during mammalian infection and thought to play a
role in the resistance of B. burgdorferi to complement-mediated kill-
ing (23-25), although it is dispensable in a mouse infection model
(26-28). In addition, 1p28-3 genes bbhi3, bbhi5, bbh16 and bbh18
encode hypothetical lipoproteins, and bbh12 and bbh14, while not
homologous to genes encoding proteins of known function, are dif-
ferentially regulated in response to conditions mimicking those
found in a mammal relative to those found in a tick (29-32).

In this study, we directly investigate the role of [p28-3 in the B.
burgdorferi infectious cycle. We characterized 1p28-3-deficient
(Ip28-37) strains obtained by two independent methods and an-
alyze these B. burgdorferi variants during in vitro growth and the
entire mouse-tick infectious cycle. Our data suggest that although
1p28-3 is not strictly required for completion of the infectious
cycle, 1p28-3 confers a selective advantage to spirochetes harbor-
ing the plasmid during mammalian infection.

MATERIALS AND METHODS

B. burgdorferi strains and growth conditions. All B. burgdorferi strains
were grown in Barbour-Stoenner-Kelly IT (BSKII) medium as previously
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FIG 1 Schematic diagram depicting the construction of pBSV28-3G. The
relevant restriction enzyme recognition sites used for cloning have been indi-
cated, as well as the paralogous gene family designations for bbh26, bbh27,
bbh28, and bbh29 in boxes above the genes. The family 62, 50, 32, and 49 genes
are responsible for the replication and partitioning functions required for plas-
mid maintenance in B. burgdorferi (11).

described (33) and plated in solid BSK medium. Wild-type infectious B.
burgdorferi clone B31-A3 (termed A3) was previously isolated and de-
scribed (34). Clone B31-A3-C33 (termed C33), which lacks 1p28-3, is a
derivative of a B31-A3 mouse isolate. C33 was identified by a PCR screen
of individual colonies using primers specific for Ip28-3 (primers 9 and 10
in Table S1 in the supplemental material). Additional B31-A3 derivatives
lacking 1p28-3 were obtained by selectively displacing lp28-3 with an in-
compatible shuttle vector, as described below. One such clone, termed
C12, was used in subsequent experiments. The complete plasmid contents
of clones C33 and C12 were determined as previously described (35) and
found to be identical to that of B31-A3, other than the loss of 1p28-3.
Construction of pBSV28-3G. The genes putatively responsible for
replication and partitioning of 1p28-3, bbh26, bbh27, bbh28, and bbh29,
were amplified from A3 genomic DNA by PCR using Phusion high-fidel-
ity polymerase and primers 1 and 2 (see Table SI in the supplemental
material). The PCR product was purified using a PCR purification kit
(Qiagen, Valencia, CA) and digested with the restriction enzyme Nhel.
Plasmid pOGI (36) was digested with Xbal and Spel and subsequently
purified using a PCR purification kit (Qiagen). The 3.6-kb fragment con-
taining bbh26, bbh27, bbh28, and bbh29 was ligated with digested pOGl1
using T4 DNA ligase, creating pBSV28-3G (Fig. 1). The nucleotide se-
quence of the region of pBSV28-3G containing bbh26, bbh27, bbh28, and
bbh29 was confirmed by DNA sequencing. All enzymes used were from
New England Biolabs (Ipswich, MA) unless otherwise noted.
Transformation of A3 with pBSV28-3G. To enhance the transforma-
tion efficiency of infectious A3 with pBSV28-3G, the shuttle vector was
first methylated in vitro using Mss1 methyltransferase (Zymo Research),
as described previously (37, 38). Strain A3 was grown to 5 X 107 spiro-
chetes/ml and transformed by electroporation with 10 pg of methylated
pBSV28-3G (34, 39). Electroporated B. burgdorferi spirochetes were im-
mediately resuspended in 5 ml of BSKII medium and allowed to recover
for 24 h before being plated in solid BSK medium containing 40 pg/ml
gentamicin. The resulting gentamicin-resistant colonies were screened by
PCR for the aacCI gene, using primers 3 and 4 (see Table S1 in the sup-
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plemental material), to identify A3 transformants carrying pBSV28-3G,
and positive colonies were picked for subsequent analyses.

Southern blot analysis. B. burgdorferi strains A3 and C33 and A3
transformants carrying pBSV28-3G were grown in BSKII to the late ex-
ponential phase, and DNA was isolated using a total genomic DNA puri-
fication kit (Qiagen). DNA was resolved by field-inversion electrophoresis
on a 0.6% agarose gel for 24 h at 150 V, using a PPI-200 power inverter
(program 2), as set by the manufacturer (MJ Research, Hercules, CA).
Agarose gels were depurinated and denatured, and the genomic DNA was
transferred to a nylon membrane (GE Biosciences, Piscataway, NJ) by
capillary transfer and UV cross-linked to the nylon membrane using a
StrataLinker 1800 (StrataGene, Indianapolis, IN). Probes for Southern
blots were generated by PCR using primers 3 and 4 and 12 and 13 (see
Table S1 in the supplemental material), for aacCI and bbh17, respectively,
with a digoxigenin (DIG) PCR labeling kit (Roche, Indianapolis, IN).
Membranes containing genomic DNA were incubated with denatured
probes and washed as previously described (40). Probe hybridization was
detected using a DIG luminescent detection kit (Roche) and X-ray film.

Experimental mouse-tick infectious cycle. Mouse infection studies
were carried out in accordance with guidelines of the National Institutes
of Health. All animal work was done according to protocols approved by
the Rocky Mountain Laboratories Animal Care and Use Committee. The
Rocky Mountain Laboratories are accredited by the International Associ-
ation for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). Studies were done with 6- to 8-week-old female RML mice,
an outbred strain of Swiss-Webster mice reared at the Rocky Mountain
Laboratories breeding facility. The B. burgdorferi inoculum was enumer-
ated using a Petroff-Hausser chamber. A portion of the inoculum was also
plated in solid BSK medium, and CFU were subsequently determined to
confirm the number of viable spirochetes injected. Spirochetes were in-
jected intraperitoneally (i.p.) (4 X 107 spirochetes) and subcutaneously
(s.c.) (1 x10° spirochetes), and mice were bled 3 weeks postinoculation to
assess seroreactivity to B. burgdorferi cell lysates. Approximately 100
Ixodes scapularis larvae were fed to repletion on mice infected with wild-
type B. burgdorferi strain A3 or the Ip28-3~ strain C33. A subset of fed
larvae were mechanically disrupted and plated in solid BSK medium 8 to
10 days postfeeding to assess the acquisition of B. burgdorferi from in-
fected mice and to enumerate spirochetes. Mice were euthanized 4 weeks
postinoculation, and the ear, bladder, and ankle joint were harvested and
incubated in BSKII medium. The presence of spirochetes in cultures de-
rived from these organs was assessed by dark-field microscopy. The re-
maining I. scapularis larvae were allowed to molt to nymphs, and 3 ticks
per mouse were fed on naive RML mice to assess persistence of the B.
burgdorferi clones in ticks and transmission to naive mice. Fed nymphs
were mechanically disrupted 10 days postfeeding, and dilutions of the
homogenate were plated in BSK medium to determine the number of
spirochetes present in fed ticks. Mice fed upon by infected nymphs were
analyzed 3 weeks after tick feeding for seroreactivity to B. burgdorferi
whole-cell lysates, and the ear, bladder, and ankle joints were harvested
and incubated in BSKII to assess the presence of spirochetes in those
tissues.

In vitro growth rate analysis and CI evaluation. To compare the
growth rate of the 1p28-3-deficient C12 and C33 clones to that of the
wild-type A3 strain, spirochetes were grown to ~1 X 107 spirochetes/ml
and then diluted in triplicate to a culture density of 2 X 10> spirochetes/ml
in 7 ml of BSKII medium. Culture densities were monitored every 24 h by
dark-field microscopy using a Petroff-Hausser chamber. A portion of the
mixed cultures containing A3 and C12 or A3 and C33 were plated in solid
BSK medium, and the resulting colonies were screened using Ip28-3-spe-
cific primers 9 and 10 (see Table S1 in the supplemental material) to
determine the ratio of A3 to 1p28-3-deficient spirochetes when mixed and
grown in vitro.

To determine the competitive indices (CIs) of strains lacking 1p28-3,
we conducted mouse infection studies as described above with minor
modifications. Initially, we coinjected wild-type A3 and 1p28-3~ (C12)
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spirochetes intraperitoneally (i.p.) and subcutaneously (s.c.) at a ratio of
1:1, with a combined inoculum of 9.2 X 10> spirochetes, as confirmed by
CFU. In a second experiment, we coinjected wild-type A3 and 1p28-3~
(C33) spirochetes with a combined inoculum of 1.3 X 10* spirochetes and
experimentally confirmed the inoculum ratio of A3 to C33 as 1.25:1 by
colony PCR with 1p28-3-specific primers. Seroreactivity and isolation of
spirochetes from mouse tissues were performed as described above, with
minor modifications; ear punch biopsy specimens were taken at the 2-
and 4-week time points in the second experiment, to attempt spirochete
isolation, and the mice were euthanized at either 4 weeks or 8 weeks
postinoculation (CI experiments 1 and 2, respectively), at which point the
ear, bladder, and tibiotarsal joint tissues were incubated in BSKII medium
to attempt isolation of spirochetes from these tissues. Spirochete isolates
were plated in solid BSK medium when the density of the outgrowth
cultures reached ~5.0 X 10”/ml. To determine spirochete acquisition by
ticks, cohorts of I scapularis larvae were fed upon mice 4 weeks after
coinjection, in the second competitive index experiment. Ten days after
drop-off, a subset of these ticks was crushed and the homogenate plated as
described above. The relative proportion of 1p28-3-deficient to wild-type
B. burgdorferi was determined by PCR screening of the resulting colonies
using Ip28-3-specific primers 9 and 10 (see Table S1 in the supplemental
material). The numbers of colonies screened per tissue isolate are listed in
Tables S2 and S3 in the supplemental material. Wild-type and 1p28-3-
deficient colonies were included with each set of PCRs as positive and
negative controls. The Cls of clones lacking Ip28-3 relative to wild-type B.
burgdorferi were calculated as previously described (41-43). In our exper-
imental design, the CI is the change in the ratio of 28-3-deficient spiro-
chetes relative to wild-type spirochetes from the point of inoculation to
spirochete isolation following infection.

Quantitative analysis of spirochete burden in tissues by qPCR. Spi-
rochete burden in tissues was determined as previously described (44).
Briefly, ear tissues were harvested at 4 or 8 weeks postinoculation and
stored at —80°C until processed. Tissues were digested with collagenase A
(Roche) and proteinase K (Life Technologies) solutions, and DNA was
extracted using a series of phenol-chloroform and chloroform extrac-
tions, followed by ethanol precipitation and a cleanup step using a
QIAquick column (Qiagen). Equivalent amounts of DNA were used in
each quantitative PCR (qPCR) with primer-probe sets specific for the B.
burgdorferi chromosomal flaB gene or the mouse nid gene (see Table S1 in
the supplemental material). Reactions were performed in triplicate, and
the mean values were plotted using PRISM software and analyzed using a
Student two-tailed t test. To determine the relative proportion of Ip28-3-
deficient spirochetes to wild-type spirochetes in coinfected mice, infected
tissues were treated as described above with minor modifications. flaB-
and bbh35-specific primers and probes were used to quantitate the num-
ber of copies of the chromosome and lp28-3, respectively, based on
standard curves generated from A3 genomic DNA (gDNA). We then cal-
culated the ratio of flaB to bbh35 gene copies in mouse tissues infected
with wild-type or 1p28-3-deficient spirochetes or mice that had been coi-
noculated with both strains.

Determination of ID,. The dose required to infect 50% of the mice
inoculated (50% infective dose [ID5,]) was determined for strains A3 and
C12. Groups of 5 mice were inoculated with 10-fold-increasing doses of
spirochetes from 1 X 10%to 1 X 10° for A3 and from 1 X 10%to 1 X 10° for
C12. The inoculum was confirmed by plating a fraction of the inoculum in
BSK and enumerating viable spirochetes. Mouse infection status was as-
sessed as described above. The ID, value for each clone was determined as
previously described (45), and the two dose-response curves generated
were analyzed using a Student’s paired t test and logit analysis.

RESULTS

Construction of pBSV28-3G. Genes encoding factors critical for
Borrelia burgdorferi survival throughout the infectious cycle have
been identified on the chromosome as well as on several plasmids
(see reviews in references 17, 18, 19, 20, and 21). However, the role

2988 iai.asm.org

of the 28-kb linear plasmid 1p28-3 has not been fully examined.
We sought to determine if any genes carried by Ip28-3 provide a
critical function for B. burgdorferi in mice or ticks by isolating
clones derived from an infectious wild-type strain that have lost
only 1p28-3. Such strains allowed analysis of the discrete contri-
bution of Ip28-3 to the phenotype of B. burgdorferi in vivo.

Shuttle vectors harboring the genes required for autonomous
replication of an endogenous B. burgdorferi plasmid can selec-
tively displace the cognate plasmid when stably introduced into B.
burgdorferi (36, 46—48). In order to use this strategy to isolate a B.
burgdorferi clone lacking 1p28-3 (Ip28-3 ), we constructed a shut-
tle vector containing the genes putatively responsible for the au-
tonomous replication of 1p28-3. These genes, bbh26, bbh27,
bbh28, and bbh29, which belong to the paralogous gene families
62,50, 32, and 49, respectively, were amplified by PCR using prim-
ers 1 and 2 (see Table S1 in the supplemental material) and cloned
into pOG1, an Escherichia coli plasmid containing a gentamicin
resistance cassette that confers resistance in both E. coli and B.
burgdorferi (36, 49), thus yielding the shuttle vector pBSV28-3G
(Fig. 1).

Isolation and confirmation of B. burgdorferi clones specifi-
cally lacking Ip28-3. To attempt displacement of the endogenous
1p28-3 plasmid from B. burgdorferi and thereby generate 1p28-3-
deficient clones, we transformed the low-passage-number infec-
tious clone A3 with pBSV28-3G. Transformants were selected in
solid BSK medium containing gentamicin, and individual colo-
nies were analyzed by PCR for the presence of aacCl, encoding
gentamicin resistance, located on pBSV28-3G. We also screened
for distal portions of [p28-3 by assaying with PCR primers specific
for 1p28-3 genes bbh08, bbh13, bbh17, and bbh41 (see Table S1 in
the supplemental material). Using this approach, we confirmed
the presence of pBSV28-3G and were unable to detect any 1p28-3
genes other than bbh26, bbh27, bbh27, and bbh29 in all A3/
pBSV28-3G transformants analyzed. PCR amplification data are
shown for one such derived clone, C12, which was used in subse-
quent infection studies (Fig. 2). Plasmid content analysis of total
genomic DNA isolated from several A3/pBSV28-3G transfor-
mants demonstrated that all A3 plasmids (excluding Ip28-3) had
been retained; transformation of E. coli with Borrelia plasmid
DNA allowed rescue of pBSV28-3G from these clones (data not
shown). These results demonstrate that the pBSV28-3G shuttle
vector is capable of autonomous replication in B. burgdorferi and
can selectively displace 1p28-3 from A3.

B. burgdorferi plasmids are frequently lost during growth in
vitro, necessitating a careful analysis of the plasmid contents of
strains to ensure that a full complement of plasmids is maintained
(34, 35, 50-52). We used spontaneous plasmid loss as a second
method to independently isolate clones specifically lacking [p28-3.
To this end, we isolated spirochetes from a mouse infected with
A3, grew the isolate to the late log phase, and plated dilutions into
solid BSK medium. We then conducted a PCR-based screen
(primers 9 and 10; see Table S1 in the supplemental material) to
identify 1p28-3-deficient clones. We screened 66 colonies and iso-
lated only one clone, C33, which lacked 1p28-3 but retained the
remainder of the A3 plasmids. We were unable to amplify 1p28-3-
specific genes bbh08, bbh13, bbh17, and bbh41, indicating that C33
had spontaneously lost 1p28-3 (Fig. 2).

To further characterize the C33 and A3/pBSV28-3G clones (in-
cluding C12), total genomic DNA was subjected to Southern blot
analysis with probes specific for the bbh17 and aacCl loci on
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FIG 2 PCR screen confirming the absence of 1p28-3 in C12 and C33. Shown are results from screening of genomic DNA isolated from A3, C12, and C33 for
1p28-3 genes bbh13, bbh41, bbh08, and bbh17 using primer sets 5 and 6,7 and 8, 14 and 15, and 12 and 13, respectively (see Table S1 in the supplemental material).
The ospC locus on cp26 was included as a positive control using primers 16 and 17 (see Table S1), and the relative migrations of size standards are indicated in

bp on the left.

1p28-3 and pBSV28-3G, respectively. As expected, the bbhl7
probe hybridized to a band of ~28 kb in wild-type A3 genomic
DNA, whereas no hybridization was detected with C33 or any
A3/pBSV28-3G transformants (Fig. 3A). Conversely, the aacCI
probe hybridized to a band present only in A3/pBSV28-3G trans-
formants, consistent with the size of the supercoiled shuttle vector
plasmid (Fig. 3B). These data confirmed and extended the results
of the PCR screens (Fig. 2) and demonstrate displacement of
1p28-3 by autonomously replicating pBSV28-3G in A3 transfor-
mants and spontaneous loss of Ip28-3 in clone C33.

Phenotypic characterization of strains lacking 1p28-3. Hav-
ing established that two independently derived clones, the A3
transformant C12 carrying pBSV28-3G and clone C33, lacked
1p28-3, we sought to identify any phenotypic differences from the
progenitor A3 wild-type clone. We analyzed the growth of all
strains in BSKII medium at 35°C and were unable to detect any
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FIG 3 Southern blot analysis of genomic DNA isolated from clones used in
this study. Probes specific for bbh17 (A) or aacCI (B) were used to determine
the presence of 1p28-3 or pBSV28-3G, respectively. Genomic DNA in lanes
labeled “A3+pBSV28-3G” are from individual transformant clones, including
C12. Lanes containing genomic DNA from wild-type A3 and 1p28-3-deficient
strain C33 are also indicated. Relative mobilities of size standards in kilobases
(kb) are indicated on the left.
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differences in growth rates between the wild-type and 1p28-3-de-
ficient clones (Fig. 4). We also analyzed the growth rates of mixed
cultures containing A3 and C12 or C33. We found that when
grown together, the wild-type and 1p28-3-deficient strains grew at
similar rates and maintained approximately a 1:1 ratio through-
out all growth stages (Fig. 4 and data not shown). Whole-cell
lysates prepared from these strains exhibited comparable protein
profiles when separated by SDS-PAGE and visualized by Coomas-
sie staining or immunoblot analysis using pooled sera from B.
burgdorferi-infected mice (see Fig. S1 in the supplemental mate-
rial). Finally, wild-type and 1p28-3-deficient clones had similar
plating efficiencies, ranging between 80 and 100% for both wild-
type and mutant colony morphologies in solid media and spiro-
chetal shape and motility when analyzed by dark-field microscopy
(data not shown). We conclude that there is no obvious pheno-
typic change during in vitro growth associated with the loss of
1p28-3.

Characterization of 1p28-3-deficient B. burgdorferi in an ex-
perimental infectious cycle. B. burgdorferi persists in nature by
colonizing and transiting between the disparate environments of
its tick vector and small vertebrate hosts. Plasmid-encoded factors
have been shown to be essential for survival at distinct stages of
this cycle. To assess the contribution of 1p28-3 to survival and
replication in the vector and the host, we evaluated the compe-
tency of B. burgdorferi clones lacking 1p28-3 in a complete exper-
imental infectious cycle. We conducted three individual experi-
ments in which groups of mice were challenged with wild-type A3
or 1p28-3-deficient clones C12 or C33 by needle inoculation with
atargetinoculum of 5 X 10° spirochetes per mouse. Typically, the
infection status of mice was assessed 3 weeks later by seroreactivity
to B. burgdorferi cell lysates by immunoblotting and subsequently
confirmed by attempted isolation of spirochetes from several tis-
sues (cumulative data in Table 1). In our first experiment, we
found that all 3 mice inoculated with A3 became infected, while 1
of 3 and 2 of 3 mice inoculated with C12 or C33, respectively,
became infected. Interestingly, the 1p28-3-deficient clones C12
and C33 did not appear to infect at wild-type levels, but the num-
ber of mice used in this experiment was small (n = 3). To further
investigate the ability of spirochetes lacking 1p28-3 to infect mice,
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FIG 4 Analysis of the in vitro growth rates of B. burgdorferi strains in BSKII medium at 35°C. Strains were grown to the mid-exponential phase and diluted in
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by PRISM software. Spirochetes from the mixed culture (C12 plus A3) were plated and screened using lp28-3-specific primers. The ratio of [p28-3-deficient to
wild-type spirochetes grown in the mixed culture remained constant throughout all growth phases and is plotted on the right y axis.

we inoculated another set of mice with A3 or C12 spirochetes and
assessed the infection status as previously described. We found
that 4 out of 5 mice inoculated with A3 became infected and 3 out
of 5 mice inoculated with C12 became infected (cumulative data

TABLE 1 Infection of mice with 1p28-3-deficient strains by needle
inoculation or tick transmission

B. burgdorferi  Route of No. of mice No. of infected
strain® infection”  seropositive/total”  mice/total inoculated”
A3 i.p./s.c. 12/13 12/13

Cl12 ip./s.c. 9/13 9/13

C33 ip./s.c. 4/8 4/8

A3 Tick bite 3/3 3/3

C33 Tick bite 2/3 2/3

@ A3, wild type; C12 and C33, 1p28-3 deficient.

bi.p./s.c., intraperitoneal and subcutaneous injection with a target inoculum of 5 X 10°
spirochetes per mouse. For the tick bite route, three naturally infected nymphs were fed
to repletion on each mouse.

¢ Seroconversion was assessed by immunoblot analysis with B. burgdorferi lysates.

@ Infection status was determined 4 or 8 weeks postinoculation by the ability to isolate
spirochetes from the ear, bladder, and tibiotarsal joint tissues; isolates were recovered
from all tissues tested from infected mice.
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summarized in Table 1). In a third experiment, we analyzed the
ability of Ip28-3-deficient spirochetes to persist in a mouse to an
extended time point. We needle inoculated 3 sets of 5 mice with
A3, C12, or C33 and attempted spirochete isolation from the ear,
bladder, and tibiotarsal joint tissues 8 weeks postinoculation. We
found that all of the mice inoculated with either A3 or C12 and two
of the five mice inoculated with C33 became infected, and the
spirochetes persisted in a mouse to this later time point (cumula-
tive data summarized in Table 1). Thus, all strains established a
disseminated infection in mice that persisted following develop-
ment of the acquired immune response. Having observed that
1p28-3-deficient spirochetes appeared slightly attenuated, we next
determined the infectious dose of 1p28-3-deficient spirochetes re-
quired to infect 50% of the mice inoculated (ID5). Sets of 5 mice
were needle inoculated with A3 or C12 spirochetes over a range
from 1 X 10% to 1 X 10° spirochetes per mouse, and the ID, was
calculated as previously described (45). The ID5, was determined
as 1.44 X 107 versus 2.40 X 10* spirochetes for A3 and C12, re-
spectively (see Table S4 in the supplemental material). Although
the ID5, of C12 is slightly increased compared to that of the wild
type, the difference is not significant when the dose-response
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curves are analyzed using Student’s paired ¢ test or logit analysis.
Taken together, these data suggest that1p28-3 does not encode any
factors essential to the spirochete’s ability to establish infection,
disseminate, or persist during the mammalian host phase of the
infectious cycle. Furthermore, the loss of 1p28-3 does not lead to a
significant increase in the infectious dose of spirochetes required
for infection by needle inoculation.

We next determined if any factors encoded by 1p28-3 were
required for acquisition of spirochetes by feeding ticks or for sur-
vival within the tick vector. To this end, a cohort of Ixodes scapu-
laris larvae was fed to repletion upon seropositive mice infected
with A3 or C33, described above. Spirochetes were enumerated
from 4 fed larvae per infected mouse 10 days after feeding by
plating disrupted tick material in solid medium (Fig. 5A). Analysis
of the mean number of spirochetes present in fed larval ticks in-
dicated no significant difference, using a Student’s unpaired two-
tailed ¢ test, between ticks infected with either wild-type or 1p28-
3-deficient B. burgdorferi (Fig. 5A and data not shown). In
addition, comparable numbers of infected larval ticks harboring
wild-type or Ip28-3-deficient spirochetes were recovered, suggest-
ing that there is no defect in the ability of ticks to acquire these
spirochetes from an infected mouse.

Having demonstrated that 1p28-3-deficient clones can estab-
lish infection in mice by needle inoculation and be acquired by
feeding ticks, we next wanted to analyze the ability of the 1p28-3-
deficient strain to be transmitted by infected nymphal ticks and
infect a new host by this more natural route. To this end, we
allowed the larval ticks to molt into nymphs and feed on naive
mice. Spirochetes were enumerated in fed nymphs at 10 days post-
feeding by plating disrupted tick homogenate in solid medium.
No significant difference was observed in the mean number of
wild-type or 1p28-3-deficient spirochetes present in infected ticks
when analyzed using Student’s two-tailed ¢ test (Fig. 5B). These
data indicate that B. burgdorferi does not require 1p28-3 to persist
in ticks through the molt or to replicate following a blood meal.
Analysis of mice 3 weeks after tick feeding demonstrated that both
wild-type and Ip28-3-deficient spirochetes were efficiently trans-
mitted by challenge with 3 infected ticks feeding per mouse. Spiro-
chete isolation from mouse tissues demonstrated that B. burgdorferi
established disseminated infections in naive hosts by this route (Table
1). Based on these data, we conclude that linear plasmid 1p28-3 does
not encode factors critical for B. burgdorferi survival at any stage of an
experimental mouse-tick-mouse infectious cycle.

Quantitative analysis of 1p28-3-deficient spirochetes in the
skin. B. burgdorferiis acquired by ticks through a blood meal taken
from the skin of an infected animal. Therefore, the skin plays a
vital biological role in the transmission cycle of this pathogen.
Although 1p28-3-deficient and wild-type spirochetes were found
at equivalent levels in fed ticks (Fig. 5), suggesting they are likely
present at comparable levels in infected host tissues, we directly
analyzed the numbers of wild-type and 1p28-3-deficient spiro-
chetes in the skin of infected mice. To this end, we performed
quantitative PCR (qPCR) on DNA isolated from mouse ear tissues
from 3 independent experiments (Table 1) and analyzed the levels
of C12 or C33 and wild-type spirochetes in these samples. We
found that wild-type and 1p28-3-deficient spirochetes were pres-
ent at equivalent levels in the skin of infected mice at 4 and 8 weeks
postinoculation (Fig. 6 and data not shown).

Analysis of the 1p28-3-deficient spirochetes during coinfec-
tion with wild-type spirochetes. As described above, we did not
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FIG 5 Number of viable spirochetes in fed I. scapularis ticks as determined by
colony formation. (A) Spirochete load in individual I. scapularis larvae 10 days
after feeding on mice infected with wild-type B. burgdorferi A3 (closed sym-
bols) or C33 (Ip28-3-deficient [open symbols]). The designations M1, M2,
M3, and M4 along the x axis represent the individual infected mice that were
fed on by larval I. scapularis. The mean and standard deviation are shown as
horizontal lines. (B) Spirochete load in individual I. scapularis nymphs in-
fected with wild-type B. burgdorferi A3 (closed symbols) or C33 (1p28-3 defi-
cient [open symbols]) 10 days postfeeding on naive mice. The designations M1
through M8 along the x axis represent individual naive mice that were fed on
by infected I. scapularis nymphs. The mean and standard deviation are shown
as horizontal lines.

detect any gross phenotypic changes or defects in B. burgdorferi
lacking 1p28-3, although by both needle inoculation and by tick
challenge, 1p28-3-deficient spirochetes may have a slightly lower
infection rate than wild-type spirochetes (Table 1). This difference
was not statistically significant, however, when analyzed using
Fisher’s exact test. To address a potentially subtle phenotype, we
determined the competitive index (CI) of 1p28-3-deficient spiro-
chetes relative to wild-type organisms when coinfecting a mouse.
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FIG 6 Quantitative determination by qPCR of spirochete load in ear tissues of
infected mice 4 weeks post-needle inoculation with wild-type or 1p28-3-defi-
cient (Ip28-37) spirochetes. Total DNA was extracted from ear tissues of mice
infected with A3, C12, or C33, and the numbers of copies of the flaB gene of B.
burgdorferi and mouse nidogen (nid) gene were determined by qPCR using
gene-specific primer probe sets (see Table S1 in the supplemental material).
The mean value and standard deviation are depicted as horizontal lines for
both the A3 and 1p28-3-deficient strains. Using Student’s two-tailed ¢ test, the
means were found to be not significantly different (P value of 0.509).

Cl is a measure of bacterial fitness, even when an obvious pheno-
type is not apparent (42, 43, 53). The CI is a measure of the change
in the ratio of mutant bacteria relative to wild-type bacteria over a
period of time, usually measured during coinfection with the two
strains. Typically, the mutant and wild type are provided at a 1:1
ratio in the inoculum and the ratio of mutant to wild type is ex-
perimentally determined upon isolation at a later time point. The

calculated change in the ratio of mutant to wild type from inocu-
lation to isolation is the CI. If the mutant and wild type are isolated
in equal proportions, there is no change from the initial ratio, and
therefore the Cl is 1, suggesting that the mutant and wild type are
equally fitin that environment. A CI of <1, in which fewer mutant
than wild-type bacteria are present, suggests that the wild type is
better fit for survival in a particular environment. To determine if
1p28-3 confers a fitness advantage, we determined the CI of the
1p28-3-deficient strains versus the wild type. To this end, a group
of five mice were injected with a mixed inoculum of A3 and C12 at
an initial target ratio of 1:1. Mouse infectivity was assessed as pre-
viously described, and we found that four of the five mice inocu-
lated had become infected, based on both seroconversion and iso-
lation of spirochetes from all tissues tested (data not shown). To
determine the ratio of A3 to C12 spirochetes in coinfected mice at
the 4-week time point, isolated spirochetes from infected tissues
were plated in solid BSK medium, and individual colonies were
screened by PCR for the presence of 1p28-3. We found that the
proportion of C12 (Ip28-3-deficient) to A3 (wild-type) spiro-
chetes had decreased in all four coinjected mice from the initial
ratio of 1:1 (C12 to A3) to an average ratio of 1:7 (Table 2, exper-
iment 1, and Fig. 7). The change in ratio from 1:1 to 1:7 results in
a CI of 0.14 (Table 2, Expt 1; see Table S2 in the supplemental
material), suggesting that wild-type spirochetes containing 1p28-3
have a selective advantage over spirochetes lacking 1p28-3 (C12)
during mouse infection.

A similar coinfection experiment was conducted with a sepa-
rate clone lacking 1p28-3 (C33), with comparable results (Table 2,
experiment 2). Five mice were inoculated with a mixed culture
containing C33 and A3. For the mixed inoculum, the ratio of C33
to A3 was 1:1.25 based on enumeration of viable spirochetes by
plating and screening colonies for [p28-3 (Table 2; see Table S3 in
the supplemental material). Spirochetes isolated from infected

TABLE 2 Competitive index experiments assessing the ratio of lp28-3-deficient spirochetes to wild-type spirochetes in an experimental coinfection

model”

CI result (1p28-3~ /wild-type ratio) for:

Mouse isolates

Expt and coinjected Larval tick
mouse Inoculum 2 wk 4 wk 8 wk isolates
Expt 1 (C12/A3 ratio)”
Mouse 1 1:1 NA“ 1:2.4 NA NA
Mouse 2 1:1 NA 1:6.5 NA NA
Mouse 3 1:1 NA 0:14 NA NA
Mouse 4 1:1 NA 1:8.3 NA NA
Expt 2 (C33/A3 ratio)®
Mouse 1 1:1.25 1.0:7.7 0:1.0¢ 1.0:2.7 1.0:15.8
Mouse 2 1:1.25 0:1.0¢ ND/ ND 0:1.0¢
Mouse 3 1:1.25 1.0:7.7 1.0:10.7 0:1.07 0:1.07
Mouse 4 1:1.25 1.0:1.0 ND ND 6.1:1.0
Mouse 5 1:1.25 1.0:10.6 1.0:8.0 1.0:5.0 1.0:11.5

“ The data used to determine these ratios are provided in Table S2 (CI experiment 1) and Table S3 (CI experiment 2) in the supplemental material.
b Ratio of C12 (Ip28-37) to A3 (wild type) determined by enumeration of spirochetes in a Petroff-Hausser chamber prior to preparation of the inoculum. Mice were inoculated

with 9 X 10 spirochetes.
“NA, not applicable. Samples were not taken at these time points in experiment 1.

@ All of the tissue isolates screened were positive for the presence of Ip28-3 from these samples (for isolate screening data, see Tables S2 and S3 in the supplemental material).
¢ Ratio of C33 (Ip28-37) to A3 (wild type) determined experimentally by PCR screening of colonies for Ip28-3 after plating of the inoculum. Mice were inoculated with 1 X 10*

spirochetes.
/ND, not determined due to contamination of the reisolation culture.
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FIG 7 Competitive index (CI) results. The data are from two CI experiments demonstrating the ratio of C12 to wild-type A3 strain (experiment 1) or C33 to
wild-type A3 strain (experiment 2) during mixed infection. Individual mice were inoculated with lp28-3-deficient and wild-type spirochetes at a ratio of 1:1
(closed circles) or 1:1.25 (open circles). Each circle represents the CI calculated from reisolates from an individual mouse at the time point indicated. The ear (E),
bladder (B), and tibiotarsal joint (J) tissues were harvested at a 4-week time point in experiment 1 and an 8-week time point in experiment 2, and the colony
screening results from those tissues were used to determine the CI. Ear punch (EP) biopsy specimens were taken at 2 and 4 weeks postinoculation in the second
experiment to determine spirochete ratios. For tick acquisition, the CI was determined from spirochetes isolated from ticks that fed on individual mice. Colony
screening data for determination of the CI are presented in Tables S2 and S3 for CI for experiments 1 and 2, respectively.

mouse tissues were screened for the presence of [p28-3, and again
we found that spirochete populations in mice shifted from an
initial ratio of 1:1.25 to a ratio of greater than 1:7 (Ip28-3 deficient
to wild type) in four of the five mice by 2 weeks postinoculation
(Table 2, bottom, and Fig. 7). This trend was maintained at the 4-
and 8-week time points, where wild-type bacteria were present in
infected mouse tissues at a greater proportion than the 1p28-3~
strain (Table 2 and Fig. 7). The CIs were determined for the 1p28-
3-deficient strain at 2, 4, and 8 weeks postinoculation and calcu-
lated as 0.16, 0.2, and 0.3, respectively. These results are consistent
with our first experiment and taken together suggest that wild-
type spirochetes harboring 1p28-3 have a selective advantage over
1p28-3-deficient spirochetes when coinfecting a mouse.

To further examine the potential selective advantage conferred
by 1p28-3, we fed larval I. scapularis on the mice coinfected with
C33 and A3 to determine the proportion of Ip28-3-deficient and
wild-type spirochetes acquired by feeding ticks. We found that the
majority (>70%) of the spirochetes acquired were wild-type spi-
rochetes harboring 1p28-3 (Table 2, experiment 2, and Fig. 7).
However, in one coinfected mouse, a few ticks were recovered
after feeding that had acquired only lp28-3-deficient spirochetes
(Table 2, experiment 2, mouse 4). Taken together, these experi-
ments demonstrate that the lp28-3-deficient spirochetes are at a
competitive disadvantage in vivo when coinfecting a mouse in the
presence of wild-type B. burgdorferi. The competitive advantage
imparted by 1p28-3 is further reflected in the proportion of
wild-type spirochetes acquired by feeding larval ticks (Table 2
and Fig. 7).
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We previously found that the A3, C12, and C33 strains had
similar growth rates in vitro and, when mixed, maintained a ratio
of ~1:1 throughout all growth stages (Fig. 4 and data not shown).
These data indicate that the ratio of 1p28-3-deficient to wild-type
spirochetes as determined by screening tissue isolates accurately
reflects their status at the point of tissue isolation and did not
change during outgrowth from mouse tissues. However, we also
used qPCR to directly analyze the ratio of 1p28-3-deficient spiro-
chetes to wild-type spirochetes in tissues of coinfected mice har-
vested concurrent with those used for spirochete outgrowth in the
Cl experiments. Using gene-specific primer and probe sets for flaB
and bbh35, we quantified the number of copies of the chromo-
some and 1p28-3 in DNA extracted from tissues of mice infected
with wild-type or 1p28-3-deficient spirochetes or coinfected with
both (Fig. 8). We found that in wild-type-infected tissues, the
flaB/bbh35 ratio exceeded 1:1 and was between 1.7 and 2.5, possi-
bly due to differences in the standard curves used for the individ-
ual primer probe sets or actual differences in chromosome versus
plasmid copy numbers. The ratio of flaB to bbh35 in tissues from
mice infected with 1p28-3-deficient spirochetes was >40. For
coinfected tissues, the ratio of flaB to bbh35 was similar to that in
wild-type-infected tissues: between 1.0 and 1.9 (Fig. 8). These data
suggest that at the point of tissue harvest, the spirochetes in these
tissues were primarily wild type. A notable exception is mouse 4
from CI experiment 2 (marked with an asterisk in Fig. 8), where
the ratio of flaB to bbh35 gene copies is significantly higher, sug-
gesting that 1p28-3-deficient spirochetes predominated in that
sample. Our data demonstrate that spirochetes harboring 1p28-3
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FIG 8 Determination of the relative proportion of wild-type and 1p28-3-
deficient spirochetes in tissues of infected mice by qPCR. Each symbol repre-
sents a different mouse, and the symbol marked with an asterisk corresponds
to mouse 4 in ClI experiment 2, in which primarily Ip28-3-deficient spirochetes
were present and acquired by feeding ticks.

predominate at the point of tissue isolation following coinfection
and suggest that spirochetes harboring Ip28-3 are at a competitive
advantage over Ip28-3-deficient spirochetes when coinjected into
a mouse. These data also demonstrate that the CI experiments
determining the ratio of wild-type to Ip28-3-deficient spirochetes
in outgrowth from tissues are representative of what was present
in the infected mouse at the time of tissue isolation.

DISCUSSION

Although 1p28-3 does not provide any genes that are essential for
B. burgdorferi to establish and maintain infection, we have now
demonstrated that the linear plasmid 1p28-3 confers a competitive
advantage to the spirochetes that retain it. Specifically, in an ex-
perimental coinfection, strains lacking 1p28-3 are attenuated rel-
ative to wild-type spirochetes in their ability to compete in a mam-
malian environment. Furthermore, the selective advantage of
wild-type spirochetes harboring 1p28-3 is reflected in the compo-
sition of spirochetes acquired by larval ticks feeding on coinfected
mice. Taken together, these data indicate that genes on 1p28-3
contribute to the overall fitness of B. burgdorferi in its natural
infectious cycle.

Several lines of evidence suggested a role for genes carried by
1p28-3 in B. burgdorferi survival in vivo. By both genomic sequenc-
ing and genomic array hybridization, the gene composition and
sequence of Ip28-3 are highly conserved, except for the very distal
ends (22, 54). Additionally, 1p28-3 is present in most genomic
isolates and persists after serial passage in culture (21, 22, 35, 50,
55). With the data presented here, it is becoming clear that genes
carried by 1p28-3 have been conserved to fulfill functionally im-
portant roles in the survival of B. burgdorferi and that the compet-
itive advantage conferred to spirochetes harboring 1p28-3 could
explain why the majority of isolates retain this plasmid.

Initially, the B. burgdorferi strains lacking 1p28-3 did not yield
any obvious in vivo or in vitro phenotype. Surprisingly, using two
independent clones, we found that [p28-3 does not contain any
genes strictly required to complete any stage of an experimental
mouse-tick-mouse infectious cycle. However, determination of
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the CI in the mouse coinfection experiments, which directly com-
pare 1p28-3-deficient spirochetes to wild-type spirochetes, re-
vealed that Ip28-3 makes a distinct contribution to the fitness of B.
burgdorferi in vivo. These data were also reinforced by qPCR data
demonstrating that at the point of tissue isolation, the wild-type
strain predominated over the p28-3-deficient strains. This type of
analysis has been similarly effective in determining the contribu-
tion of biosynthetic enzymes and iron-regulated virulence factors
to the in vivo fitness of Vibrio cholerae, again, for which no obvious
phenotype was apparent for mutants alone (41, 43).

Our data demonstrate the utility of using a coinfection model
to analyze B. burgdorferi mutants for which there is no obvious
phenotype when assayed individually. Testing B. burgdorferi mu-
tants for their competence in an experimental infectious cycle,
while also determining their CI, offers a powerful assessment of
the contribution of the gene or genes to B. burgdorferi pathogen-
esis. This strategy facilitates determination of the strict require-
ment for a genetic element during infection, while also providing
a quantitative assessment of the contribution to the fitness of Bor-
relia in vivo. This approach could be especially useful for studying
B. burgdorferi variants in which seemingly important genetic ele-
ments, such as 1p38, ospD, and others, have been shown to be
dispensable in an experimental infectious cycle (35, 36, 40). High-
lighting the usefulness of such an approach, it has been recently
demonstrated that BBAO03, another conserved but nonessential
lipoprotein, contributes to the success of transmission of B. burg-
dorferi by ticks in the context of a mixed infection (56).

Our data suggest that although many B. burgdorferi genes are
not strictly required for completion of an experimental mouse-
tick-mouse infectious cycle, they may make substantial contribu-
tions in the competitive environment of a mixed infection that is
normally encountered in a natural infectious cycle. Here we show
that spirochetes lacking the conserved linear plasmid 1p28-3 can
only suboptimally fulfill an experimental mouse-tick infectious
cycle when wild-type spirochetes are simultaneously present. Cur-
rently, we do not know what gene or genes are responsible for this
phenotype. Most 1p28-3 genes are hypothetical or conserved hy-
pothetical genes with little or no homology to genes outside the
genus Borrelia (14, 22). However, 1p28-3 does encode CRASP2, a
factor-H binding protein, and multiple hypothetical lipoproteins
that might mediate interactions within the host environment and
contribute to the in vivo fitness of B. burgdorferi (14, 26). Interest-
ingly, the hypothetical lipoprotein BBH13 displays a gene expres-
sion profile indicative of a potential role in the mammalian host
(29). Although we did not observe a severe decrease in the infec-
tivity of our lp28-3-deficient strains in laboratory mice, it is pos-
sible that Ip28-3-borne genes play a more important role in other
mammalian hosts.

With the recent development of a signature-tagged transposon
mutagenesis (STM) library, in which individually tagged mutant
strains have been pooled and used for coinfections, we now have
another tool to analyze the contribution of individual genes to the
fitness of B. burgdorferi in vivo (57). Not surprisingly, some trans-
poson mutants of [p28-3-carried genes, such as bbh06 (CRASP2),
bbh18,and bbh20, were reisolated at a very low frequency, or not at
all, when analyzed in a pool of 11 mutants (57). Intriguingly,
bbh20 is annotated as a pseudogene, making its contribution to
virulence unclear but possibly suggestive of important unanno-
tated genes or small RNAs in that region. However, it is important
to point out, as seen here with the loss of [p28-3, that the inability
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to reisolate a certain clone from coinfected mice does not neces-
sarily indicate that those genes are essential for infection. With the
availability of the STM library, analysis of individual mutants
during coinfections using a 1:1 mutant/wild-type ratio could
help elucidate which specific Ip28-3 genes are playing a role in
the infectious cycle and the role of these genes in the pathogen-
esis of B. burgdorferi.
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