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ABSTRACT Lyme disease is caused by the spirochete Borrelia burgdorferi and is
transmitted via the bite of an infected tick. B. burgdorferi enters the skin, dissemi-
nates via the bloodstream, and infects various distal tissues, leading to inflammatory
sequelae, such as Lyme arthritis and Lyme carditis. B. burgdorferi linear plasmid 36
(lp36) is critical for mammalian infectivity; however, the full complement of genes
on lp36 that contribute to this process remains unknown. Through a targeted mu-
tagenesis screen of the genes on lp36, we identified a novel infectivity gene of un-
known function, bbk13, which encodes an immunogenic, non-surface-exposed mem-
brane protein that is important for efficient mammalian infection. Loss of bbk13
resulted in reduced spirochete loads in distal tissues in a mouse model of infection.
Through a detailed analysis of B. burgdorferi infection kinetics, we discovered that
bbk13 is important for promoting spirochete proliferation in the skin inoculation site.
The attenuated ability of Δbbk13 spirochetes to proliferate in the inoculation site
was followed by reduced numbers of B. burgdorferi spirochetes in the bloodstream
and, ultimately, consistently reduced spirochete loads in distal tissues. Together, our
data indicate that bbk13 contributes to disseminated infection by promoting spiro-
chete proliferation in the early phase of infection in the skin. This work not only in-
creases the understanding of the contribution of the genes on lp36 to B. burgdorferi
infection but also begins to define the genetic basis for B. burgdorferi expansion in
the skin during localized infection and highlights the influence of the early expan-
sion of spirochetes in the skin on the outcome of infection.
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Lyme disease is the leading arthropod-borne bacterial infection in the United States
(1, 2). The causative agent of Lyme disease is the spirochete Borrelia burgdorferi (3,

4), which is transmitted to humans via the bite of an infected Ixodes scapularis tick (5).
Initial symptoms of the disease include fever, nausea, and, in some cases, the appear-
ance of the bull’s-eye rash (erythema migrans) at the tick bite site. From the initial tick
bite site, B. burgdorferi undergoes a brief dissemination period in the blood and
colonizes various distal tissues. Lyme disease pathologies occur at sites of B. burgdorferi
infection, such as the joints (Lyme arthritis), the heart (Lyme carditis), and the nervous
system (neuroborreliosis) (6).

The B. burgdorferi genome is highly fragmented, with the genome being spread
across a small linear chromosome and �20 linear and circular plasmids (7, 8). Linear
plasmid 36 (lp36) has been shown to be dispensable for B. burgdorferi growth in culture
but critical for mammalian infectivity. Spirochetes lacking lp36 demonstrate an approx-
imately 4-log increase in the 50% infectious dose (ID50) as well as reduced bacterial
loads in the tissues of infected mice (9). lp36 is approximately 37 kbp in size and carries
37 annotated genes, 28 of which are predicted protein-coding sequences (7, 8). The
functions of the majority of the annotated open reading frames on lp36 remain
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unknown. Two genes on lp36, bbk17 and bbk32, have independently been shown to
contribute to B. burgdorferi infectivity (9, 10). Gene bbk17 encodes an adenine deami-
nase (AdeC), which functions in the B. burgdorferi purine salvage pathway (9). Gene
bbk32 encodes a surface-exposed fibronectin-binding protein (11), which facilitates
spirochete adhesion to the host microenvironment, such as the blood vessel wall (12,
13) and joint tissue via a glycosaminoglycan interaction (14), as well as inhibition of the
classical pathway of the host complement cascade (15). Interestingly, the ID50 shift in
each single mutant background is only a fraction of what was measured upon loss of
the whole plasmid (10, 16). Furthermore, deletion of both genes together does not
appear to recapitulate the attenuated phenotype of the lp36-negative mutant (our
unpublished results), leading to the prediction that other genes on lp36 also play a role
in mammalian infection.

B. burgdorferi is introduced into the skin by the feeding activity of the Ixodes tick
vector during natural infection. It has been shown that B. burgdorferi undergoes a
progressive increase in spirochete number in the skin within 7 days after intradermal
inoculation (17–20). Characterization of the B. burgdorferi genes important for infectiv-
ity has largely focused on measuring spirochete loads in distal tissues in the dissemi-
nated phase of infection. Also, studies that utilize the intraperitoneal route of inocu-
lation bypass the skin altogether. Therefore, the genetic regulation of spirochete
expansion in the skin is largely unexplored. Moreover, the impacts of this early event
on the later phases of infection have not been studied in detail.

From a targeted mutagenesis screen of lp36 genes, we identified bbk13 to be
important for efficient mammalian infection by B. burgdorferi. In the absence of bbk13,
B. burgdorferi colonization of distal tissues, such as the ear, heart, and joints, was
markedly reduced or absent in our mouse model. By following the progression of B.
burgdorferi, we discovered that bbk13 is required early in infection for optimal spiro-
chete expansion at the skin inoculation site. This work begins to define the genetic
basis for B. burgdorferi expansion in the skin inoculation site during localized infection
and demonstrates that this early event has a strong influence on spirochete loads in
distal tissues during the disseminated phase of infection.

RESULTS
A targeted mutagenesis screen of lp36 identifies a possible role for bbk13 in B.

burgdorferi mouse infection. To begin to identify the genes on lp36 that contribute
to B. burgdorferi infectivity, a targeted mutagenesis approach was applied. A small
panel of genes, bbk09, bbk13, bbk40, and bbk41, which are annotated to encode
conserved hypothetical proteins of unknown function (7, 8), was investigated. Deletion
mutants were generated by replacing the target open reading frames with a strepto-
mycin antibiotic resistance cassette using allelic exchange (21) and verified by PCR and
DNA sequencing across the lesion sites. All B. burgdorferi mutants were confirmed to
contain the same plasmid content as the parent clone and to have the same in vitro
growth as the wild type (WT) (see Fig. S1 in the supplemental material). C3H/HeN mice
were needle inoculated with 104 wild-type or mutant B. burgdorferi spirochetes. At
3 weeks postinoculation, serum and distal tissues were collected for serology and tissue
reisolation analysis, respectively. All mice were positive for anti-B. burgdorferi antibod-
ies, and all tissue reisolation cultures were positive for spirochetes by visual inspection
using dark-field microscopy after 7 days of incubation (data not shown), indicating that
all of the mutants were able to infect the mice. Interestingly, the reisolation cultures of
tissues from Δbbk13 mutant-infected mice appeared to have lower spirochete densities
than the reisolation cultures of tissues from mice infected with the wild type or the
other deletion mutants, suggesting the possibility for a contribution of bbk13 to B.
burgdorferi infectivity.

As a means to investigate the contribution of bbk13 to B. burgdorferi infectivity, the
Δbbk13 mutant (Fig. 1A) was complemented in trans with a wild-type copy of bbk13,
including the putative endogenous promoter region up to 221 bp upstream of the
bbk13 transcription start site (22) (Fig. 1A, green dotted-line box), on a shuttle vector.
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Reverse transcriptase quantitative PCR (RT-qPCR) demonstrated the complete loss
of bbk13 expression in Δbbk13 B. burgdorferi and restoration of expression in the
Δbbk13/bbk13� complement clone (Fig. 1B). The level of bbk13 expression in the
Δbbk13/bbk13� clone was �10-fold higher than that in the wild type (Fig. 1B), likely
due to the increased copy number of the pBSV2G vector (23). In vitro growth analysis
demonstrated that the in vitro growth kinetics of the Δbbk13 and Δbbk13/bbk13�

clones were similar to those of the wild type (Fig. 1C).
The gene bbk13 is constitutively expressed throughout the B. burgdorferi

infectious cycle and encodes an immunogenic membrane-associated protein. As a
vector-borne pathogen, B. burgdorferi alters its gene expression profile in response to
the different environments that it encounters in order to promote its survival and
maintenance throughout its enzootic cycle (24, 25). To begin to understand the
possible contribution of bbk13 to B. burgdorferi infectivity, we sought to determine the
gene expression profile of bbk13 throughout the tick-mouse infectious cycle. RNA
isolated from B. burgdorferi-infected ticks and mouse tissue was probed for expression
of bbk13 as well as the constitutive flagellar gene (flaB) and the differentially expressed
outer surface protein A (ospA) and outer surface protein C (ospC) genes (25). Like flaB,
bbk13 was highly expressed throughout the enzootic cycle (Fig. 2A). These findings are
consistent with those reported by Iyer et al. (24).

The bbk13 gene encodes a highly conserved (97 to 100% sequence identity within
B. burgdorferi isolates and 90 to 96% sequence identity across Lyme disease Borrelia
species) hypothetical protein of 232 amino acids, which is predicted to contain an
N-terminal transmembrane region and the conserved domain of unknown function,
COG2859, also known as a SIMPL (signaling molecule that interacts with mouse

FIG 1 Genetic deletion of B. burgdorferi bbk13. (A) Schematic representation of the linear plasmid 36
(lp36) genomic locus containing bbk13 and adjacent genes. The bbk13 open reading frame (orange
arrow) was replaced with the flaBp-aadA antibiotic resistance cassette (black arrow) in wild-type B.
burgdorferi (WT) by allelic exchange. Deletion boundaries are indicated by the black dashed lines.
Complementation of the bbk13 mutant (Δbbk13) with a wild-type copy of bbk13 under the control of its
putative endogenous promoter (the DNA region indicated by the green dotted-line box) on pBSV2G was
performed in trans, resulting in the Δbbk13/bbk13� clone. The bbk13 transcription start site (22) is
indicated by a bent black arrow at position 8,903 bp. (B) bbk13 expression is abolished in the Δbbk13
mutant and restored in the Δbbk13/bbk13� complemented clone. RNA was isolated from WT, Δbbk13,
and Δbbk13/bbk13� clones, and bbk13 expression was measured by RT-qPCR. Gene expression of
recA was used for normalization. The mean � standard deviation from three biological replicates are
shown. Statistical significance was tested using one-way ANOVA and Tukey’s multiple-comparison
test (*, P � 0.05). (C) The loss of bbk13 does not alter B. burgdorferi growth in vitro. Triplicate cultures
of the WT, Δbbk13, and Δbbk13/bbk13� clones were inoculated at 105 spirochetes/ml. Culture
densities were determined every 24 h over a 144-h period using Petroff-Hausser counting chambers.
Symbols and error bars represent the mean � standard deviation.
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pelle-like kinase) domain (26, 27). Furthermore, the BBK13 protein has recently been
identified to be one of the proteins associated with inner membrane lipid rafts of B.
burgdorferi (28). A protein BLAST analysis of the BBK13 amino acid sequence found that
SIMPL domain-containing putative membrane-associated proteins are present across a
broad number of pathogenic and nonpathogenic bacterial species. To experimentally
validate BBK13 protein production and localization in the spirochete, an anti-BBK13
polyclonal antibody was generated using recombinant BBK13 lacking the first 25 amino
acids containing the putative transmembrane domain along with a C-terminal His tag
(rBBK1325–232His) purified from Escherichia coli. Western blot analysis of total protein
lysate from wild-type and Δbbk13/bbk13� clones using the anti-BBK13 antibody de-
tected a protein of 24 kDa, the predicted molecular mass of BBK13 (Fig. 2B). The 24-kDa
protein was not detected in the total protein lysate from the Δbbk13 mutant (Fig. 2B),
indicating the specificity of the anti-BBK13 antibody for the BBK13 protein. Further,
BBK13, like membrane-associated FlaB, was found to be restricted to the spirochete
membrane fraction (Fig. 2B). Proteinase K treatment of intact B. burgdorferi did not
affect BBK13 (Fig. 2C). Similarly, the periplasmic FlaB protein was unaffected by pro-
teinase K treatment, whereas this treatment resulted in the complete loss of the
surface-exposed outer membrane protein VlsE. In contrast, proteinase K treatment of
SDS-exposed B. burgdorferi resulted in the loss of BBK13 (Fig. 2C). Together, these data
support the notion that BBK13 localizes to the spirochete inner membrane. Although

FIG 2 Gene bbk13 is constitutively expressed throughout the spirochete’s enzootic cycle and encodes a
membrane-associated, immunogenic protein. (A) RT-qPCR using gene-specific primers and a B. burgdor-
feri genomic standard curve was used to quantify the amount of each target mRNA transcript in infected
tick and mouse tissue samples. Copy numbers for each gene target were normalized to recA mRNA copy
numbers. Data are presented as the average of biological triplicate samples � standard deviation. The
genes flaB, ospA, and ospC served as controls. ns, not significant by one-way ANOVA with Tukey’s
multiple-comparison test. (B) BBK13 protein localization analysis. Total protein lysates (lanes T) of the B.
burgdorferi wild-type (WT), Δbbk13, and Δbbk13/bbk13� clones were fractionated into the soluble (lanes
S) and membrane (lanes M) components using ultracentrifugation. Protein fractions from equivalent
numbers of spirochetes were subjected to SDS-PAGE and analyzed by immunoblotting with BBK13,
periplasm-associated FlaB, or cytoplasm-associated SodA antibodies. (C) Proteinase K susceptibility of
BBK13. Equal numbers of B. burgdorferi WT, Δbbk13, and Δbbk13/bbk13� spirochetes were treated with
(�) or without (�) 200 �g/ml proteinase K (PK) in the presence or absence of 0.1% SDS. Samples were
subjected to SDS-PAGE and analyzed by immunoblotting with BBK13, periplasm-associated FlaB, or outer
surface-associated VlsE antibodies. (D) BBK13 immunogenicity. Recombinant BBK1325–232His protein
(BBK13) and B. burgdorferi protein lysate (Bb lysate) were subjected to SDS-PAGE and analyzed by
immunoblotting with preimmune and postimmune serum collected from 3 different individual mice
before and after infection with B. burgdorferi. Recombinant BBK1325–232His protein (BBK13) was probed
with anti-His antibody as a positive control. Protein standards (in kilodaltons) are indicated to the left in
panels B, C, and D.
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our data indicate that BBK13 is not surface exposed, SIMPL domain-containing proteins
from Brucella spp. and Edwardsiella ictaluri have been shown to be highly immunogenic
and therefore are potential diagnostic markers and/or vaccine candidates (29–32). To
examine the immunogenic properties of BBK13, rBBK1325–232His and total B. burgdorferi
protein lysate were separated by SDS-PAGE and Western blot analysis was performed
using pre- and postimmune sera from three different wild-type B. burgdorferi-infected
mice. Recombinant BBK1325–232His was also probed with an anti-His antibody as a
positive control. Anti-BBK13 antibodies were found to be present in all three mouse
postimmune serum samples but not the preimmune serum samples (Fig. 2D), suggest-
ing that BBK13 is immunogenic.

The loss of bbk13 impacts B. burgdorferi loads in distal tissues as early as 2
weeks postinoculation. During natural infection, B. burgdorferi is introduced into the
skin by tick bite, disseminates via the bloodstream, and colonizes distal tissues, such as
the skin, heart, and joints (6). To confirm the role of bbk13 in mammalian infectivity, 104

spirochetes of the wild-type, Δbbk13, or Δbbk13/bbk13� clone were delivered by
intradermal injection in the dorsal thoracic skin of mice as a means to mimic the natural
route of infection that initiates in the skin but control the time and dose of inoculation.
At 3 weeks postinoculation, the capacity of the spirochetes to infect distal tissues was
determined by tissue reisolation and quantitative PCR. To facilitate preliminary char-
acterization and comparison of the spirochete densities in the tissue reisolation cul-
tures, a semiquantitative numerical scoring system was developed (a score of 0 was
used if spirochetes were absent, and scores of 1 to 3 were applied for increasing
spirochete densities in the field of view upon inspection by dark-field microscopy; see
Materials and Methods for details). Cultures of mouse tissues harvested at 3 weeks
postinoculation with wild-type B. burgdorferi were monitored until the spirochete
densities were high (score of 3), typically after 5 to 6 days of incubation in Barbour-
Stoenner-Kelly II (BSKII) medium (Fig. 3A), at which time the reisolation cultures of
tissue from the Δbbk13 and Δbbk13/bbk13� spirochete-inoculated mice were scored
(Fig. 3B). It is possible that slight variations in tissue size and/or differences in tissue
type could affect the spirochete densities in the reisolation cultures. The protocol of
using group sizes of six animals and monitoring the wild-type reisolation cultures to the
point when all cultures of each tissue type achieved a score of 3 and then scoring the
reisolation densities of the mutant clones for that tissue provided an internal control for
possible tissue variations across samples. This means that different tissue types may be
scored on different days of incubation. The scores of the mutant clones are therefore
relative to the wild-type score of 3 for each tissue. Using this new method, the initial
observation of reduced spirochete reisolation from Δbbk13 mutant-inoculated mouse
tissues was recapitulated and documented in a semiquantitative manner. All of the
tissues examined from the Δbbk13 mutant-inoculated mice demonstrated dramatically
reduced reisolation density scores compared to those from mice inoculated with
bbk13-containing spirochetes (Fig. 3B). Overall, greater than 80% of the Δbbk13 mutant
reisolation cultures received a score of 0 or 1. The same reisolation cultures were also
analyzed using the endpoint method of scoring for the presence or absence of
spirochetes after 2 weeks of incubation. In contrast, according to this method the
majority of the Δbbk13 mutant reisolation cultures were found to be positive for
spirochetes (Fig. 3C), thereby strongly underestimating the infectivity defect of the
mutant. These findings highlight the power of our reisolation scoring method to reveal
B. burgdorferi mutants with defects in infection of distal tissues which might otherwise
go undetected and be overlooked for follow-up validation analysis by qPCR. Nearly 90%
of the reisolation cultures of tissues from the Δbbk13/bbk13� spirochete-inoculated
mice were given a score of 3 (Fig. 3B).

The spirochete reisolation scores suggested a role for bbk13 in the ability of B.
burgdorferi to efficiently colonize distal tissues. To validate these results, the levels of
disseminated infection of the wild-type, Δbbk13, and Δbbk13/bbk13� clones were
assessed using qPCR to quantify the spirochete loads in the ear, heart, and joint tissues
from the same set of mice at 3 weeks postinoculation. In addition, to understand the
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contribution of bbk13 to the kinetics of disseminated infection, additional groups of
mice were inoculated with the wild type, Δbbk13, or Δbbk13/bbk13� clone for 2 and
4 weeks and the spirochete loads in tissues were quantified. Consistent with the tissue
reisolation scores, at the time point of 3 weeks postinoculation, the Δbbk13 mutant
loads in the heart tissues were significantly reduced compared to those of the wild type
(Fig. 3D). Although the differences in the Δbbk13 mutant and wild-type loads in the ear
and joint tissues at this time point were not found to be statistically significant, only 4
out of 6 ears and 3 out 6 joints from the Δbbk13 mutant-inoculated mice had spirochete

FIG 3 Loss of bbk13 results in consistently reduced B. burgdorferi loads in distal tissue over multiple time
points of infection. Groups of 6 C3H/HeN mice were inoculated intradermally in the dorsal skin with 104

spirochetes of the wild-type (WT), Δbbk13, or Δbbk13/bbk13� clone. Infection of ear, heart, bladder, and
joint tissues was assayed at 2, 3, and 4 weeks postinoculation. (A to C) Tissues collected from groups of
6 mice at 3 weeks postinoculation with B. burgdorferi clones were incubated in BSKII medium, and the
spirochete density was scored by dark-field microscopy in a semiquantitative manner, where 0 indicates
no spirochetes (white) and 1 to 3 indicate increasing spirochete densities (pink to red shading). (A)
Reisolation cultures of tissue from WT-inoculated mice were monitored and scored for spirochete density
at various time points of incubation (the age of the reisolation culture) until all cultures of each tissue
type attained a score of 3. (B) Reisolation cultures of tissue from Δbbk13 and Δbbk13/bbk13� spirochete-
inoculated mice were scored for density on the time point of incubation when all WT cultures of each
tissue type attained a score of 3 (6-day culture). (C) All tissue reisolation cultures were scored for endpoint
density (14-day culture). (D) Spirochete loads in mouse ear, heart, and joint tissues were quantified by
qPCR at 2, 3, and 4 weeks postinoculation. The data are presented as the number of flaB copies per 106

nid copies. Symbols and error bars represent the mean � standard deviation. The Δbbk13 mutant loads
were below the level of detection in heart tissue at all time points examined (symbols placed on the axis
represent tissues that were tested but for which results were are not plottable on a logarithmic axis). For
samples sets in which the spirochete loads in some or all of the tissues from the groups of 6 mice were
below the level of detection, the number of tissues out of 6 with detectable loads are indicated. Two-way
ANOVA and Tukey’s multiple-comparison test were used to test for statistical significance compared to
the results for the WT (****, P � 0.0001; ***, P � 0.001; **, P � 0.01; *, P � 0.05).
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loads above the level of detection by qPCR, suggesting a trend in reduced tissue
colonization by the mutant consistent with the tissue reisolation score data. At the 2-
and 4-week time points postinoculation, the majority of the Δbbk13 mutant loads in the
ear and joint tissues were significantly reduced compared to those of the wild type and
were below the level of detection in the heart tissue (Fig. 3D). The loads of the
Δbbk13/bbk13� clone in all tissues examined were not significantly different from those
of the wild type, apart from at the 2-week time point in the heart tissue (Fig. 3D,
triangle). Overall, a correlation between the tissue reisolation scores and the qPCR
results was observed. Together, these data demonstrate that bbk13 is important for B.
burgdorferi to achieve wild-type loads in distal tissues and suggest that bbk13 contrib-
utes to events that occur during or prior to B. burgdorferi establishment in distal tissues
at 2 weeks postinoculation. Furthermore, our data indicate that bbk13 is critical for B.
burgdorferi infection in heart tissue.

The loss of bbk13 results in reduced spirochete numbers in the blood during
dissemination. B. burgdorferi lacking bbk13 was found at significantly reduced num-
bers in distal tissues as early as 2 weeks postinoculation. The bloodstream serves as a
major route of dissemination of B. burgdorferi from the site of inoculation to distal
tissues (33), raising the possibility that the reduced Δbbk13 mutant loads in tissues may
be due to an attenuation in the numbers of disseminating spirochetes in the blood. To
test this, blood was collected from cohorts of mice daily for an 11-day period following
intradermal inoculation with104 wild-type, Δbbk13, or Δbbk13/bbk13� spirochetes. The
number of circulating spirochetes was determined by quantifying the CFU in BSK-
agarose medium. Detection of the spirochete densities in the blood was limited to days
4 to 7 postinoculation for all three clones (Fig. 4), consistent with the transient nature
of B. burgdorferi in the blood (33–35). The peak spirochete density in the blood occurred
on day 6 postinoculation for all clones (Fig. 4), suggesting that blood dissemination
kinetics are independent of bbk13. However, the density of circulating B. burgdorferi in
the blood was bbk13 dependent. The peak density of the Δbbk13 mutant in the blood
was significantly reduced compared to that of wild-type and Δbbk13/bbk13� spiro-
chetes (Fig. 4). This finding shows that the infection deficiency of Δbbk13 spirochetes
occurs prior to distal tissue colonization and suggests that the reduced mutant loads
detected in distal tissues may be due to diminished numbers of disseminating spiro-
chetes in the blood.

bbk13 is important for spirochete population expansion at the skin inoculation
site. The bbk13-dependent reduction in B. burgdorferi density in the blood may result
from a defect in the ability of the Δbbk13 mutant to enter the bloodstream from the

FIG 4 B. burgdorferi spirochetes lacking bbk13 are found at a reduced density in the blood during
dissemination. Blood was collected daily from cohorts of 6 C3H/HeN mice inoculated intradermally with
104 spirochetes of the WT, Δbbk13, or Δbbk13/bbk13� clone and plated in BSK-agarose for determination
of the number of CFU. The data are reported as the number of spirochetes per milliliter of blood. Symbols
and error bars represent the mean � standard deviation. Two-way ANOVA and Tukey’s multiple-
comparison test were used to test for statistical significance compared to the results for the WT (****,
P � 0.0001; ***, P � 0.001; **, P � 0.01).
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skin inoculation site and/or an attenuation that occurs at the skin inoculation site itself.
To distinguish between these two possibilities, we quantified the spirochete loads in
the skin inoculation site at various time points after intradermal injection of mice with
104 spirochetes of the wild-type, Δbbk13, or Δbbk13/bbk13� clone. Starting at day 3 and
up to day 7 postinoculation, the spirochete populations were detectable and contin-
uously expanded at the skin inoculation site (Fig. 5). However, B. burgdorferi Δbbk13
failed to expand as strongly as the wild-type and Δbbk13/bbk13� clones (Fig. 5). These
findings indicate that bbk13 is important for spirochete expansion at the skin inocula-
tion site during the earliest phase of B. burgdorferi infection.

DISCUSSION

B. burgdorferi lacking linear plasmid 36 (lp36) is highly attenuated for mouse
infection (16). The genes bbk17 and bbk32 on lp36 each contribute to B. burgdorferi
infectivity (9, 10, 13–15, 36, 37). However, the individual contribution of additional
genes on lp36 to B. burgdorferi infectivity remained unknown. Through a targeted
mutagenesis screen of a subset of genes on lp36, we have now established a role for
bbk13 early in infection, which is critical for the generation of a robust disseminated
infection. Moreover, we found that, according to the parameters measured, bbk09,
bbk40, and bbk41 are dispensable for B. burgdorferi infection. For the most part, these
results are consistent with those reported in a genome-scale signature tag mutagenesis
(STM) study to identify B. burgdorferi genes that contribute to mouse infectivity (38).
However, in the STM study, the bbk41 transposon mutant was found to be moderately
attenuated for infection (38), suggesting that in the context of a mixed infection, the
bbk41 gene may be important for B. burgdorferi to achieve maximal fitness.

The primary goal of this study was to identify B. burgdorferi genes on lp36 that
contribute to disseminated infection, which was initially screened for by the reisolation
of spirochetes from the tissues of mice at 3 weeks postinoculation. Typically, the
reisolation assay is scored by microscopy analysis for the presence or absence of
spirochetes following incubation of tissues in BSKII medium for up to 2 weeks (39–42).
This method has been sufficient to detect strong loss of infectivity phenotypes (41) but
is not likely to identify subtle phenotypes resulting from reduced numbers, rather than
the complete absence, of spirochetes at distal tissues. To address this, we developed a
semiquantitative method of scoring the spirochete density in the reisolation cultures.
This slight modification captures more information from the reisolation assay and
allows for the initial identification of attenuated B. burgdorferi mutants with reduced
spirochete numbers in the tissues. Tissue reisolation scores were then subjected to
follow-up verification by qPCR. Overall, our data indicated a strong correlation between

FIG 5 Loss of bbk13 results in deficient spirochete expansion at the skin inoculation site during early
infection. Spirochete load kinetics at the skin inoculation site were determined by qPCR at different time
points after intradermal inoculation of groups of 6 C3H/HeN mice with 104 spirochetes of the WT,
Δbbk13, or Δbbk13/bbk13� clone, as described in the legend to Fig. 2. The data are presented as the
number of flaB copies per 106 nid copies. Early kinetics were determined by quantitating the spirochete
loads in the skin inoculation sites on days 0, 1, 3, 5, and 7 postinoculation. Columns and error bars
represent the mean � standard deviation. Two-way ANOVA and Tukey’s multiple-comparison test were
used to test for statistical significance compared to the results for the WT (**, P � 0.001).
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the semiquantitative reisolation scores and qPCR results. Application of this scoring
method was key to the discovery of bbk13 as a novel infectivity gene in our targeted
screen. Moreover, broad application of this method to the analysis of the infection
phenotypes of B. burgdorferi mutants is likely to lead to the discovery of additional
genes that contribute to infection, which may previously have gone unrecognized.

Gene bbk13 is critical for B. burgdorferi mammalian infectivity. The Δbbk13 mutant
demonstrated reduced spirochete loads in distal tissues at 3 weeks postinoculation.
Furthermore, bbk13 was required for B. burgdorferi to achieve the wild-type density in
the blood, though the kinetics of blood dissemination appeared to be bbk13 indepen-
dent, as the timing of the peak density was the same as that of wild-type B. burgdorferi.
Ultimately, our data suggest that the contribution of bbk13 to B. burgdorferi infectivity
manifests at the earliest phase of infection by promoting spirochete population ex-
pansion and/or limiting spirochete clearance at the skin inoculation site.

The kinetics of spirochete loads in the skin inoculation site were dramatically
different from those in the other tissues examined in this study. The spirochete loads
in most distal tissues examined showed a gradual decrease over time. For example,
there was a statistically significant reduction in wild-type B. burgdorferi loads over time
in the ear and heart tissues (at the 2-week versus 4-week time point; P � 0.001, two-way
analysis of variance [ANOVA] with Tukey’s multiple-comparison test) (Fig. 3D). In
contrast, the spirochete loads in the skin inoculation site underwent a significant
bbk13-dependent increase during the first week of infection. Between weeks 1 and 2,
the spirochete loads in the inoculation site underwent a dramatic �100-fold reduction
that was bbk13 independent. All B. burgdorferi clones remained at low but detectable
levels in the skin inoculation site out to 4 weeks postinoculation (see Fig. S2 in the
supplemental material). Notably, the peak wild-type spirochete loads in the skin
inoculation site were higher than those in any wild-type-infected tissue examined at
any time point. Conversely, the wild-type spirochete loads in the skin inoculation site
at 2 to 4 weeks postinoculation were lower than those in any wild-type-infected tissue
examined at any time point, including the ear, which is representative of a distal skin
site. These data highlight the unique physiological context surrounding the early stage
of B. burgdorferi infection in the skin.

Our data suggest that the early expansion of spirochetes in the skin inoculation site
influences the spirochete loads in the blood during dissemination and, finally, in the
distal tissues at later time points of infection. B. burgdorferi proliferation in the skin
during primary infection has been described previously (17–20). It has also been
hypothesized that B. burgdorferi replication in the skin facilitates infection and dissem-
ination (20). Our work provides evidence to support this hypothesis and identifies a role
for bbk13 in this process. Furthermore, it has been shown that infection is established
at a much lower dose when B. burgdorferi is administered intradermally than when it is
administered by other inoculation routes (43). This further emphasizes the significance
of the early events that occur in the skin in promoting B. burgdorferi infection, as well
as the relevance of using the intradermal route of inoculation in animal models of
infection.

There is increasing evidence that the immunomodulatory properties of tick saliva
contribute to the survival and multiplication of B. burgdorferi in the skin (19, 20). B.
burgdorferi spirochetes lacking the entire lp36 plasmid are not defective for survival or
replication in the tick but remain attenuated for mammalian infection by tick bite
transmission (9). Future studies will focus on analysis of the skin proliferation and
dissemination phenotype of the bbk13 mutant in the context of tick bite transmission.

The molecular function of bbk13 remains unknown. Our data and the data of others
(24) indicate that bbk13 is constitutively expressed at high levels throughout the
enzootic cycle. Consistent with the identification of BBK13 as one of the proteins
associated with inner membrane lipid rafts of B. burgdorferi (28), we have shown that
BBK13 is a non-surface-exposed membrane-associated protein. Overall, the inner mem-
brane lipid rafts were found to be associated with proteins with transport and signaling
functions (28), perhaps suggesting that the function of BBK13 lies within one or both
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of these categories. Despite not being surface exposed, BBK13, like other bacterial
SIMPL domain-containing proteins (30–32), was found to be immunogenic. SIMPL
domain-containing protein homologues are found broadly across pathogenic and
nonpathogenic bacterial species. This may suggest that the members of this protein
family are not direct virulence determinants. B. burgdorferi, however, is a unique
bacterial pathogen in that it lacks classical virulence factors and physiological functions
that contribute to survival mechanisms that have been shown to be significant com-
ponents of B. burgdorferi infectivity (39, 40, 42, 44, 45).

In sum, we have identified bbk13 as a novel gene on lp36 that contributes to B.
burgdorferi infectivity. This work represents a detailed analysis of the kinetics of B.
burgdorferi mouse infection and the contribution of bbk13 to B. burgdorferi replication
in the skin during early infection. Moreover, this work demonstrates that the early
expansion of spirochetes in the skin inoculation site has a strong influence on dissem-
ination and the distal tissue load. Further studies focused on the function of bbk13 as
well as the pathogen, vector, and host factors important for B. burgdorferi proliferation
in the skin will improve our understanding of early B. burgdorferi infection. Future
approaches aimed at blocking this initial, localized expansion may serve as novel
therapeutics to reduce or prevent pathogen dissemination and, therefore, the debili-
tating clinical manifestations of Lyme disease.

MATERIALS AND METHODS
Bacterial clones and growth conditions. The B. burgdorferi clones used in this study were derived

from the low-passage infectious clone B31 A3. Low-passage infectious clone B31 A3-68 Δbbe02, which
lacks plasmids cp9 and lp56, as well as the bbe02 gene on lp25, was used for all genetic manipulations
(46). B. burgdorferi cultures were grown at 35°C in liquid Barbour-Stoenner-Kelly II (BSKII) medium
containing gelatin and 6% rabbit serum in screw-cap tubes. Individual clones were isolated by plating in
solid BSK-agarose medium, as described previously (47, 48). The plates were incubated at 35°C under
2.5% CO2. The following antibiotics were used for selection, as needed: kanamycin (200 �g/ml), strep-
tomycin (50 �g/ml), and gentamicin (40 �g/ml). Cloning steps were performed using Escherichia coli
DH5�, and recombinant protein was produced in Escherichia coli NiCo21(DE3) (New England Biolabs),
grown in LB broth liquid cultures or on LB agar plates. Kanamycin was used in E. coli cultures at 50 �g/ml,
spectinomycin was used at 300 �g/ml, and/or gentamicin was used at 10 �g/ml, as appropriate.

Borrelia burgdorferi genetic manipulations. Target gene deletion constructs were engineered to
completely replace each open reading frame with the constitutively expressed spectinomycin/strepto-
mycin resistance cassette flaBp-aadA using a PCR-based overlap extension strategy described previously
(21) and the gene-specific primers listed in Table S1 in the supplemental material. The allelic exchange
constructs were verified by PCR, restriction digestion, and DNA sequencing. B. burgdorferi A3-68 Δbbe02
was transformed with 20 �g of a linearized allelic exchange plasmid. B. burgdorferi transformants were
plated in BSK-agarose medium with streptomycin. Streptomycin-resistant B. burgdorferi colonies were
isolated and screened by PCR and DNA sequencing to verify the gene deletions. The plasmid profiles of
all B. burgdorferi deletion mutants were determined by PCR (49) to maintain consistency with the parent
clones.

Complementation of the Δbbk13 mutant was done in trans using the B. burgdorferi shuttle vector
pBSV2G (50). A DNA fragment containing the gene bbk13 with an additional 221 bp upstream of the
transcription start site (22) was amplified from B31 A3 genomic DNA using Phusion enzyme (Thermo
Scientific) and primers 2156 and 2157. The bbk13 DNA fragment was cloned into pBSV2G using a SalI
restriction site. The pBSV2G bbk13 plasmid structure was verified by restriction enzyme digestion and
DNA sequencing. The Δbbk13 mutant clone was transformed with 20 �g pBSV2G bbk13 or pBSV2G alone,
and positive transformants were selected. The clones that retained the B. burgdorferi plasmid content of
the parent clone were selected for use in further experiments and are designated the Δbbk13 (Δbbk13/
pBSV2G) and Δbbk13/bbk13� (Δbbk13/pBSV2G bbk13) clones herein.

In vitro gene expression analysis. RNA was isolated from B. burgdorferi log-phase cultures of the
wild-type, Δbbk13, and Δbbk13/bbk13� clones in biological triplicate, as described previously (42). Total
cDNA was generated from 1 �g of RNA using an iScript Select cDNA synthesis kit (Bio-Rad) and random
primers. Parallel cDNA reactions were carried out in the absence of reverse transcriptase. One hundred
nanograms of cDNA was used as the template in subsequent real-time quantitative PCRs. qPCR was
performed on a Bio-Rad CFX Connect real-time PCR system using iQ SYBR Green Supermix (Bio-Rad) and
the following primer pairs: primers 2416 and 2417 (bbk13) and primers 1123 and 1124 (recA) (Table S1).
The amounts of bbk13 and recA transcripts were determined using a genomic DNA standard curve for
each gene target with 100-ng, 10-ng, 1-ng, and 0.1-ng DNA concentrations. Both standard curve
reactions and reactions using cDNA from each biological triplicate were performed in technical triplicate.
mRNA transcript copy numbers for bbk13 were normalized to recA copy numbers. The data sets were
analyzed using the Kruskal-Wallis test with Dunn’s multiple-comparison test (GraphPad Prism, version 6.0,
software).
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Ethics statement. The University of Central Florida is accredited by the International Association for
Assessment and Accreditation of Laboratory Animal Care. Protocols for all animal experiments were
prepared according to the guidelines of the National Institutes of Health and were reviewed and
approved by the University of Central Florida Institutional Animal Care and Use Committee.

Gene expression analysis in ticks and mouse tissue. Six- to 8-week-old female C3H/HeN mice were
needle inoculated with B. burgdorferi B31 A3 at a dose of 105 spirochetes. At 3 weeks postinoculation,
Ixodes scapularis ticks (Centers for Disease Control and Prevention, BEI Resources) were allowed to feed
on infected mice to repletion. At approximately 1 week after feeding, triplicate groups of 25 to 50 fed
larvae or 13 to 15 fed nymphs were flash frozen in liquid nitrogen. Triplicate groups of 25 unfed nymphs
were flash frozen at 5 weeks postfeeding of the larvae. Flash-frozen ticks were homogenized in TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0) containing 0.5 mg/ml lysozyme using a gentleMACS dissociator at the
RNA 2 setting (Miltenyi Biotech). Triplicate groups of 3 bladders from infected mice were flash frozen in
liquid nitrogen and homogenized as described above for infected ticks. Mouse and tick samples were
incubated in 1% SDS at 64°C for 2 min, which was followed by the addition of 0.1 M sodium acetate, pH
5.2. Total RNA was isolated using hot phenol extraction. Fifty micrograms of RNA was treated twice with
10 U DNase I (Roche) and 80 U rRNAsin (Promega) at 47°C for 15 min to remove contaminating DNA.
cDNA was synthesized from the purified RNA using the iScript Select cDNA synthesis kit and random
primers (Bio-Rad). Parallel reactions without reverse transcriptase were also performed. Quantitative PCR
was used to measure the expression of bbk13, recA, flaB, ospA, and ospC, as described above, using
primers 2416 and 2417 (bbk13), 1123 and 1124 (recA), 1875 and 1776 (flaB), 2138 and 2139 (ospA), and
2203 and 2204 (ospC) (Table S1). All minus reverse transcriptase samples were verified to contain no
significant amplification and were represented in technical duplicates for each sample. mRNA copy
numbers for bbk13, flaB, ospA, and ospC were normalized to the recA copy numbers.

In vitro growth analysis. Spirochetes were inoculated in triplicate cultures at a starting density of
1 � 105 spirochetes/ml in 5 ml of BSKII medium containing the appropriate antibiotics. Spirochete
densities were determined every 24 h over a 144-h time period by cell enumeration under a dark-field
microscope using a Petroff-Hausser chamber.

Recombinant BBK13 protein purification and anti-BBK13 antibody production. A DNA fragment
containing the BBK13 open reading frame, excluding the N-terminal transmembrane domain, was
amplified from B31 A3 genomic DNA using Phusion enzyme (Thermo Scientific) and primers 2335 and
2336 (Table S1). The DNA fragment was cloned into the C-terminal His tag protein expression vector
pET28A (EMD Millipore) using the restriction enzymes BamHI and SacI. The BBK1325–232His expression
clone was verified by restriction digestion and sequence analysis. An overnight culture of NiC021(DE3)/
pET28A-BBK1325–232His in LB was diluted 1:500 in two flasks each containing 150 ml of LB and grown at
37°C with shaking for 4 h or until the optical density at 600 nm was �1.3. Protein expression was induced
with the addition of 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) per culture, and the cultures were
incubated at 18°C with shaking for 16 h. The bacteria were pelleted by centrifugation at 3,210 � g for
10 min at 4°C. The pellets were each resuspended in 30 ml of His binding buffer (GE Healthcare) and
sonicated twice at 20 A for 2 min. The sonicated cells were spun at 10,000 � g for 20 min at 4°C, and the
soluble lysate fractions were each combined with 990 �l of Ni Sepharose high-performance histidine-
tagged protein purification resin (GE Healthcare), which had been washed twice with 500 �l of His
binding buffer (GE Healthcare) according to the manufacturer’s instructions. The soluble lysate-Ni resin
mixtures were incubated at 4°C overnight rotating. Each soluble lysate-Ni resin mixture was divided
between 3 5-ml disposable plastic columns with filters (GE Healthcare), and the lysate was allowed to
flow through the columns. The columns were washed with 5 ml of His binding buffer (GE Healthcare).
One milliliter of His elution buffer was added to each column and allowed to incubate for 10 min at room
temperature, inverting every 2 min. The eluted protein was collected in a 1.5-ml tube. Immediately after
elution the 1-ml protein samples were each added to an Ultracel 10K centrifugal filter unit (EMD
Millipore) and spun at 3,210 � g for 12 min. Two milliliters of phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) was added to the filter units, and the samples
were spun at 3,210 � g for 12 min. This step was repeated twice. Finally, 1.5 ml of PBS was added to each
concentrated protein sample. The recombinant BBK1325–232His protein was further purified via cation
exchange using strong cation-exchange minispin columns (Pierce). The columns were washed and
protein sample was added according to the manufacturer’s instructions. The columns were washed
one time each with purification buffer, 0.5 M NaCl elution buffer, and 0.8 M NaCl elution buffer
(Pierce). Protein was eluted with 6 additions of 0.9 M NaCl elution buffer (Pierce). Elution fractions were
pooled and run through Zeba Spin 7,000-molecular-weight-cutoff desalting columns (Thermo Scientific),
according to the manufacturer’s instructions. The rBBK1325–232His protein was confirmed by Coomassie-
stained SDS-PAGE and Western blot analysis using anti-His antibody (1:5,000; GenScript). Polyclonal rabbit
anti-BBK13 antibody against purified rBBK1325–232His protein was generated by Cocalico Biologicals, Inc.

BBK13 protein localization. Fractionation of B. burgdorferi lysates was performed as described
previously (16). Briefly, spirochetes were grown to log phase (3 � 107 to 7 � 107/ml) in BSKII medium,
spun at 3,210 � g for 10 min, washed twice with cold HN buffer (50 mM HEPES, 50 mM NaCl, pH 7.5), and
resuspended in 1 ml HN buffer and 100 �l Halt protease inhibitor cocktail (Thermo Scientific). Spirochetes
were lysed via sonication and spun at 125,000 � g to collect the soluble and membrane components of
the lysate.

Proteinase K digestions were performed as described previously (51, 52). Briefly, 109 log-phase-grown
(3 � 107/ml) B. burgdorferi spirochetes were resuspended in PBS-Mg2� (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, 5 mM MgCl2, pH 7.4) with or without 200 �g/ml proteinase K and incubated
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at 20°C for 1 h. Simultaneously, incubations were performed under the same conditions with the addition
of 0.1% SDS. Reactions were stopped with the addition of 1 mg/ml phenylmethylsulfonyl fluoride.

Protein samples were combined with equal parts HN buffer and 2� Laemmli sample buffer (Bio-Rad)
with 5% �-mercaptoethanol, incubated for 5 min at 100°C, and separated on a 10% SDS-PAGE gel. The
gels were subsequently transferred to nitrocellulose membranes (Bio-Rad) and blocked with 5% skim milk in
Tris-buffered saline–Tween (TBS-T; 25 mM Tris, 150 mM NaCl, 0.5% Tween). The antibodies polyclonal rabbit
anti-BBK13 UCF34 (1:10,000), monoclonal mouse anti-FlaB H9724 (53) (1:200), polyclonal mouse anti-SodA
NIH754 (16) (1:1,000), and polyclonal rabbit anti-VlsE (1:1,000) (Rockland Immunochemicals) detected BBK13,
FlaB, SodA, and VlsE, respectively. Horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit immu-
noglobulin (1:10,000; EMD Millipore) was used as the secondary antibody. The membranes were washed
between incubations with TBS-T, developed using Supersignal West Pico chemiluminescent substrate
(Thermo Scientific), and visualized using a Bio-Rad ChemiDoc imager.

BBK13 immunoreactivity. Six hundred nanograms of rBBK1325–232His protein and total protein
lysate generated from 107 wild-type B. burgdorferi spirochetes was separated by SDS-PAGE. Western
blotting was performed using preimmune and postimmune sera collected from B. burgdorferi-infected
mice at 3 weeks postinoculation (1:500) (see the methods in “Mouse infection experiments” below) or
anti-His antibody (1:5,000) (GenScript).

Mouse infection experiments. B. burgdorferi cultures were grown from frozen glycerol stocks to
stationary phase (1 � 108/ml) in BSKII medium with the appropriate antibiotics. The B. burgdorferi culture
density was determined using a Petroff-Hausser chamber under a dark-field microscope. B. burgdorferi
cultures were diluted in BSKII to achieve the desired number of spirochetes in the inoculum. Groups of
six 6- to 8-week-old female C3H/HeN mice (Envigo) were inoculated (i) intraperitoneally (200 �l) and
subcutaneously under the upper dorsal skin (50 �l) (lp36 mutant screen) or (ii) intradermally into the
shaved dorsal skin (100 �l) (all other infection studies) with 104 B. burgdorferi spirochetes. All inoculum
cultures were analyzed for plasmid content by PCR. Furthermore, the inoculum cultures were plated in
solid BSK-agarose medium, and individual colonies were verified for the presence of virulence plasmids
lp25, lp28-1, and lp36 (9). All inoculum cultures carried the expected endogenous plasmid content, and
80 to 100% of the individual colonies from each clone were confirmed to contain all three virulence
plasmids. At various time points postinoculation, the mice were assessed for infection by serology (40)
and/or reisolation of spirochetes from tissues (see below).

Semiquantitative tissue reisolation scoring method. The mouse inoculation site, ear, heart, bladder,
and joint tissues were dissected at various time points postinoculation and placed in BSKII containing an
antibiotic cocktail of rifampin (50 �g/ml), amphotericin B (2.5 �g/ml), and phosphomycin (20 �g/ml). B.
burgdorferi is naturally resistant to these antibiotics. Reisolation cultures were incubated at 35°C. Cultures
were visually inspected for the presence of spirochetes using dark-field microscopy. A numerical scoring
system was developed for preliminary screening assessment of the spirochete loads in tissue while
viewing at a �200 magnification, as follows: 0, absence of spirochetes; 1, low spirochete density (�5
spirochetes in the field of view); 2, medium spirochete density (5 to 15 spirochetes in the field of view);
and 3, high spirochete density (�15 spirochetes in the field of view). Cultures of tissues from the
wild-type B. burgdorferi-inoculated mice were monitored daily for the presence of spirochetes using
dark-field microscopy until the spirochete densities were high (score of 3), typically after 5 to 6 days of
incubation in BSKII medium (Fig. 3A), at which time the reisolation cultures of the tissues from the Δbbk13
mutant- and Δbbk13/bbk13� clone-inoculated mice were scored (Fig. 3B). It is important to note that this
method is a tool to screen B. burgdorferi mutants for possible tissue colonization defects, which then
requires follow-up verification by qPCR analysis of spirochete loads in tissues.

Quantification of B. burgdorferi loads in mouse tissues. Skin inoculation site, ear, heart, and joint
tissues paired to those used for reisolation culture scoring were collected from the mice at various time
points postinoculation, and total DNA was extracted, as previously described (9). TaqMan probe and
primers (IDT DNA) specific to the B. burgdorferi flaB (primers 1137, 1138, 1139) and mouse nid (primers
1140, 1141, 1142) (Table S1) genes were used to measure their respective copy numbers by qPCR and
a standard curve approach as described above, using 100 ng of DNA extracted from mouse tissues as the
template (9). The qPCR was performed using iQ Supermix (Bio-Rad) on a Bio-Rad CFX Connect real-time
PCR system. flaB copy numbers were normalized against 106 mouse nid copy numbers to allow for
comparison across mice and B. burgdorferi clones. Technical triplicates were performed for each tissue
sample. Statistical significance compared to the results for the wild type was determined by two-way
ANOVA with Tukey’s multiple-comparison test (GraphPad Prism, version 6.0, software).

Quantification of B. burgdorferi density in the blood. Three cohorts of six mice each per B.
burgdorferi clone (the wild-type, Δbbk13, and Δbbk13/bbk13� clones) were intradermally inoculated with
104 spirochetes, as described above. To prevent complications due to oversampling, approximately 50 �l
of blood/mouse was obtained every day from one of the three cohorts via submandibular bleed and
collected in EDTA collection tubes (RAM Scientific). In this way, each cohort was bled every 3 days over
a time period of 11 days. Whole blood was serially diluted in BSKII medium and plated in solid
BSK-agarose medium for determination of the number of CFU, and the B. burgdorferi density in the blood
was calculated. Statistical significance compared to the results for the wild type was determined by
two-way ANOVA with Tukey’s multiple-comparison test (GraphPad Prism, version 6.0, software).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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