Al

Journals.ASM.org

Cyclic di-GMP Modulates Gene Expression in Lyme Disease
Spirochetes at the Tick-Mammal Interface To Promote Spirochete
Survival during the Blood Meal and Tick-to-Mammal Transmission

Melissa J. Caimano,®?:¢ Star Dunham-Ems,® Anna M. Allard,® Maria B. Cassera,® Melisha Kenedy,® Justin D. Radolf? -9

Departments of Medicine,” Pediatrics,® Molecular Biology and Biophysics,© Genetics and Genomic Sciences,”and Immunology,? University of Connecticut Health Center,
Farmington, Connecticut, USA; Department of Biochemistry and Center for Drug Discovery, Virginia Tech, Blacksburg, Virginia, USA%; Department of Microbiology and
Immunology, University of Oklahoma College of Medicine, Oklahoma City, Oklahoma, USA®

Borrelia burgdorferi, the Lyme disease spirochete, couples environmental sensing and gene regulation primarily via the Hk1/
Rrpl two-component system (TCS) and Rrp2/RpoN/RpoS pathways. Beginning with acquisition, we reevaluated the contribu-
tion of these pathways to spirochete survival and gene regulation throughout the enzootic cycle. Live imaging of B. burgdorferi
caught in the act of being acquired revealed that the absence of RpoS and the consequent derepression of tick-phase genes impart
a Stay signal required for midgut colonization. In addition to the behavioral changes brought on by the RpoS-off state, acquisi-
tion requires activation of cyclic di-GMP (c-di-GMP) synthesis by the Hk1/Rrp1 TCS; B. burgdorferi lacking either component is
destroyed during the blood meal. Prior studies attributed this dramatic phenotype to a metabolic lesion stemming from reduced
glycerol uptake and utilization. In a head-to-head comparison, however, the B. burgdorferi Aglp mutant had a markedly greater
capacity to survive tick feeding than B. burgdorferi Ahkl or Arrpl mutants, establishing unequivocally that glycerol metabolism
is only one component of the protection afforded by c-di-GMP. Data presented herein suggest that the protective response medi-
ated by c-di-GMP is multifactorial, involving chemotactic responses, utilization of alternate substrates for energy generation and

intermediary metabolism, and remodeling of the cell envelope as a means of defending spirochetes against threats engendered
during the blood meal. Expression profiling of c-di-GMP-regulated genes through the enzootic cycle supports our contention
that the Hk1/Rrp1 TCS functions primarily, if not exclusively, in ticks. These data also raise the possibility that c-di-GMP en-
hances the expression of a subset of RpoS-dependent genes during nymphal transmission.

orrelia burgdorferi, the causative agent of Lyme disease, is

maintained in nature within an enzootic cycle that involves an
arthropod vector and vertebrate reservoir hosts, typically, small
rodents and birds (1). In the northeastern United States, the pri-
mary vector for B. burgdorferi is the black-legged deer tick, Ixodes
scapularis (2, 3). Because B. burgdorferi cannot be passaged transo-
varially, naive larvae acquire spirochetes by feeding on infected
reservoir hosts. Successful colonization of the vector requires B.
burgdorferi to establish an intimate association with rapidly differ-
entiating, highly endocytic midgut epithelial cells (4-6). In order
to accomplish this feat, spirochetes must resist deleterious sub-
stances within the midgut lumen, such as host- and tick-derived
innate immune effector molecules, reactive oxygen species (ROS),
and salivary enzymes imbibed from the feeding site (4, 7-11). At
the same time, B. burgdorferi also must alter its metabolic machin-
ery to exploit the availability of alternative carbon sources (e.g.,
glycerol, N-acetylglucosamine [GIcNAc], chitobiose) as the sup-
ply of ingested glucose diminishes (12-15). During nymphal
transmission, spirochetes are almost certainly subjected to the
same, and potentially additional, blood meal-associated stressors
encountered during larval acquisition. Whereas spirochetes are
confined to the midgut during acquisition, during transmission,
organisms traverse the organ en route to a new mammalian host
(5, 6, 16). The larval and nymphal blood meals therefore evoke
marked differences in spirochete behavior while eliciting ostensi-
bly similar protective and physiological adaptations.

Throughout its enzootic cycle, B. burgdorferi couples environ-
mental sensing with differential gene expression primarily using
two two-component systems (TCSs), Hk1/Rrpl and Hk2/Rrp2,
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and three o factors, the housekeeping RpoD and the alternate o
factors RpoN and RpoS (1, 17). Although the contribution of the
Hk2 sensor kinase to phosphorylation of the response regulator
Rrp2 remains uncertain (18), phosphorylated Rrp2 acts in concert
with the DNA-binding Fur ortholog BosR to promote the RpoN-
dependent transcription of rpoS at the onset of the nymphal blood
meal (1, 17). Recently, we reported that a B. burgdorferi ArpoS
mutant is unable to exit the midguts of feeding nymphs, while
spirochetes lacking ospC, the prototypical RpoS-dependent gene,
could be recovered from the bite site, establishing unequivocally
that RpoS-dependent gene products other than OspC are required
for tick-to-mammal transmission (19). Within the mammal, rpoS
is absolutely required to establish infection (20-23). While the
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role of RpoS during chronic infection has not been extensively
studied, transcriptional and serological data suggest that at least
some RpoS-dependent genes are expressed during later stages of
mammalian infection (24-29). Following acquisition, B. burgdor-
feri expresses little to no rpoS, permitting transcription of ¢”°-
dependent tick-phase genes (e.g., ospA, bba62, and the glp operon)
that are repressed by RpoS within the mammal (12, 19, 24, 30-33).
Collectively, these data led us to propose that RpoS acts as a gate-
keeper for the reciprocal expression of genes involved in the mam-
malian and arthropod phases of the enzootic cycle (19, 24). In
contrast, B. burgdorferi’s other primary regulatory pathway, the
Hk1/Rrpl TCS, is dispensable for mammalian infection and ap-
pears to function exclusively within ticks (34-36). Activation of
this TCS, which signals via cyclic di-GMP (c-di-GMP), is required
for tick midgut colonization. Spirochetes lacking either the sensor
kinase Hk1 or the response regulator Rrp1, a diguanylate cyclase
(37), are rapidly destroyed during the blood meal (34-36). An
important distinction between the Hk1/Rrpl TCS and Rrp2/
RpoN/RpoS pathway (referred to henceforth as the “RpoS path-
way”) is that the former is active during both acquisition and
transmission (34, 35), whereas the latter is on only during trans-
mission (19, 23, 24, 27, 38).

Here, we reevaluated the contribution of c-di-GMP signaling
to spirochete survival and gene regulation throughout the enzo-
otic cycle. Confocal live imaging of B. burgdorferi caught in the act
of being acquired revealed that the derepression of tick-phase
genes associated with the RpoS-off state imparts a Stay signal re-
quired to colonize the tick midgut. Using a combination of ultra-
performance liquid chromatography (UPLC) in tandem with
mass spectrometry (MS) and quantitative reverse transcription-
PCR (qRT-PCR), we demonstrated that Hk1 is the cognate histi-
dine kinase for Rrp1 and that the response regulator Rrp1 is the
sole source of c-di-GMP during cultivation in vitro. In accord with
prior studies (34-36), we confirmed that both Hk1 and Rrp1 are
required for the survival of B. burgdorferi during the acquisition
and transmission blood meals. Prior studies by He et al. (35) at-
tributed the survival defect of Rrpl-deficient B. burgdorferi to a
metabolic lesion brought on by reduced expression of the c-di-
GMP-dependent glp operon (bb0240-bb0243) involved in glycerol
uptake and utilization (35). In our head-to-head comparison,
however, the B. burgdorferi Aglp mutant displayed markedly in-
creased survival in feeding larvae than B. burgdorferi Ahkl and
Arrpl mutants. Moreover, unlike B. burgdorferi Ahkl- and Arrpl-
infected nymphs, B. burgdorferi Aglp-infected nymphs transmit-
ted infection to naive mice. Collectively, these results demonstrate
unequivocally that glycerol utilization is only one component of
the protection afforded by c-di-GMP signaling. Genome-wide
transcriptional profiling of B. burgdorferi wild-type (WT) and
Arrpl mutant strains by transcriptome sequencing (RNA-Seq)
suggests that the tick-adaptive response mediated by c-di-GMP
is multifactorial, involving (i) remodeling of the cell envelope
as a means of defending spirochetes against threats engendered
during the blood meal, (ii) utilization of alternate substrates
for energy generation and biosynthesis of intermediary metab-
olites, and (iii) chemotactic responses. The results of expres-
sion profiling of c-di-GMP-regulated genes through the enzo-
otic cycle support our contention that the Hk1l/Rrpl TCS
functions primarily, if not exclusively, in ticks. Lastly, our data
also raise the possibility that c-di-GMP enhances the expres-
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sion of a subset of RpoS-dependent genes during nymphal
transmission.

MATERIALS AND METHODS

Ethics statement. Animal protocols described in this work strictly follow
the recommendations of the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (136) and were approved by
the University of Connecticut Health Center Animal Care Committee
under the auspices of Animal Welfare Assurance A347-01.

Culture and maintenance of bacterial strains. B. burgdorferi isolates
(see Table S1 in the supplemental material) were cultivated in modified
Barbour-Stoenner-Kelly IT (BSK-II) medium (39) supplemented with 6%
rabbit serum (Pel-Freeze Biologicals, Rogers, AR) and antibiotics where
appropriate. Strain Bb1286 was generated from wild-type strain B. burg-
dorferi B31 5A4 NP1 (40) by electroporation (41) with the suicide plasmid
pMC2498 to insert a Pp,-gfp Ppop-aacCl cassette into the endogenous
cp26 plasmid (42). B31 5A4 NP1 Arrpl (Bb1520) and AplzA (Bb1548)
mutants were generated by insertional inactivation using previously de-
scribed constructs (43, 44). The plasmid content of all isolates was mon-
itored as previously described (45). For temperature shift experiments, B.
burgdorferi isolates were cultivated to mid-logarithmic phase (~1 X 107
to 3 X 107 spirochetes per ml) in BSK-IT medium at 23°C and then trans-
ferred to fresh medium at a density of 10° spirochetes per ml. Following
the temperature shift, the cultures were maintained at 37°C until late
logarithmic phase (~7 X 107 to 1 X 10® spirochetes per ml). Escherichia
coli strains were maintained in lysogeny broth (LB) with the appropriate
antibiotic. Selection of E. coli strains was performed on LB agar (LB with
1.5% agar) plates supplemented with the appropriate antibiotic.

DNA manipulations and routine cloning. Routine and high-fidelity
PCR amplification reactions were performed using Choice Taq (Denville
Scientific, Metuchen, NJ) and TaKaRa Ex Taq (Fisher Scientific, Pitts-
burgh, PA) DNA polymerase, respectively. Routine molecular cloning
and plasmid propagation were performed using E. coli TOP10 cells (Life
Technologies, Grand Island, NY). Plasmid DNAs were purified using Qia-
gen Midi and Spin Prep kits (Qiagen, Valencia, CA). Nucleotide sequenc-
ing was performed by Agencourt/Beckman Genomics (Danvers, MA).

SDS-PAGE and immunoblot analyses. Whole-cell lysates were pre-
pared from spirochetes cultivated in vitro following a temperature shift
from 23°C to 37°C as described above. Equivalent amounts of lysate
(~2 X 107 spirochetes per ml) were separated on 12.5% separating poly-
acrylamide minigels, and the proteins were visualized by silver staining.
For immunoblotting, proteins were transferred to nylon-supported ni-
trocellulose and incubated with rat polyclonal antiserum against FlaB
(46), GlpD (12), OspC, OspA, and Rrp1, followed by goat anti-rat horse-
radish peroxidase-conjugated secondary antibody (Southern Biotechnol-
ogy Associates, Birmingham, AL). Monospecific polyclonal antisera
against strain B31 OspC, OspA, and Rrp1 (43) were generated in female
Sprague-Dawley rats (weight, 150 to 174 g) using the corresponding re-
combinant histidine-tagged protein, as previously described (47). Immu-
noblots were developed using the SuperSignal West Pico chemilumines-
cence substrate (Pierce, Rockford, IL).

Acquisition of B. burgdorferi by larvae and nymphs. To generate
naturally infected larvae and nymphs for acquisition studies, 3- to 5-week-
old female C3H/He] mice (purchased from Jackson Laboratories, Bar
Harbor, ME, or NCI—Frederick National Laboratory for Cancer Re-
search/APA, Frederick, MD) were inoculated intradermally with 1 X 10*
temperature-shifted organisms. Infection was confirmed at 2 and 4 weeks
postinoculation by serology and cultivation of ear tissue specimens in
BSK-II medium containing antibiotic cocktail (0.05 mg/ml sulfame-
thoxazole, 0.02 mg/ml phosphomycin, 0.05 mg/ml rifampin, 0.01 mg/ml
trimethoprim, 0.0025 mg/ml amphotericin B) to minimize contamina-
tion. Additional antibiotics (0.05 mg/ml gentamicin, 0.05 mg/ml strepto-
mycin, and/or 0.4 mg/ml kanamycin) were added where appropriate.
Cultures were monitored for spirochetes weekly by dark-field micros-
copy. Infected mice were used as a blood meal source for pathogen-free I.

August 2015 Volume 83 Number 8


http://iai.asm.org

scapularislarvae (Oklahoma State University, Stillwater, OK) and nymphs
(generated in-house by feeding larvae on naive mice). Larvae (200 to 300
per mouse) were infected by whole-body infestation of syringe-inoculated
mice, while naive nymphs (15 to 20 per mouse) were confined to a capsule
affixed to the shaved back of an infected mouse, as previously described
(38). Larvae and naive nymphs were allowed to feed for designated time
points postplacement. To generate infected nymphs for transmission
studies, larvae fed to repletion on infected C3H/He] mice were held over
saturated potassium sulfate in an environmental incubator until they had
molted.

Transmission by nymphs infected with wild-type B. burgdorferi.
Transmission by unfed (flat) nymphs that had been naturally infected (as
larvae) or infected by immersion was assessed using 15 to 20 nymphs per
mouse confined to a capsule affixed to the backs of naive C3H/He] mice as
previously described (38). Nymphs were allowed to feed for the time
points designated below, typically 72 to 96 h postplacement.

Assessment of spirochete burdens within I. scapularis larvae and
nymphs by qPCR. Spirochete burdens (i) during acquisition using indi-
vidual pools of 15 larvae or 3 nymphs that had fed to repletion on a
syringe-inoculated mouse (3 mice per group) and (ii) during transmis-
sion using triplicate pools of five B. burgdorferi-infected nymphs fed to
repletion on naive C3H/HeJ mice were assessed by qPCR. Total genomic
DNA was isolated from B. burgdorferi-infected ticks using a Gentra Pure-
gene yeast/bacteria kit (Qiagen) according to the manufacturer’s instruc-
tions. DNAs were diluted 1:10 in water prior to being analyzed by quan-
titative PCR (qPCR) using a TagMan-based assay for flaB (see Table S1 in
the supplemental material) (38). Spirochete burdens were assessed in at
least three independent experiments.

qRT-PCR. Total RNA was isolated from pools of (i) ~100 larvae or
~25 nymphs fed to repletion on C3H/He] mice that had been syringe
inoculated with B. burgdorferi wild-type isolate CE162 or Bb1286 (acqui-
sition) and (ii) ~20 to 25 unfed B. burgdorferi-infected unfed nymphs fed
to repletion on a naive C3H/He] mouse (transmission) as previously de-
scribed (38). cDNAs that had and had not undergone reverse transcrip-
tion were assayed in quadruplicate using iQ Supermix (Bio-Rad) and the
primer pairs described in Table S1 in the supplemental material. flaB-
normalized copy number values were compared within Prism software
(v5.00; GraphPad Software, San Diego, CA) using an unpaired ¢ test with
two-tailed P values and the 95% confidence interval.

Processing of nymphal midguts for microscopy. Intact midguts were
isolated from Bb914-infected nymphs at 72 h postplacement and labeled
with FM4-64 (2 ng/ml in phosphate-buffered saline [PBS]; Life Technol-
ogies) as described previously (6). Epifluorescence microscopy was per-
formed on an Olympus BX41 microscope equipped with a Retiga Exi
camera (QImaging, Surrey, British Columbia, Canada); images were ac-
quired using a 40X (numerical aperture, 1.4) oil immersion objective
with QCapture software (v2.1; QImaging). Nymphal midguts were pro-
cessed for confocal imaging as previously described (6). Confocal micros-
copy was performed on a Zeiss LSM-510 microscope (Carl Zeiss Micros-
copy, LLC, Thronwood, NY); serial Z-series images were acquired in both
the red and green channels (6). Briefly, Z-series images were acquired as
1-pm optical sections through a single epithelial layer (i.e., from the base-
ment membrane toward the lumen; see Fig. 2A for a schematic) along the
longitudinal plane. The midway point for each specimen was determined
during image processing on the basis of the thickness of the epithelium. A
minimum of 18 nymphal midguts each were examined during acquisition
and transmission.

Measurement of c-di-GMP levels. Cultures (50 ml each) of the WT
B315A4 NP1 (Bb1399), Ahkl (Bb1197),and Arrpl (Bb1451) isolates were
grown, in triplicate, to late logarithmic phase following a temperature
shift. Cells were harvested by centrifugation at 8,000 X g for 15 min at4°C,
transferred to a preweighed, clean, 50-ml conical tube using 1 ml ice-cold
PBS, and pelleted as described above. Pellets were resuspended in 30 ml of
0.19% ice-cold formaldehyde and centrifuged as described above. After all
of the supernatant was carefully removed, the net weight of each pellet was
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recorded. The pellets were resuspended in 0.5 ml of PCR-grade water and
transferred to a 4-ml snap-cap tube. Samples were boiled for 10 min and
then placed onice. Ice-cold 99% ethanol (1.25 ml) was added to each tube,
and samples were kept on ice for 30 min. Cell material was pelleted by
centrifugation at 9,000 X g for 10 min at 4°C, and the supernatant was
transferred to a clean tube. The pellet was resuspended in 1.5 ml of ice-
cold 70% ethanol, incubated on ice for 30 min, and then centrifuged at
9,000 X g for 10 min at 4°C. The combined supernatants were filtered
through a 0.22-pm-pore-size syringe filter and stored at —80°C. c-di-
GMP was detected by ultraperformance liquid chromatography (UPLC)
in tandem with mass spectrometry (MS) using an Acquity UPLC system
coupled to an Acquity TQD mass spectrometer (Waters Corporation).
The separation of c-di-GMP was achieved using an ion-pairing reversed-
phase UPLC method (48). Briefly, the eluent system was composed of 1.25
mM dibutylammonium acetate in 10 mM ammonium formate (pH 5.0)
(eluent A) and 1.25 mM dibutylammonium acetate in acetonitrile (eluent
B) with a gradient of 100% eluent A to 10% eluent B from 2 to 10 min, to
30% eluent B from 10 to 11 min, and back to 100% eluent A at a flow rate
of 0.3 mlmin~'. An Acquity HSS T3 column (2.1 by 100 mm; particle size,
1.8 wm; Waters) and an Acquity column in-line filter were used. The
column and autosampler were maintained at 40°C and 10°C, respectively.
Detection of c-di-GMP was performed in electrospray ionization (ESI)
negative-ion mode using the multiple-reaction monitoring mode. For
ESI-MS/MS analysis, the following ion transition, cone voltage (CV), and
collision energy (CE) were used: c-di-GMP m/z 689.32 (precursor ion)
and 149.99 (product ion); CV, 66 V; and CE, 56 eV. The ESI capillary
voltage was 0.3 kV, the source temperature was set at 150°C, and the
desolvation temperature was set at 400°C. The flow rate of the desolvation
gas (N,) was set at 600 liters/h. Data acquisition and analysis were carried
out with MassLynx (v4.1) and QuanLynx software. The concentration of
c-di-GMP was calculated by interpolation of the observed analyte peak
area with the corresponding calibration curve and then normalized to the
cell pellet wet weight for each sample. Three biological replicates for each
strain were assayed per experiment. All three strains were examined in two
independent experiments.

Comparison of viability of the Ahkl, Arrpl, and Aglp isolates in
replete larvae infected by immersion. The viability of the B31 5A4 NP1
(Bb1399), Ahkl (Bb1197), Arrpl (Bb1451), and Aglp (Bb1452) isolates in
larvae infected by the immersion method was assessed (49). Briefly, ~200
naive larvae were mixed end over end in a high-density suspension (2 X
10® spirochetes/ml) of each isolate for 1 to 2 h at room temperature.
Following immersion, the larvae were washed twice with 1 ml of sterile
PBS and allowed to recover overnight in an environmental incubator
prior to being fed to repletion on a naive C3H/HeJ mouse. Replete larvae
were collected daily over water and were processed for QRT-PCR as de-
scribed above. Pools of 12 larvae per isolate were processed for immuno-
fluorescence using fluorescein isothiocyanate (FITC)-conjugated anti-
Borrelia antibody (Kirkegaard & Perry Laboratories, Gaithersburg, MD)
as previously described (38). Mice used as a blood meal source for immer-
sion-fed larvae were tested for infection by ear biopsy specimen serology
at 4 weeks postinfestation. All four isolates were compared in at least two
independent experiments. Following the molt, nymphs were tested for
their ability to transmit infection to naive mice (2 to 3 mice per group)
using the capsule method described above.

Comparative RNA-Seq analysis of B. burgdorferi wild-type and
Arrpl strains. Total RNAs were prepared from B. burgdorferi WT and
Arrpl strains (three biological replicates per strain) grown to late logarith-
mic phase following a temperature shift in BSK-II medium as previously
described (34). RNA integrity was checked by use of an Experion RNA
chip (Bio-Rad) and qRT-PCR for flaB. Prior to library construction,
rRNA was removed from each pooled sample using a Ribo-Zero rRNA
removal core kit (Epicentre, Madison, WI). Paired-end Illumina TruSeq
libraries were generated as previously described (50). Postrun data anal-
yses were performed by the use of the RNA-Rocket program (http:
/Irnaseq.pathogenportal.org/) (51). High-quality reads (Q score = 30)
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were mapped using the strain B31 RefSeq reference genome (http:
/Ipatricbrc.org). Mapping, quartile normalization, fold regulation, and
significance were determined using the prokaryotic single-end analysis
and differential expression analysis options. Reads matching more than
one location within the B31 reference genome were excluded during the
initial mapping step, which resulted in some highly conserved, paralogous
genes carried by plasmids being assigned a read count of zero for both the
wild-type and mutant isolates. A gene was considered differentially ex-
pressed if (i) the mean number of normalized reads for that gene differed
by =2-fold compared to that for the wild type and (ii) the difference in
expression between the WT and the ArrpI isolate had a false discovery rate
(FDR)-adjusted P value (q value) of =0.05.

Bioinformatics. Routine and comparative sequence analyses were
performed using MacVector software (v10.1, MacVector, Inc., Cary,
NC). Conserved domain searches were performed using a search of the
Conserved Domain Database either alone (http://www.ncbi.nlm.nih
.gov/Structure/cdd/cdd.shtml) or within the NCBI Basic Local Align-
ment Search Tool (BLAST). Candidate surface-exposed lipoproteins
within the Rrpl regulon were identified using the database created by
Setubal et al. (52). Candidate outer membrane (OM) proteins (OMPs)
were identified using a series of computational programs that predict
either OM localization or 3-barrel topology. The 1,640 protein-coding
sequences of the B. burgdorferi genome were analyzed by the use of six
computational programs: CELLO (53), pSORTb (54), HHOMP (55),
BOMP (56), Pred-TMBB (57), and TMBETADISC-AAC (58). Proteins
were considered candidate OMPs if three of six computational programs
predicted the protein to be localized to the OM and/or to form a 3 barrel.
The list of candidate OMPs was further refined by removing sequences
that were (i) predicted to be lipoproteins (52), (ii) predicted to contain
transmembrane o helices by the TMHMM (59) and Phobius (60) pro-
grams, or (iii) orthologous to non-OMPs. Finally, the N-terminal region
of each candidate OMP sequence was analyzed using the programs Sig-
nalP (v3.0) (61), PrediSi (62), and Signal-CF (63) to verify that all poten-
tial OMPs were predicted to have a cleaved signal sequence. Protein se-
quences were also manually inspected for signal sequences using
hydrophilicity plots according to the methods of Kyte and Doolittle (64).
Proteins predicted to lack a signal sequence by at least one method were
excluded from the list of potential OMPs.

RESULTS

The RpoS-off state during acquisition promotes superficial as-
sociation of B. burgdorferi with tick midgut epithelial cells. Pre-
viously, we used confocal fluorescence microscopy of strain
Bb914, a virulent strain of B. burgdorferi wild-type strain 297 ex-
pressing green fluorescent protein (GFP), to investigate B. burg-
dorferi-tick interactions during nymphal transmission (6, 19).
Results from these imaging studies revealed that spirochetes dis-
seminate through the midgut in two stages: an initial adherence-
mediated migration phase during which nonmotile organisms
form extensive networks on the surfaces of midgut epithelial cells,
followed by a motile phase in which individual spirochetes pene-
trate the midgut and enter the hemocoel. Extensive characteriza-
tion of B. burgdorferi 297 wild-type and ArpoS strains in feeding
nymphs revealed that RpoS is required for physiological adapta-
tion to the blood meal, network formation, and/or migration out
of the midgut during transmission (19). Once in the mammal,
spirochetes continue to express rpoS but are thought to transition
from the RpoS-on state to the RpoS-off state during acquisition
(24, 30, 31, 38, 42, 65, 66). Given how little is known about the B.
burgdorferi-tick interactions involved in acquisition, we reasoned
that comparable imaging of spirochetes within acquiring ticks
could provide valuable insight into how B. burgdorferi’s genetic
programs influence spirochete behavior during this stage of the
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enzootic cycle. We opted to use Bb914 for these acquisition studies
because this strain has already been extensively characterized by
confocal microscopy in nymphs during transmission and infected
murine tissues (6, 19, 67-69). The intense autofluorescence of the
tick cuticle necessitates the removal of intact midguts prior to
examination by fluorescence microscopy (6, 19), a procedure that
is virtually impossible to perform on feeding larvae. Therefore, for
these imaging studies, we used naive nymphs as surrogates for
larvae. Consistent with findings presented in previously published
reports (31, 34, 70, 71), L scapularis nymphs readily acquire B.
burgdorferi (Fig. 1A); the high spirochete burdens in acquiring
nymphs (3.04-fold; P = 0.0008) compared to larvae is not surpris-
ing, given the larger volumes of blood imbibed. Hemolymph col-
lected from acquiring nymphs (n = 115) at 72 h postplacement
was uniformly culture negative, indicating that spirochetes did
not penetrate the midgut. By comparison, the rate of culture pos-
itivity of hemolymph collected from transmitting nymphs (n =
62) at the same time point was ~90% (19). Using primers specific
for RpoS-upregulated genes (ospC and dbpA) and RpoS-repressed
genes (ospA, bb0240 [glpF], bba62 [Ip6.6], and bba74), we con-
firmed that the expression profiles of B. burgdorferi in acquiring
nymphs mirrored those of spirochetes within replete larvae (Fig.
1B).

We next used wide-field and confocal fluorescence microscopy
to compare the behavior of B. burgdorferi in acquiring and trans-
mitting nymphs at 72 h postplacement, the time point during
transmission when spirochetes form networks and traverse the
midgut (6, 19, 65, 72). When viewing images of fed midguts at this
late stage of feeding, one must be cognizant of the fact that the
epithelial surface is highly irregular and that the lumen is crowded
with hypertrophied and detached midgut digestive cells (4, 73, 74)
(see the cartoon in Fig. 2A). By epifluorescence microscopy of
whole-mount midguts (Fig. 2B), spirochetes within acquiring
nymphs were confined exclusively to the luminal surfaces of the
epithelium and the open spaces between protuberant digestive
cells. In contrast, spirochetes in transmitting nymphs formed con-
fluent networks that penetrated the full thickness of the epithe-
lium and, in some cases, reached the basement membrane (Fig.
2B, Transmission, arrows). By confocal microscopy (Fig. 2C), spi-
rochetes in acquiring nymphs followed the contours of the epithe-
lial cell surfaces without entering the intercellular spaces; no or-
ganisms were observed at or near the basement membrane. In
transmitting nymphs, spirochetes penetrated the entire epithelial
layer (arrows in Fig. 2C indicate spirochetes in proximity to the
basement membrane).

Hk1 and Rrpl function cooperatively to promote synthesis
of c-di-GMP and expression of c-di-GMP-dependent genes. Spi-
rochetes lacking either the sensory histidine kinase Hk1 (34) or its
putative response regulator, Rrpl (35, 36), are destroyed within
the midguts of larvae and nymphs during the blood meal. The
survival of B. burgdorferi Ahkl and Arrpl mutants in feeding ticks
was restored to wild-type levels by complementation with a wild-
type copy of the corresponding gene (34, 35). Although the sur-
vival defects of the B. burgdorferi Ahkl and Arrpl mutants are
indistinguishable (34-36), at present, there is no direct evidence
establishing that these components function cooperatively to pro-
mote the synthesis of c-di-GMP. We therefore used ultraperfor-
mance liquid chromatography in tandem with mass spectrometry
(48) to compare the intracellular levels of c¢-di-GMP in the B.
burgdorferi wild-type, Ahkl, and Arrp1 strains cultivated in vitro.
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FIG 1 Spirochetes acquired by naive nymphs are in an RpoS-off state. (A) Spirochete burdens in larvae and acquiring nymphs (Acq-Nym) fed on C3H/HeJ mice
infected with wild-type strain 297 (CE162) compared to those in infected transmitting nymphs (Trans-Nym) fed on a naive mouse. Genome copy numbers were
assessed by qPCR using a TagMan-based assay for flaB. Values represent the average number of flaB copies per tick = SEM from at least three biologically
independent experiments. (B) Transcript levels for prototypical RpoS-upregulated (ospCand dbpA) and -repressed (ospA, bb0240 [glpF], bba74, and bba62) genes
in replete larvae and acquiring and transmitting nymphs at 72 h postplacement compared to those in unfed (Flat) nymphs. Values represent the average copy
number *= SEM normalized per 100 copies of flaB. Statistical significance (P = 0.05) was determined using an unpaired ¢ test. *, P =< 0.0001.

As shown in Fig. 3A, we detected essentially no c-di-GMP in lysates
prepared from B. burgdorferi Arrpl, a finding which is consistent
with Rrp1 being the sole diguanylate cyclase in B. burgdorferi (37).
We also detected significantly (P < 0.05) lower levels of c-di-GMP
in the B. burgdorferi Ahkl mutant (Fig. 3A), further supporting the
notion that Hk1 is the cognate sensor kinase for Rrpl. Further-
more, we confirmed that Hk1, like Rrp1 (35, 43), is required for
expression of the glp operon (bb0240-bb0243). By qRT-PCR and
immunoblotting, both B. burgdorferi Ahkl and Arrpl mutants
expressed markedly reduced levels of bb0240 (glpF) and BB0243/GlpD,
respectively (Fig. 3B and C). ospA, like the glp operon, is transcribed by
0’ and repressed by RpoS within the mammalian host (12, 19, 24).
Thus, it was of interest to determine whether expression of ospA also is
upregulated by c-di-GMP. As shown in Fig. 3C and D, respectively, ospA
protein and transcript were expressed at wild-type levels in the B. burg-
dorferi Ahkl and Arrpl mutants.

c-di-GMP mediates a tick-adaptive survival program that in-
volves genes outside the glp operon. Previously, He et al. (35)
attributed the decreased survival of B. burgdorferi ArrpI to the loss
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of glp gene expression. However, constitutive high-level expres-
sion of the glp operon only partially restored the survival of the B.
burgdorferi Arrp]l mutant in feeding ticks (35). Moreover, we re-
ported (12) that B. burgdorferi lacking BB0243/GlpD, a glycerol-
3-dehydrogenase, is acquired by larvae at wild-type levels and ex-
hibits only a modest (3.5- to 5-fold) reduction in spirochete
burdens during transmission. We reasoned, therefore, that a side-
by-side comparison of B. burgdorferi wild-type, AhklI, Arrpl, and
Aglp isolates would more rigorously assess the extent to which glp
gene products contribute to survival and transmissibility in feed-
ing ticks. Because the B. burgdorferi Aglp isolate (Bb1452) used for
these studies has a slight infectivity deficit (=1 log unit) relative to
wild-type B. burgdorferi in mice infected by syringe (35), larvae
were infected by immersion (49) to ensure that each group con-
tained comparable spirochete loads prior to being fed on a naive
mouse. It is important to note that B. burgdorferi Ahkl and Arrpl
strains display identical survival defects in larvae infected by the
natural and immersion methods and that the survival of both
mutants can be restored to wild-type levels by complementation
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FIG 2 The RpoS-off state during acquisition imparts a Stay signal that promotes midgut colonization without dissemination. (A) Cartoon depicting the midgut
epithelium at 72 h postplacement as well as the orientation and location of the confocal optical sections shown in panel C. Abbreviations: LS, luminal surface; M,
midway through the epithelium; BM, basement membrane. (B) Representative images of whole-mount intact midguts infected with wild-type B. burgdorferi
strain 297 expressing GFP (Bb914) examined by epifluorescence microscopy during acquisition and transmission. The panels are color merges of fields
containing spirochetes (green), midgut epithelial cells stained with the lipophilic dye FM4-64 (red), and the nuclear dye DAPI (4',6-diamidino-2-phenylindole)
(blue) (6). The perimeters of midguts in the epifluorescence images are outlined in white. Arrows in the transmission epifluorescence image panels indicate
networks in close proximity to the basement membrane. (C) Representative Z-series confocal optical sections (1 pm) obtained by imaging of midguts isolated
at 72 h postplacement. The leftmost panels depict composite images obtained through the full thickness of the midgut epithelium (basement membrane to
luminal surface), while 3-pwm composite images are used to show spirochetes at the luminal surface, midway through the epithelium, and at the basement

membrane, as depicted in panel A. Arrows in the transmission series indicate spirochetes at the basement membrane. Bars = 25 pm.

(34, 35). Whereas He et al. (35) saw a substantial (10- to 15-fold)
decrease in burdens for larvae infected with the Aglp mutant com-
pared to larvae infected with wild-type B. burgdorferi, we saw only
a modest (~3-fold; P = 0.0001) difference between these two
strains by either qRT-PCR (Fig. 4A) or qPCR (see Fig. S1 in the
supplemental material). This difference paled in comparison to
the 50- and 180-fold lower burdens in larvae infected with B. burg-
dorferi Ahkl and Arrp] mutants, respectively (Fig. 4A; see also Fig.
S1 in the supplemental material). Furthermore, by immunofluo-
rescence assay, there was no appreciable difference in spirochete
burdens in midguts from replete larvae infected with the B. burg-
dorferi wild-type and Aglp isolates, while B. burgdorferi AhkI and
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Arrpl isolates were rarely observed (Fig. 4B). Moreover, following
the molt, B. burgdorferi Aglp-infected nymphs transmitted infec-
tion to naive mice, although not quite at wild-type levels, on the
basis of culturing of skin from the bite site at the time of repletion
and serology and culturing of ear tissue at 4 weeks after the drop-
off (Table 1). The relatively small decrease in transmission and
infectivity that we observed for the B. burgdorferi Aglp mutant is
consistent with this strain having only a slight infectivity deficit in
mice when it is inoculated by syringe (35). In contrast, none of the
mice fed on by B. burgdorferi Ahkl- or Arrpl-infected nymphs
seroconverted or were culture positive at the time of repletion
(bite site) or 4 weeks after drop-off (ear tissue) (Table 1).
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FIG 3 HklI and Rrp1 function cooperatively to promote the synthesis of c-di-GMP and expression of c-di-GMP-dependent genes. (A) Intracellular levels of
c-di-GMP in whole-cell lysates from B. burgdorferi wild-type (Bb1399), Ahkl (Bb1197), and Arrpl (Bb1451) strains grown in vitro following a temperature shift
from 23°C to 37°C (three biological replicates per strain), as measured by UPLC/MS/MS (135). The statistical significance of the difference in the results between
the wild-type parent and each mutant was determined using an unpaired ¢ test. ns, not significant. (B) Transcript levels for bb0240 (glpF) in B. burgdorferi
wild-type, AhkI, and Arrpl strains assayed by qRT-PCR. Values represent the average transcript copy numbers for bb0240 (glpF) = SEM normalized per 100
copies of flaB from at least three biological replicates. Statistical significance was determined by comparing the average normalized copy number values for either
mutant with those for the wild-type parent. (C) Whole-cell lysates from B. burgdorferi wild-type, Ahkl, and Arrp1 strains grown to late logarithmic phase in vitro
following a temperature shift from 23°C to 37°C were separated by SDS-PAGE and immunoblotted using antisera against FlaB (loading control), OspC, OspA,
and GlpD. (D) Transcript levels for ospA in B. burgdorferi wild-type, Ahk1, and Arrp1 strains grown to late logarithmic phase in vitro following a temperature shift.
Values represent the average transcript copy numbers for ospA * SEM normalized per 100 copies of flaB from at least three biological replicates.

Defining the Rrp1 regulon in vitro by comparative RNA-Seq.
The data presented above established that the B. burgdorferi Ahkl

phenotypes requires an accurate and comprehensive catalog of
genes whose expression is modulated by c-di-GMP. Because the B.

and Arrpl mutants have a far more severe survival defect in replete
larvae than the B. burgdorferi Aglp mutant. Thus, while glycerol
uptake and utilization contribute to spirochete survival within the
tick, c-di-GMP-regulated genes outside the glp operon appear to
be required by B. burgdorferi to withstand the tick blood meal. We
reasoned, therefore, that an understanding of the AhkI and Arrpl

burgdorferi Ahkl and Arrpl mutants are eliminated from larvae
and nymphs at the onset of the blood meal, it is not possible to
perform comparative transcriptomics on either mutant in feeding
ticks. Instead, we took advantage of the fact that this TCS is active
in vitro. Two prior studies (35, 43), both of which used microarray
analysis to define the Rrp1 regulon, yielded highly discrepant data
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FIG 4 Loss of glp gene expression alone cannot account for the survival defect of the B. burgdorferi Ahk1 and ArrpI mutants during tick feeding. (A) Burdens were
assessed by qRT-PCR using a TagMan assay for flaB and normalized per 1,000 copies of tick 3-actin. Bars represent the mean = SEM for each isolate. Statistical
significance was determined by comparing the average value for either mutant to that for its wild-type parent. *, P < 0.0001. Similar results were obtained by
qPCR using DNA extracted from parallel pools of replete larvae (see Fig. S1 in the supplemental material). (B). Representative immunofluorescence images of
larvae infected with the designated isolate and fed to repletion on naive C3H/HeJ mice; spirochetes (green) were detected using FITC-conjugated anti-Borrelia
antibody. Bars = 20 pm.
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TABLE 1 B. burgdorferi Aglp-infected nymphs transmit infection to
naive mice

No. of infected

. mice/total no. of
No. of bite sites

TABLE 2 Validation of RNA-Seq data by gRT-PCR

Fold change in expression between WT and the
indicated mutant by”:

qRT-PCR

L mice tested 4 wk RNA-Seq for
with infected e
after drop-offby™:  Gene Arrp] mutant Arrp] mutant Ahkl mutant
nymphs/no. of
bite sites Ear ospC (bbb19) 1.55 —2.03 —1.01
Strain Description analyzed™” Serology  biopsy ~ bb0021 —3.66 —4.47 —1.32
Bb1399  WT 5A4 NP1 parent  18/18 33 313 ”Z“lixzbé};igl 16) 1_12;17 1_26'22 3_16;96
Bb1197  5A4 NP1 Ahkl 0/16¢ 013 073 glPK( " 241) o 12'77 "
Bb1451  5A4 NP1 Arrpl 0/12 0/3 0/3 8 IPD ( ! bgz43) 1(2)'38 112; 26‘22
Bb1452  5A4 NP1 Aglp 9/18 2/3 2/3 glpD ( ) . ' )
—— L : : bb0323 233 1.88 2.47
hThe sklr; of CSII;‘I/HQ .mlce (6fs;tes Per mouse) w(flas exlas?d from Fhe site ?t ~48 to 72 bb0629 221 6.69 —~1.05
b postrepletion. minimum of 2 mice were tested per isol 'ate per time point. bosR (bb0647) 1.56 1.41 1.23
Cultures were monitored for spirochetes by dark-field microscopy for at least 4 weeks.
cg Lo . . bb0680 2.14 5.29 1.15
erology and ear biopsies were performed at 4 weeks postrepletion. Ear tissues were
cultured in BSK-II medium containing the appropriate antibiotics. rpoS (bb0771) 3.35 1.64 —L14
4 Two cultures were discarded due to contamination. spoVG (bb0785) 3.00 3.05 6.30
arcA (bb0841) 2.40 1.11 —1.58
bba07 3.60 2.84 2.45
sets. Consequently, we undertook our own reassessment of the — o0spA (bbal5) 1.05 —1.20 —1.30
Rrp] regulon using RNA-Seq, which provides an unbiased survey — 4bpA (bba24) —1.07 —1.83 —140
of transcripts over an extremely broad, dynamic range (75, 76). bbas2 281 3.80 2.3
. . . . . bbas57 2.68 1.65 4.13
Prior to generating Illumina TruSeq libraries, we confirmed that
. . . . bba59 2.10 3.69 6.00
all three biological replicates of the wild-type parent (Bb1286) 196.6 (bba6?) 231 267 198
expressed highly similar levels of Rrpl a}nd the Rrpl-dependent ) - 260 205 1.95
gene product BB0243/GlpD (see Fig. S2 in the supplemental ma- .74 751 6.12 12.36
terial); as expected, neither protein was detected in the Arrpl mu-  jualX-2 (bbb29) 2.19 6.01 10.84
tant (strain Bb1520). At the outset, we validated our RNA-Seq  vbh28 2.79 6.97 6.92
data (presented in their entirety in Table S2 in the supplemental ~ bbo39 3.44 3.44 —1.30
material) by performing qRT-PCR on a diverse panel of 28 genes ~ bbp38 3.76 3.47 1.50
using RNAs extracted from B. burgdorferi wild-type and Arrp1 ~ bba47 2.60 2.67 —3.22
ospE 3.02 3.23 1.89

isolates cultivated in vitro following a temperature shift. In almost all
cases, the differences in transcript levels between the B. burgdorferi
Arrpl and wild-type isolates were comparable (R* = 0.7904) to
those observed by RNA-Seq (Table 2; see also Fig. S3 in the sup-
plemental material). With only a few exceptions, the expression
profiles of the AhkI and ArrpI mutants were highly similar (Table
2; see also Fig. S3 in the supplemental material), providing further
evidence that Hk1 is the cognate sensor kinase for Rrp1.

The Rrp1 regulon contained 219 differentially expressed genes
(see Table S2 in the supplemental material): 161 expressed at
higher levels (i.e., upregulated by c-di-GMP) and 58 expressed at
lower levels (i.e., downregulated by c-di-GMP) in the wild type
than in B. burgdorferi Arrp1. Of the two prior microarray analyses
(35, 43), our RNA-Seq data aligned most closely with those of He
etal. (35) (~35% concordance, compared to a 20% concordance
with the RNA-Seq data of Rogers et al. [43]). The low concordance
between data sets likely reflects differences in the isolates (5A4
NP1 versus A3) and methodology (RNA-Seq versus microarray
analysis) used in each study. However, all three studies are in
agreement regarding a role for c-di-GMP in modulating the ex-
pression of the glp operon, the OspE, OspF, Elp, and Mlp lipopro-
teins encoded on the cp32 plasmids, and inner membrane (IM)-
associated Bdr paralogs (see below).

Cell envelope-associated gene products. Remarkably, 85 of
the 219 genes differentially regulated by c-di-GMP encode pro-
teins that are known or predicted to be associated with the spiro-
chetal cell envelope (Table 3).

(i) Lipoproteins. c-di-GMP upregulated the expression of
multiple lipoproteins belonging to the ospE, ospF, elp, and mlip
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“ See Fig. $3 in the supplemental material for a graphical display of these data.

families (1). Importantly, RNA-Seq, unlike 70-mer glass slide mi-
croarrays, enabled us to unambiguously distinguish between
closely related paralogs within each lipoprotein family (77-79).
Members of the OspE family, also referred to as BbCrasps, have
been shown to inhibit complement-mediated lysis by binding
complement factor H (CFH) and CFH-related proteins (1, 80,
81), while the functions of the OspF, Elp, and Mlp families remain
to be determined. bb0323 encodes an OM-associated lipoprotein
that interacts with peptidoglycan via a C-terminal LysM domain
and is well expressed in feeding larvae and nymphs (82). BB0323-
deficient B. burgdorferi isolates display an aberrant OM organiza-
tion and cell division in vitro and reduced infectivity in mice and
do not survive the blood meal or get transmitted by nymphs (82,
83). bba62 encodes Lp6.6, an OM-associated lipoprotein that ap-
pears to be required throughout the tick phase of the enzootic
cycle (32, 84). B. burgdorferi, an absolute amino acid auxotroph,
acquires amino acids and oligopeptides from the host via an ABC
transporter oligopeptide permease (Opp) system (15, 85). Inter-
estingly, two of B. burgdorferi’s five OppA substrate-binding lipo-
proteins (encoded by bbb16 [oppAIV] and bba34 [oppAV]) were
differentially regulated by c-di-GMP but in an opposing manner:
oppAIV was upregulated, while oppAV, the only RpoS-dependent
oppA paralog (24, 86), was downregulated. Only two other lipo-
proteins (encoded by bb0298 and bb0542) were downregulated by
c-di-GMP. Both of these contain tetratricopeptide repeats (TPRs),
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Fold change in
regulation”
Protein and gene Symbol Description® (WT/ArrpI)
Putative/known lipoproteins
bba32 Hypothetical protein NE
bba60 Surface lipoprotein P27 10.14
bbm28 mlpF  MIpF 7.63
bbq35 mip] Mlp] 6.91
bbs30 mlpC ~ MIpC 6.59
bbo39 erpL ErpL 6.05
bbq03 Lipoprotein 6.04
bbp28 mlpA  MIpA 5.99
bbb27 Hypothetical protein 5.89
bbo28 mlpG ~ MlpG 5.52
bbs41 erpG ErpG 5.12
bbb08 Hypothetical protein 4.58
bbl40 erpO ErpO 4.52
bbi28 mipH ~ MIpH 4.30
bbil6 Hypothetical protein 4.01
bbm27 revA Rev protein 3.96
bbo40 erpM  ErpM 3.94
bbp39 erpB ErpB 3.90
bbn28 mipl Mlpl 3.85
bbp38 erpA  ErpA 3.76
bbl39 erpN ErpN 3.14
bbn38 erpP ErpP 3.02
bbn39 erpQ ErpQ 2.99
bbk48 Immunogenic protein P37 2.94
bba04 S2 antigen 2.94
bba07 chpAl ~ ChpAl protein 2.93
bbblie oppAIV  ABC-type oligopeptide transport (Opp) system periplasmic solute-binding protein component OppAIV 2.80
bba05 S1 antigen 2.77
bba57 Lipoprotein 2.68
bbb09 Hypothetical protein 2.65
bba73 P35 antigen, putative 2.60
bbq47 erpX ErpX 2.60
bba69 Hypothetical protein 2.57
bbe31 P35 antigen, putative 2.53
bba66 Lipoprotein 2.46
bbr42 erpY ErpY 2.45
bbi42 Hypothetical protein 2.41
bb0323 LysM domain-containing protein 2.33
bba62 Ip6.6 Lipoprotein 2.31
bbk49 Hypothetical protein 2.30
bbr28 mlpD ~ MlpD 2.23
bbp27 revA Rev protein 2.23
bbk50 P37 immunogenic protein 2.14
bba59 Lipoprotein 2.10
bba6s Lipoprotein 2.09
bb0689 Hypothetical protein 2.09
bba34 oppAV  ABC-type oligopeptide transport system (Opp) periplasmic solute-binding protein protein component OppAV  —2.29
bb0298 TPR domain-containing protein —2.08
bb0542 TPR domain-containing protein —2.03
Inner membrane-associated proteins
bb0240 glpF Glycerol uptake facilitator 11.94
bbq34 bdrw  BdrW 6.66
bbs29 bdrF BdrF 3.46
bbn27 bdrR BdrR 3.38
bbb04 chbB PTS system, chitobiose-specific EIIC component 3.10
bbb03 resT Telomere resolvase 3.01
bbl35 bdrO  BdrO 2.61
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TABLE 3 (Continued)

Fold change in
regulation”
Protein and gene Symbol Description® (WT/ArrpI)
bb0409 Hypothetical protein 2.58
bb0591 Competence locus E, putative 2.56
bbp34 bdrA BdrA 2.43
bb0631 Hypothetical protein 2.31
bbq42 bdrv BdrV 2.23
bbs37 bdrE BdrE 222
bb0629 fruA-2  PTS system, mannose-specific EITABC component 2.21
bbb29 malX-2  PTS system, GlcNAc/glucose-specific EITABC component 2.19
bbi38 Hypothetical protein 2.07
bbh13 Hypothetical protein 2.04
bbj41 P35 antigen, putative 2.02
bb0373 Hypothetical protein —6.37
bb0580 Conserved hypothetical integral membrane protein —6.13
bb0694 ffh Signal recognition particle protein —3.44
bb0397 Putative inner membrane protein —2.90
bb0442 Putative membrane protein insertase —2.40
bb0146 proV Glycine betaine, L-proline ABC transporter, ATP-binding protein —2.36
bbol16 malX-1 PTS system, GlcNAc/glucose-specific EIIABC component —2.27
bb0754 ABC transporter, ATP-binding protein —2.13
bb0170 Hypothetical protein —2.07
bb0089 Hypothetical protein —2.04
Putative outer membrane-spanning and periplasmic proteins
bba74 bba74  Outer membrane-associated periplasmic protein 7.51
bbi3l P13 porin paralog 5.21
bbq06 P13 porin paralog 4.33
bbh41 P13 porin paralog 3.77
bba52 Putative periplasmic protein 2.81
bb0418 dipA Dicarboxylate-specific porin A 2.47
bb0624 Hypothetical protein —2.25
bb0794 Hypothetical protein —2.06

% Annotations and gene product descriptions are based on those provided by the Spirochetes Genome Browser (sgb.fli-leibniz.de).
b Fold regulation based on RNA-Seq. See Table S2 in the supplemental material for the complete data set. NE, not expressed by the B. burgdorferi Arrpl mutant.

ubiquitous structural motifs thought to mediate protein-protein
interactions (87).

(ii) IM-associated proteins. Fighteen gene products upregu-
lated by c-di-GMP, including 7 Borrelia direct repeat (Bdr) proteins
(88-90), are predicted to localize to the spirochete’s IM. While the
function(s) of the Bdr paralogs has yet to be determined, the pres-
ence of a putative serine-threonine phosphorylation domain led
Marconi and colleagues (88, 89) to suggest that they play a possible
role in cell signaling. The downregulation of bb0146 (proV), encoding the
ATPase component of a glycine betaine, L-proline ABC transporter, is
particularly noteworthy. Glycine betaine, an osmoprotectant (91), has
been shown to negatively affect bacterial growth under conditions when
ATP is limiting (91), as is likely the case for B. burgdorferi in the tick
midgut.

(iii) Outer membrane-spanning and periplasmic proteins.
At least four genes upregulated by c-di-GMP encode known or
putative porins: DipA (encoded by bb0418) (92) and the three P13
paralogs (encoded by bbh41, bbi31, and bbq06) (93). P13 paralogs
are thought to function as general diffusion porins, while DipA
has a high affinity for dicarboxylates, including glutamate and
pyruvate (92), which may help protect B. burgdorferi against oxi-
dative damage within the fed midgut milieu. On the basis of bioin-
formatics analyses (see Materials and Methods), two additional
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genes (bb0624 and bb0794) upregulated by c-di-GMP are pre-
dicted to encode OM-spanning (i.e., B-barrel) proteins. bba74,
formerly 0ms28, encodes a periplasmic protein of unknown func-
tion that is expressed exclusively during tick feeding and repressed
by RpoS within the mammal (38, 94).

Metabolism and physiology. c-di-GMP upregulated the ex-
pression of bb0622 (ackA), the acetate kinase required to generate
acetyl phosphate (acetyl-P), the high-energy phosphate donor re-
sponsible for activation of the RpoS pathway via Rrp2 (18).
Acetyl-P also serves as the substrate for phosphate acetyltrans-
ferase (Pta), which gives rise to acetyl coenzyme A (acetyl-CoA),
an important intermediary metabolite for cell wall synthesis via
the mevalonate pathway (18, 95). Interestingly, two genes, bb0683
and bb0685, encoding 3-hydroxyl-3 methylglutaryl (HMG)-CoA
synthase and reductase, the enzymes responsible for the second
and third steps within the mevalonate pathway, respectively (95),
were downregulated by c-di-GMP. Recently, we reported that
genes within the mevalonate pathway are expressed at higher
levels in dialysis membrane chambers (DMCs) than in fed nymphs
(42), a finding that is consistent with their expression being sup-
pressed by c-di-GMP. Five genes encoding phosphotransferase sys-
tem (PTS) sugar transporter (EII) components for mannose
(bb0629), chitobiose (bbb04 to bbb06), and GlcNAc (bbb29 [malX-2])
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FIG 5 The c-di-GMP effector protein PlzA is required for expression of the glp
operon. Transcript levels for bb0240 (glpF) in a wild-type (WT) B. burgdorferi
strain (Bb1286) and the B. burgdorferi AplzA isolate (Bb1548) grown to late
logarithmic phase following a temperature shift in vitro. Values represent the
average transcript copy numbers for glpF = SEM normalized per 100 copies of
flaB.*, P < 0.0001.

(14, 96) were upregulated by c-di-GMP, while bb0116 (malX-1), en-
coding a second putative GIcNAc transporter (14), was downregu-
lated. B. burgdorferi also expressed higher levels of amylomaltase
(bb0166 [malQ]) in response to c-di-GMP; however, this gene is
not required by B. burgdorferi to complete its enzootic cycle (97).
Lastly, we saw increased expression of bb0084, encoding a putative SufS-
like cysteine desulfurase involved in Fe-S cluster biosynthesis (98), in re-
sponse to c-di-GMP. Increased levels of BB0084 may enhance redox
sensing by B. burgdorferi and/or counteract redox-related stress
during tick feeding (99). The presence of this enzyme argues, con-
trary to the report by Posey and Gherardini (100), that B. burgdor-
feri contains iron; of note, Wang et al. (101) recently confirmed,
using high-resolution mass spectrometry, iron uptake by B. burg-
dorferi.

Gene regulation. Little is known about the mechanism(s) by
which c-di-GMP modulates gene expression in B. burgdorferi. To
date, only one c-di-GMP-binding protein, BB0733/PIzA, has been
identified in B. burgdorferi (102, 103). Because PIzA lacks a readily
identifiable DNA-binding domain, it is presumed to act via an as
yet unknown partner. The B. burgdorferi AplzA mutant was found
by qRT-PCR to express significantly lower levels of bb0240 (gIpF)
in vitro than the wild-type parent (Fig. 5), thereby confirming a
role for this novel effector protein in modulating transcription in
B. burgdorferi. Interestingly, expression of plzA was downregu-
lated by c-di-GMP, suggesting the existence of a regulatory circuit
in which high levels of c-di-GMP promote the allosteric activation
of PlzA (and increased expression of PlzA-dependent genes),
while at the same time negatively regulating the expression of plzA.
The B. burgdorferi genome encodes only a small number of puta-
tive trans-acting factors. Two of these (bb0785 [spoVG] and
bb0693 [badR]) were differentially regulated by c-di-GMP.
bb0785, which was upregulated by c-di-GMP, encodes the re-
cently described DNA-binding protein SpoVG (104). The pro-
moter targets for SpoVG have yet to be defined. bb0693, encoding
the carbohydrate-responsive repressor protein BadR (105), was
downregulated by c-di-GMP. BadR has been linked to repression
of the chitobiose transporter genes (bbb04 to bbb06) (105); thus, it
is possible that the increased expression of chitobiose genes in the
wild type compared to that in B. burgdorferi Arrp1 is due to the loss
of BadR-mediated repression.
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Expression of Hk1l/Rrpl-regulated genes by wild-type B.
burgdorferiis enhanced in feeding ticks compared to mammals.
The dramatic survival defect of the B. burgdorferi Ahkl and Arrpl
mutants in ticks led us to hypothesize that the Hk1/Rrpl TCS
controls the expression of genes required to counter noxious sub-
stances encountered within the midgut during the blood meal
(34). As noted above, it is not possible to perform comparative
transcriptomics on either mutant in feeding ticks. Thus, to better
understand when during the enzootic cycle these genes function,
we performed qRT-PCR on a broad panel of c-di-GMP-upregu-
lated genes identified by RNA-Seq using RNAs isolated from wild-
type strain 5A4 NP1 (Bb1286) within replete larvae, engorged
nymphs, and DMCs. As shown in Fig. 6A to C, all 18 c-di-GMP-
upregulated genes examined were expressed at significantly higher
levels in fed larvae and/or nymphs than in DMCs. Five of the
c-di-GMP-upregulated genes examined (Fig. 6B) are repressed by
RpoS within the mammal (19, 24, 46), and as such, their decreased
expression in DMCs is likely due to a combination of decreased
c-di-GMP- and RpoS-mediated repression. Interestingly, we de-
tected higher transcript levels for all 18 c-di-GMP-upregulated
genes in transmitting nymphs than acquiring larvae (Fig. 6A and
B), a surprising dichotomy, given that the pronounced survival
defects of the B. burgdorferi AhkI and Arrpl mutants in these two
tick life stages are indistinguishable (34, 35). Presumably, in-
creased expression of these genes reflects the presence of higher
levels of c-di-GMP.

c-di-GMP enhances expression of select RpoS-dependent
genes during transmission. Lastly, we sought to gain additional
insight into whether ¢-di-GMP modulates RpoS-dependent gene
expression during the enzootic cycle. We began by comparing the
Rrp1 regulon, defined herein by RNA-Seq, with the RpoS regulon,
defined previously by microarray using strain 297 ArpoS (24), to
determine the extent to which the Rrpl and RpoS regulons over-
lap. This comparison yielded 41 c-di-GMP-upregulated genes
whose expression requires RpoS (see Table S2 in the supplemental
material). Because the RpoS regulon for the B31 strain (5A4 NP1)
used herein has not been defined, we used published microarray
data (106) for a B31 5A4 NP1 Arrp2 mutant to identify RpoS-
dependent genes common to both B31 and 297; of note, Rrp2 is
absolutely required for RpoN-mediated transcription of rpoS in B.
burgdorferi (107). Of the 24 c-di-GMP-upregulated genes that
appear to be transcribed by RpoS in both 297 and B31 (see
Table S2 in the supplemental material), three (bb0680, bba07,
and bba73) were selected for expression profiling analysis by
qRT-PCR in replete larvae, engorged nymphs, and DMCs. As
shown in Fig. 6C, none was expressed in fed larvae, a result
entirely consistent with B. burgdorferi being in an RpoS-off state
during acquisition (Fig. 1B). On the other hand, all three RpoS-
dependent genes were expressed by B. burgdorferi in engorged
nymphs and DMCs (Fig. 6C), the two stages in which RpoS is in
the on state (1, 17). Surprisingly, we saw significantly higher tran-
script levels for all three genes in nymphs compared to DMCs (Fig.
6C). This finding prompted us to assess transcript levels for ospC
and dbpA, two RpoS-dependent genes that function exclusively
within the mammal (19, 66, 108-112) and whose expression is
unaffected by c-di-GMP (see Fig. S3 in the supplemental mate-
rial). As shown in Fig. 6D, ospC and dbpA were expressed at similar
or significantly higher levels in DMCs, respectively, compared
with their levels of expression in nymphs.
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A. Genes upregulated by c-di-GMP alone
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FIG 6 Contours of c-di-GMP-mediated gene regulation throughout the enzootic cycle. QRT-PCR of genes that are upregulated by c-di-GMP alone (A),
upregulated by c-di-GMP but repressed by RpoS within the mammal (B), and transcribed by RpoS and upregulated by c-di-GMP (C) and of prototypical
RpoS-dependent genes that function within the mammal (D) was performed. cDNAs were generated from B. burgdorferi strain B31 5A4 NP1 (Bb1286) obtained
from replete larvae (Larvae), from engorged nymphs (Fed Nymph), and following cultivation within DMCs. Values represent the average transcript copy
number = SEM normalized per 100 copies of flaB. P was =<0.03 for larvae versus nymphs (*), larvae versus DMCs (**), and nymphs versus DMCs (#). RpoS
dependence is based on previously published results of microarray analyses comparing wild-type and RpoS-deficient strain 297 isolates (24) and comparing

wild-type and Rrp2-deficient strain 5A4 NP1 isolates (106).

DISCUSSION

Tick feeding provides Lyme disease spirochetes with the windows
of opportunity needed to transit between their mammalian reser-
voir host(s) and arthropod vector. During the acquisition and
transmission blood meals, B. burgdorferi, an extreme auxotroph,
must adapt physiologically to the fed midgut milieu, particularly
with respect to the use of alternate carbon sources (12—14). Spiro-
chetes also must cross physical barriers (i.e., peritrophic and base-
ment membranes) and evade the tick’s innate immune defenses,
which includes antimicrobial peptides and defensins, lysozyme,
agglutinins/lectins, complement-related molecules, and reactive
oxygen species (ROS) (4, 7-11). In order to migrate into and out
of the vector, Borrelia must sense and respond to chemotactic
signals encountered within the bite site and midgut, respectively
(113, 114). Two regulatory systems, the Hk1/Rrpl TCS and the
Rrp2/RpoN/RpoS pathway, are essential for orchestrating the ex-
pression of the gene products that B. burgdorferi requires to meet
the demands of its enzootic cycle (1, 17). The studies presented
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herein were undertaken to further our understanding of how
these genetic programs promote B. burgdorferi’s unique dual host
lifestyle. First, we sought to clarify how the RpoS-off state influ-
ences spirochete behavior during acquisition, when the Hk1/Rrp1
TCS is first activated. We next undertook a careful reassessment of
the Rrpl regulon by RNA-Seq to better ascertain how c-di-GMP
promotes spirochete survival within feeding ticks. Lastly, we used
qRT-PCR to examine the expression profiles of c-di-GMP-regu-
lated genes through the enzootic cycle. Results from these studies
add to a growing body of evidence for the regulatory interplay
between c-di-GMP and RpoS (115, 116).

Our previous designation of RpoS as the gatekeeper was based
on our finding that the absence of RpoS during acquisition allows
the derepression of tick-phase genes (19, 24, 46). In the present
study, confocal imaging revealed that wild-type spirochetes within
acquiring nymphs did not form adherent networks or penetrate the
midgut epithelium, two hallmarks of transmission (6, 19). By qRT-PCR,
we established that spirochetes within acquiring nymphs, like those in
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larvae, are in an RpoS-off state. Together, these data have enabled us to
extend our conceptualization of RpoS’s gatekeeper function. At the onset
of transmission, the synthesis of RpoS induces the tightly coordinated
expression of genes required for physiological adaptation to the blood
meal (i.e., cdr) (117), network formation (i.e., bba64) (118, 119), chemot-
actic migration out of the midgut (i.e., mcp-4 and mcp-5), and early
mammalian infection (i.e., ospC and dbpBA) (19, 66, 108). Collectively,
we liken the RpoS-on state to a Go signal for tick-to-mammal transmis-
sion (19). The RpoS-off state, on the other hand, appears to confer a stay
signal that promotes relatively superficial interactions between B. burg-
dorferi and the tick midgut epithelium. Recent microarray analy-
ses of B. burgdorferi within fed larvae and nymphs suggest that, like
the Go signal, the Stay signal involves a multitude of genes prod-
ucts involved in B. burgdorferi-tick surface interactions and met-
abolic adaption to the fed midgut (42). Our ability to use nymphs
as larval surrogates clearly demonstrates that the transcriptional
changes and migratory behavior associated with acquisition are
driven by the receptiveness of spirochetes to exogenous signals
encountered within the bite site rather than the tick life stage.

In addition to the behavioral changes brought on by the Stay
signal, acquisition requires activation of the Hk1/Rrp1-mediated
survival program. He et al. (35) attributed the killing of the B.
burgdorferi Arrpl mutant in feeding ticks primarily to a metabolic
deficit brought on by the inability to use glycerol as a carbon/
energy source. In our side-by-side comparisons, however, we saw a
marked difference in the survival and transmissibility between the B.
burgdorferi Aglp mutant and the B. burgdorferi Ahkl and Arrpl
mutants. Contrary to the findings of He et al. (35), we saw only a
modest decrease in the survival of the B. burgdorferi Aglp mutant
in replete larvae, and following the molt, B. burgdorferi Aglp-in-
fected nymphs transmitted infection to mice. Virtually no B. burg-
dorferi Ahkl and Arrpl mutant spirochetes survived the larval
blood meals, and none of the mice fed on by B. burgdorferi Ahk1-
or Arrpl-infected nymphs seroconverted. The ability of the Aglp
mutant to persist through the molt likely stems from the fact that
B. burgdorferi can generate glycerol-3-phosphate from an alterna-
tive pathway involving BB0368/GpsA, an sn-glycerol-3-dehydro-
genase, and the glycolytic intermediate dihydroxyacetone phos-
phate (12, 15). Collectively, our data demonstrate convincingly
that the protective effect of c-di-GMP extends beyond glycerol
utilization.

The borrelial OM is extremely fragile and easily disrupted by
physical manipulation and/or chemical agents, such as detergents
(120). Membrane lipids are also the primary target for ROS in B.
burgdorferi (7); oxidation of membrane lipids decreases mem-
brane fluidity and can lead to the formation of membrane blebs,
while lipid peroxides and their degradative products (e.g., alde-
hydes) can damage membrane-associated proteins, such as solute
transporters (7). During tick feeding, spirochetes encounter an
array of noxious substances, including salivary and midgut diges-
tive and host/tick innate immune defenses, such as complement,
antimicrobial peptides, and ROS (4, 7-11). Thus, one possible
explanation for the survival defect of the B. burgdorferi AhkI and
Arrpl mutants is that they are unable to fortify their cell envelopes
against these exogenous stressors. The Hk1/Rrpl TCS, either di-
rectly or indirectly, upregulates the expression of ~160 genes,
nearly half of which encode gene products associated with the cell
envelope. A substantial proportion of these c-di-GMP-upregu-
lated genes encode lipoproteins, including members of the OspE,
OspF, and Mlp families (1). The OspE paralogs are particularly
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noteworthy, given the function of these lipoproteins in protecting
against complement (80). One can easily envision the glp gene
products being part of this scenario, given that glycerol-3-phos-
phate is required for synthesis of the phospholipid precursor
phosphatidic acid (121), in addition to being an alternate carbon
source (12). It is worth noting that links between TCS and remod-
eling of the bacterial cell envelope in stressful milieus are well
documented, with Cpx in E. coli, PhoPQ in Salmonella enterica
serovar Typhimurium, and MprAB in Mycobacterium tuberculosis
being among the best-characterized examples (122-128).

Our genome-wide transcriptomic analyses also provided in-
sight into additional mechanisms whereby c-di-GMP-regulated
gene products could function, in addition to or alongside cell en-
velope remodeling, to promote survival within the fed tick milieu.
B. burgdorferi, an extreme autotroph, must acquire metabolites
and biochemical intermediates from the host (15). One important
component of B. burgdorferi’s pathogenic strategy, therefore, is
the ability to take advantage of alternate carbon and energy
sources throughout its enzootic cycle (12, 14, 15, 85, 96, 97). In
addition to the glp operon, c-di-GMP induced the expression of
general and specific porins, an oligopeptide substrate-binding
protein (OppAIV), and PTS sugar transporters specific for chito-
biose and GlcNAc. These data raise the possibility that metabolic
factors could be contributing, either directly or indirectly, to the
decreased survival of the B. burgdorferi Ahkl and Arrpl mutants in
ticks. Interestingly, many of the nutrients taken up by these c-di-
GMP-regulated gene products are involved in both intermediary
metabolism and cell wall biosynthesis. c-di-GMP also upregulated
ackA, encoding an acetyl phosphate kinase, which is required for
the synthesis of acetyl-CoA, an intermediary metabolite involved
in cell wall biosynthesis via the mevalonate pathway. In other bac-
teria, c-di-GMP is associated with the transition between motile
and sessile states (129). By RNA-Seq, two chemotaxis-related
genes, mcp-4 and mcp-5, were upregulated by c-di-GMP, while
two others, mcp-1 and cheA2, were downregulated. Consistent
with this finding, Rrp1-deficient B. burgdorferi displayed reduced
chemotaxis in vitro (36, 103). Sultan et al. (130) recently reported
that B. burgdorferi AmotB mutants, which retained their normal
flat-wave morphology but were unable to rotate their flagella,
showed decreased survival in feeding nymphs and did not get
transmitted to mice via tick bite (130). Thus, B. burgdorferi Ahkl
and Arrpl mutants may be unable to migrate to protective niches
within the midgut, such as the endoperitrophic space. Lastly, c-di-
GMP is known to exert its effector function by diverse mecha-
nisms, including posttranscriptional and posttranslational regu-
lation, riboswitches, and allosteric controls (129). Thus, it is
possible that the survival response mediated by c-di-GMP in B.
burgdorferi involves additional as yet unidentified borrelial con-
stituents and signaling pathways.

Given that the Hk1/Rrp1 TCS is required during both acquisi-
tion and transmission, we were surprised to see that all of the
c-di-GMP genes examined by qRT-PCR were expressed at signif-
icantly higher levels in fed nymphs than in larvae. Presumably,
increased expression of these genes reflects the presence of higher
levels of c-di-GMP within feeding nymphs. One implication of
these data is that spirochetes perceive the larval and nymphal en-
vironments differently. Our recent structural analysis of the Hk1
sensor (131) provides insight into how B. burgdorferi might regu-
late and/or fine-tune c-di-GMP synthesis in these two environ-
ments. Signal perception by the Hk1/Rrpl TCS is mediated by
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Hk1’s periplasmic sensor, which is comprised of three distinct
periplasmic substrate-binding protein (PBP) domains (34). Li-
gand binding by sensor PBPs is thought to induce a conforma-
tional change (e.g., from open to closed) within the histidine ki-
nase sensor which, when transmitted across the IM, activates the
histidine kinase core (132—134). Nonsynonymous amino acid dif-
ferences between the putative ligand binding pockets for Hk1’s
three sensor PBP domains suggest that each binds a different li-
gand (131). Thus, we envision at least two possible explanations
for the increased expression of c-di-GMP-regulated genes in lar-
vae versus nymphs. First, it is possible that the ligand(s) responsi-
ble for activating Hk1 is present in higher concentrations in
nymphs than in larvae. Alternatively, maximal activation of Hk1
may require a specific combination of host- and/or tick-derived
ligands that is present only during the transmission blood meal.
Of course, these two possibilities are not mutually exclusive. The
increased expression of c-di-GMP-regulated genes in nymphs
compared to larvae may reflect the need for enhanced protection
within the midgut of the more developed nymphal life stage.

Lastly, the studies presented herein provide provocative new
insight into how the Hk1/Rrp1 TCS and RpoS pathways interface
throughout B. burgdorferi’s enzootic life cycle. Using microarray-
based transcriptomics analyses of spirochetes within feeding ticks
and DMCs, we recently found that, rather than being induced en
masse, RpoS-mediated transcription of individual genes is subject
to hierarchical control mechanisms that are fine-tuned as trans-
mission progresses and spirochetes establish themselves within
the mammal (42). By comparing the RpoS and Rrpl regulons
defined by microarray analysis and RNA-Seq, respectively, we
identified a group of genes that appear to be transcribed by RpoS
and upregulated by c-di-GMP. The expression profiles of these
genes in fed nymphs and DMCs were strikingly different from
those of ospC and dbpA, two RpoS-dependent genes that are in-
duced during transmission but function within the mammal (19,
66, 108—-112). Taken together, these data lead us to hypothesize
that c-di-GMP selectively enhances the transcription of RpoS-
dependent genes that promote tick-to-mammal transmission. As
part of its gatekeeper function, RpoS also represses the expression
of 070—dependent tick-phase genes, including ospA, bba62, and the
glp operon, within the mammal. Although RpoS-mediated repres-
sion of these tick-phase genes begins during the transmission blood
meal, itis not complete until B. burgdorferi becomes fully adapted to
the mammalian host (19). Whereas we formerly attributed this
delayed repression to a requirement for additional mammalian
host-specific signals (24, 46), our finding that bba62 and the glp
operon are upregulated in the wild-type parent compared to the
Arrpl mutant raises the possibility that c-di-GMP antagonizes
RpoS-mediated repression within feeding ticks, perhaps by acting
allosterically on an RpoS-dependent repressor. Once B. burgdor-
feri is in the mammal, decreased levels of c-di-GMP would allow
unfettered repression of these tick-phase genes. Paradoxically, the
absence of c¢-di-GMP cannot explain the RpoS-mediated repres-
sion of 0spA in the mammal because, as shown herein, this gene is
not part of the Rrp1 regulon.
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