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The Lyme disease spirochete, Borrelia burgdorferi, is largely resistant to being killed by its hosts’ alternative
complement activation pathway. One possible resistance mechanism of these bacteria is to coat their surfaces
with host complement regulators, such as factor H. Five different B. burgdorferi outer surface proteins having
affinities for factor H have been identified: complement regulator-acquiring surface protein 1 (BbCRASP-1),
encoded by cspA; BbCRASP-2, encoded by cspZ; and three closely related proteins, BbCRASP-3, -4, and -5,
encoded by erpP, erpC, and erpA, respectively. We now present analyses of the recently identified BbCRASP-2
and cspZ expression patterns throughout the B. burgdorferi infectious cycle, plus novel analyses of BbCRASP-1
and erp-encoded BbCRASPs. Our results, combined with data from earlier studies, indicate that BbCRASP-2
is produced primarily during established mammalian infection, while BbCRASP-1 is produced during tick-
to-mammal and mammal-to-tick transmission stages but not during established mammalian infection, and
Erp-BbCRASPs are produced from the time of transmission from infected ticks into mammals until they are
later acquired by other feeding ticks. Transcription of cspZ and synthesis of BbCRASP-2 were severely
repressed during cultivation in laboratory medium relative to mRNA levels observed during mammalian
infection, and cspZ expression was influenced by culture temperature and pH, observations which will assist
identification of the mechanisms employed by B. burgdorferi to control expression of this borrelial infection-

associated protein.

Lyme disease spirochetes are maintained in nature by a cycle
of alternately infecting vertebrate hosts and Ixodes species
ticks. As an infected tick feeds on its host, Borrelia burgdorferi
is transmitted directly into the blood pool at the tick bite site.
Bacteria then spread via the bloodstream and by invasion of
host tissues to establish a chronic, disseminated infection (21,
64, 81). Spirochetes may later be acquired by additional ticks as
they take a blood meal from the infected host. Like many other
blood-borne pathogens, B. burgdorferi is naturally resistant to
the innate immune system of its hosts: as few as 20 organisms
can efficiently infect immunocompetent animals (11). The al-
ternative pathway of complement activation is an important
arm of vertebrate innate immunity, rapidly clearing susceptible
microorganisms from the host in the absence of antibody or
other aspects of acquired immunity (37). In culture, most in-
fectious isolates of B. burgdorferi are resistant to the alternative
pathway of complement activation (12, 13, 38, 74), which has
been associated with binding the host serum complement reg-
ulator factor H, enhanced breakdown of C3b and C3 conver-

* Corresponding author. Mailing address: Department of Microbi-
ology, Immunology, and Molecular Genetics, University of Kentucky
College of Medicine, MS 421 W.R. Willard Medical Education Build-
ing, 800 Rose Street, Lexington, KY 40536-0298. Phone: (859) 257-
9358. Fax: (859) 257-8994. E-mail: brian.stevenson@uky.edu.

¥ Published ahead of print on 11 June 2007.

4227

tase, and prevention of membrane attack complex formation
(6, 44). Serum-resistant strains of B. burgdorferi produce sev-
eral distinct outer-surface proteins, termed “BbCRASPs” (B.
burgdorferi complement regulator-acquiring surface proteins),
that are able to bind host factor H (43, 44). The ability of B.
burgdorferi to bind host factor H to its surface is apparently not
the only mechanism by which the Lyme disease spirochete
evades host complement in vivo, since mice deficient in
factor H are infected to the same degree as wild-type ani-
mals (80). Nevertheless, at least two BbCRASPs contribute
to complement resistance in vitro (14, 29) and have there-
fore been hypothesized to play important roles in the mul-
titiered defense system that protects the pathogen from
clearance by its host.

The B. burgdorferi type strain, B31, produces five distinct
BbCRASPs. BbCRASP-1 is encoded by cspA, located on an
~54-kb linear DNA element named Ip54 (40). All examined
Lyme disease spirochetes carry multiple paralogous genes re-
lated to cspA, although only the cspA gene product is capable
of binding factor H (19, 27, 42, 79). The gene encoding
BbCRASP-2, cspZ, was recently identified as being located on
a separate linear DNA element, 1p28-3, and unlike all the other
BbCRASP-encoding genes, B. burgdorferi does not carry any
additional genes paralogous to cspZ (19, 27, 29). BbCRASP-3,
-4, and -5 are each members of the Erp paralog family, named
ErpP, ErpC, and ErpA, respectively (4, 5, 19, 33, 39, 41, 51, 66,
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69). All Lyme disease spirochetes naturally maintain 6 to 11
distinct episomal prophages, known as cp32s, each of which
carries a mono- or bicistronic erp locus (65, 71). Strain B31
carries three identical copies of erpA4, on prophages cp32-1,
cp32-5, and cp32-8, and one copy each of erpC and erpP, on
cp32-2 and cp32-9, respectively (19, 20, 69). Erp paralogs of
other B. burgdorferi strains known to bind factor H have been
given various names, including OspE, p21, and Erp41 (2, 5, 33,
46, 67). Some publications have referred to the strain B31
BbCRASPs by the open reading frame (ORF) numbers as-
signed to genes following sequencing and annotation of the
genome of a strain B31 subculture, which are presented here to
aid cross-referencing: cspA is ORF BBAG6S, cspZ is ORF
BBHO6, the cp32-1 erpA gene is ORF BBP38, the cp32-8 erpA
gene is ORF BBL39, and erpP is ORF BBN38 (19, 27). The
sequenced B31 subculture had lost ¢p32-2 and cp32-5, so erpC
and the cp32-5 erpA gene do not have ORF numbers (19).

Factor H consists of 20 repeated motifs, termed short con-
sensus repeats (SCRs) (83). BbCRASP-1 and -2 both bind
primarily to SCR 7, while the Erp-BbCRASPs bind only to the
carboxy-terminal SCR 20 (29, 33, 40, 43-45). These different
affinities may have important consequences: factor H in solu-
tion has a compact structure, with only the carboxy-terminal
ligand-binding sites exposed, but binding of factor H via the
carboxy terminus unfurls the protein to permit interactions
between internal SCRs and their ligands (7, 58). Thus, Erp-
BbCRASPs may provide initial binding of factor H, while
BbCRASP-1 and/or -2 then facilitates additional binding of the
host protein. Cultured B. burgdorferi that lacks cspA is sensitive
to killing by the alternative pathway of complement activation,
even when such bacteria carry cspZ and one or more
BbCRASP-encoding erp genes (14, 59). Moreover, comple-
mentation of a cspA deletion mutant with a copy of the wild-
type gene restored in vitro complement resistance (14). In
studies of cultivated B. burgdorferi, Erp proteins by themselves
do not provide complement resistance: a mutant of strain B31,
B31-e2, lacks all BbCRASP-encoding genes except cspA plus
one copy of erpA but is as resistant to complement as its
wild-type parent, whereas a sibling cspA cspZ mutant, B313,
carries erpC and one copy of erpA yet is extremely sensitive to
killing by complement (references 9, 29, and 85 and our un-
published results). Transformation of mutant B313 with a wild-
type copy of cspZ provided partial resistance to complement in
vitro (29). However, studies have yet to be performed on erp-
deficient bacteria to examine the ability of BPCRASP-1 or -2 to
function in the complete absence of Erp-BbCRASPs, so the
possibility of cooperation between those borrelial surface pro-
teins cannot be ruled out. As an additional caveat, the relative
importance of each gene during infection processes is un-
known, since neither cspA, cspZ, nor all the erp genes have
been specifically deleted from an otherwise infectious bacte-
rium.

Why does B. burgdorferi encode multiple distinct but appar-
ently redundant proteins that can bind host factor H? It is well
known that B. burgdorferi produces different proteins during
the various stages of its mammal-tick infectious cycle, which
suggested to us that BbCRASPs may function at different
times. The expression patterns of BbCRASP-1 and Erp pro-
teins during the infectious cycle are reasonably well character-
ized (53-56, 65, 70, 75). With the recent identification of cspZ
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as encoding BbCRASP-2 and the subsequent development of
BbCRASP-2-specific antisera (29), we were able to examine
the transcription of this gene and the synthesis of its protein
throughout the B. burgdorferi mammal-tick infectious cycle. In
vitro studies of cspZ and other BbCRASP-encoding genes
were also performed to help elucidate mechanisms by which
BbCRASP levels are controlled. Results from these studies
indicate unique regulatory mechanisms for each class of
BbCRASP that result in distinct in vivo expression profiles.

MATERIALS AND METHODS

Bacterial strains and growth conditions. B. burgdorferi strain B31-MI-16 is a
clonal derivative of B31-MI, the nonclonal culture of type strain B31, whose
complete genome sequence has been determined (19, 27, 55). B31-MI-16 con-
tains all the plasmids of culture B31-MI and is fully infectious for both mice and
ticks (55). Strain B31-A3 is a distinct clonal derivative of strain B31 (25). Strains
B31-A3ntrA and B31-A3rpoS are ArpoN (ntrA) and ArpoS derivatives, respec-
tively, of strain B31-A3 (25, 26). All B. burgdorferi strains were grown in modified
Barbour-Stoenner-Kelly (BSK-II) medium (84). Media used to study the effect of
environmental pH were supplemented with 25 mM HEPES and buffered to pH
values of either 6.5, 7.0, or 8.0 (18), and the pH values of the media were again
measured following cell harvesting. Bacterial cultures were grown at either 34°C
or 23°C or shifted from 23 to 34°C, as required (68).

To test the effects of the culture pH, temperature, or sigma factor mutations
on gene expression, three independent cultures for each condition or bacterial
strain were grown to densities of approximately 107 bacteria per ml, harvested by
centrifugation, and washed twice with phosphate-buffered saline (PBS). cDNAs
and whole-cell lysates were produced from each culture as described below.

Infection of mice and ticks. Eight female BALB/c mice were infected by
subcutaneous injection of 10* B31-MI-16 bacteria from a mid-exponential-phase
34°C culture. Seven days later, the mouse infection status was assessed by inoc-
ulation of a 1-mm? ear biopsy specimen from each animal into BSK-II medium
containing antibiotics (phosphomycin and rifampin) and antifungal agents (am-
photericin B) (Sigma, St. Louis, MO). The biopsy cultures were examined 10
days later by dark-field microscopy. These mice then served to infect Ixodes
scapularis larvae as described below.

Egg masses laid by pathogen-free 1. scapularis ticks were obtained from the
Department of Entomology, Oklahoma State University (Stillwater), and held in
a humidified chamber until they hatched. For B. burgdorferi acquisition studies,
approximately 200 naive larvae were placed on each of the above-described B.
burgdorferi-infected mice. For studies of B. burgdorferi acquisition by ticks, some
feeding larvae were removed 72 h after placement on the infected mice. Some of
these partially fed larvae were immediately dissected and examined microscop-
ically by indirect immunofluorescence analysis (IFA), and pools of 50 to 70 larvae
from three independent feedings were immediately frozen in liquid nitrogen and
stored at —80°C for RNA extraction and analysis by quantitative reverse tran-
scription-PCR (Q-RT-PCR). After 96 h, the remaining ticks had engorged fully
and naturally dropped off the mice. At that time, some ticks were dissected
immediately for IFA, while the remaining ticks were returned to the humidified
chamber. A cohort of larvae were dissected for IFA 12 days postattachment, and
the remaining ticks were allowed to molt to the nymphal stage. Two weeks after
ecdysis, some unfed nymphs were dissected and analyzed by IFA, three inde-
pendent pools of 20 to 30 were frozen for Q-RT-PCR analysis, and the remain-
der were fed upon uninfected female BALB/c mice. Some nymphs were allowed
to complete engorgement and drop off naturally, while others were forcibly
removed after only 72 h of feeding. These 72-hour-fed nymphs were dissected
and examined by IFA, or pools of 20 to 30 ticks from three independent exper-
iments were frozen for analysis by Q-RT-PCR. During nymph removal, a piece
of mouse skin often remained attached to the hypostome of the feeding tick, in
which case the bite site skin samples were dissected away from the ticks for a
separate IFA. Eight of the mice infected through feeding by the infected nymphs
were killed 2 weeks after completion of feeding, and their ear pinnae, hearts, and
tibiotarsal joints were collected and frozen for RNA extraction and Q-RT-PCR.

All infection studies were performed under protocols approved by the Uni-
versity of Kentucky Institutional Animal Care and Use Committee and the
University of Kentucky Institutional Biosafety Committee.

Analysis of B. burgdorferi mRNA levels. Total RNA was extracted from cul-
tured bacteria or tissue samples using TRIzol reagent (Invitrogen, Carlsbad,
CA). Frozen mouse tissue samples were first ground with a mortar and pestle,
followed by homogenization with a Tissue Tearor (Biospec Products, Bartles-
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TABLE 1. Oligonucleotides used in this work

Targeted Primer

gene name Sequence (5 to 3")

cspZ CSPZF-3 AGACGCTATTTATAACGAATGTACAGGAGC

CSPZR-4 CAGCAACATGTCTGGCATTAGACAC
cspA CSPAF-3 CTAAAAGCAATTGGTAAGGAACTG
CSPAR-4 TCAATAAGATCGTAAGGACCAACT
erpA ERPAF-1 AAAGCAATGGAGAGGTAAAGGTC
ERPAR-2  GCTTTTATAAAGTTATTAATTTCTTCCTCTTC
erpP ERPPF-3 CGGCTACATTCTTTTCATTAAAAGAATC
ERPPR-2  ACGCAATATGTTCAGCACCATTAATAC
flaB FLA3 GGGTCTCAAGCGTCTTGG
FLA4 GAACCGGTGCAGCCTGAG
ospC OSPCF-7 CAGGGAAAGATGCGAATACATCTGC
OSPCR-8  TAAGCTAAAGCTAACAATGATCC
ospA OSPAF-1 CAAAATGTTAGCAGCCTTGACGAG
OSPAR-2  CTTCAAGTGTGGTTTGACCTAGATCG

ville, OK) in TRIzol reagent at 4°C. RNA was resuspended in RNAsecure
reagent (Ambion, Austin, TX) and treated with DNase I (Ambion) to remove
contaminating DNA. The DNase was inactivated using DNase Inactivation Re-
agent (Ambion). A 1-ug aliquot of each DNA-free RNA preparation was reverse
transcribed using First Strand ¢cDNA synthesis kits (Roche Applied Science,
Indianapolis, IN) with random hexamers and avian myeloblastosis virus reverse
transcriptase enzyme (RTase). As controls, mixtures containing all components
except RTase were prepared and treated similarly. Primers and templates were
annealed for 10 min at room temperature, followed by cDNA synthesis at 42°C
for 1 h. RTase was inactivated by heating it for 5 min at 99°C, followed by 10 min
at 4°C. All cDNAs and control reaction mixtures were diluted 10-fold with water
before being used as templates for Q-RT-PCR.

Quantitative PCR was performed using a LightCycler thermal cycler (Roche
Applied Science), as previously described (52, 53). Briefly, cDNA or diluted
genomic DNA (see below) was added to an 8-l master mixture containing 1X
PCR buffer (Idaho Technology, Salt Lake City, UT), deoxynucleoside triphos-
phates (Idaho Technology), Platinum Taq polymerase (Invitrogen; final dilution,
1:10 in enzyme diluent [Idaho Technology]), SYBR green (Invitrogen; final
dilution, 1:10,000 in Tris-EDTA), oligonucleotide primers (0.4-mM final con-
centration), and nuclease-free water (Promega, Madison, WI). All cDNA sam-
ples were analyzed in triplicate. Each LightCycler run included negative controls
of RNA processed without RTase (see above) to test for DNA contamination of
each RNA preparation and samples that lacked template to test for DNA
contamination of reagents.

Oligonucleotide primers used for amplification of cspZ, cspA, erpA, erpP, flaB,
ospC, and ospA cDNAs were CSPZF-3 plus CSPZR-4, CSPAF-3 plus CSPAR-4,
ERPAF-1 plus ERPAR-2, ERPPF-3 plus ERPPR-2, FLA3 plus FLA4, OSPCF-7
plus OSPCR-8, and OSPAF-1 plus OSPAR-2, respectively (Table 1). All ampli-
cons were approximately 150 bp in size. Reaction conditions consisted of a
2-minute initial 94°C denaturation, followed by 45 cycles of 94°C for 5 s; 55°C
(for espZ, flaB, ospC, and ospA amplicons), 50°C (for cspA and erpA amplicons),
or 48°C (for erpP amplicons) for 5 s; and 72° for 30 s. Tenfold serial dilutions of
B31-MI-16 genomic DNA (100 ng to 100 fg) were included in every assay for
each primer set. This enabled the generation of standard curves, from which the
amount of transcript present in each cDNA sample could be calculated using
Light Cycler software v.3.5.3 (Roche Applied Science). The same software pack-
age was also used for melting-curve analysis. To verify amplicon sizes and puri-
ties, all products were separated by agarose gel electrophoresis, and DNA was
visualized with ethidium bromide (28). Representative amplicons generated with
each primer set from each cDNA template were completely sequenced to con-
firm their identities (Davis Sequencing, Davis, CA). Average expression values
obtained from triplicate runs of each cDNA sample for all the genes of interest
were calculated relative to the average triplicate value for the B. burgdorferi
housekeeping gene flaB from the same cDNA preparation (52). Statistical anal-
yses of data were performed by one-way analysis of variance.

IFA. Mouse and tick tissues were dissected in 10 pl of PBS on glass slides and
allowed to air dry overnight. The tissues were then fixed and permeabilized by
immersion in acetone for 15 min. The slides were air dried and then blocked
overnight at 4°C in PBS containing 0.2% bovine serum albumin and 10% goat
serum. After being washed in PBS-0.2% bovine serum albumin, the slides were
incubated for 1 h at room temperature in polyclonal mouse antiserum specific for
BbCRASP-2 (29) diluted 1:50. The slides were then washed and incubated for
1 h at room temperature in a 1:50,000 dilution of rabbit polyclonal antiserum
raised against B. burgdorferi total membrane proteins (55). The slides were
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washed again and then incubated in 1:1,000 dilutions of both Alexa Fluor 488-
labeled goat anti-mouse immunoglobulin G and Alexa Fluor 594-labeled goat
anti-rabbit immunoglobulin G (Invitrogen) for 45 min at room temperature. The
slides were then washed, dried, and mounted with ProLong Anti-Fade Mounting
Medium (Invitrogen). The slides were viewed with an Olympus BX51 epifluo-
rescence microscope using a 100X objective lens, and images were captured with
a Retiga 2000R Fast 1394 system and QCapture Pro software 5.0.1.26 (both from
QImaging, Surrey, BC, Canada). Bacteria within 25 random fields were counted
to determine the proportions of bacteria containing detectable levels of
BbCRASP-2 (i.e., positive for anti-BbCRASP-2 labeling) relative to the total
number of bacteria present in a given field (as assessed by anti-B. burgdorferi
labeling). A total of 88 bacteria were observed in approximately 20 skin samples
examined. Slides of dissected tissues were incubated with either polyclonal anti-
BbCRASP-2 or polyclonal anti-B. burgdorferi antibody alone, or only the sec-
ondary antibodies, to serve as negative fluorescence controls.

Immunoblot analyses. Cultured bacteria were collected by centrifugation,
washed twice with PBS, suspended in sodium dodecyl sulfate loading buffer, and
then lysed in a boiling-water bath for 5 min. Proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to nitro-
cellulose membranes. The membranes were incubated with either mouse poly-
clonal antiserum directed against BbCRASP-2 (29), murine monoclonal anti-
body RH1 directed against BbCRASP-1 (40), rabbit polyclonal antiserum
specific for ErpA or ErpP (23), murine monoclonal antibody B5 directed against
OspC (49), or murine monoclonal antibody H9724, which recognizes the con-
stitutively expressed FlaB (flagellin) protein (10). Bound polyclonal antibodies
were detected with horseradish peroxidase-linked goat anti-mouse or goat anti-
rabbit antibodies (GE Healthcare Bio-Sciences, Piscataway, NJ) and visualized
by chemiluminescence (Pierce, Rockford, IL).

RESULTS

Analyses of cspZ and cspA mRNA levels during mouse and
tick infections. During mammalian infection, B. burgdorferi
bacteria are widely dispersed at low densities throughout their
hosts’ bodies, making it very difficult to examine levels of pro-
tein expression by visual techniques, such as IFA. However, B.
burgdorferi gene expression levels during mammalian infection
can often be assessed by the highly sensitive method of Q-RT-
PCR (52). To do so, eight mice were infected with B. burgdor-
feri through feeding by infectious I. scapularis nymphs, and the
infection status of each mouse was confirmed by cultivation of
ear biopsy specimens. Two weeks after completion of tick
feeding, the mice were killed, and total RNA was purified from
the ears, heart, and tibiotarsal joints. cspZ mRNA was detected
in tissues from seven of the eight infected mice (Fig. 1A and
data not shown). Wide ranges of cspZ expression levels were
detected in the infected mice, with cspZ transcript in all tissues
of mouse no. 5 falling below the threshold of detection. All
mouse tissues contained detectable levels of flaB mRNA.

None of the 2-week-infected mouse tissues contained de-
tectable levels of cspA transcript (Fig. 1B), consistent with
results from previous studies of mice infected for 4 or more
weeks (47, 50, 78). B. burgdorferi in mouse tissues exhibited a
range of ospC transcript levels, with mouse no. 5 being the
lowest (Fig. 1C and data not shown). Expression of ospC was
consistent with previously published data for that gene (34, 48,
57,70, 73). Q-RT-PCR of the other experimental control gene,
ospA, did not detect transcript in any tissue, also consistent
with published data (34, 61, 70).

Expression levels of cspZ and cspA during stages of tick
colonization were next assessed by Q-RT-PCR of RNAs ex-
tracted from pools of unfed infected nymphs, infected nymphs
that had fed on mice for 72 h, and previously uninfected larvae
that had fed on infected mice for 72 h. The levels of cspZ
transcripts present in feeding nymphs and larvae were between
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FIG. 1. (A and B) Temporal analyses of cspZ (A) and cspA
(B) gene expression levels during mammalian and tick infections. (C
and D) Control analyses of the previously characterized ospC and ospA
genes. Illustrated are Q-RT-PCR results from three independently
collected and processed pools of 20 to 30 unfed infected nymphs, three
independent pools of 20 to 30 infected nymphs that had fed on naive
mice for 72 h, ear pinna tissues from eight different mice that had been
infected 2 weeks earlier by tick bite, and three independent pools of 50
to 70 larvae that had fed for 72 h on infected mice. The black bars
represent RNA samples extracted from ticks, and the gray bars rep-
resent RNA obtained from mouse tissues. Gene expression levels were
calculated as nanograms of the target gene transcript per nanogram of
the constitutively expressed B. burgdorferi flaB gene. The threshold of
detection (no amplicon produced after 45 PCR cycles) is indicated on
the y axes as “t.d”.

2- and 20-fold lower than the levels detected in infected mouse
tissues (Fig. 1A). cspZ mRNA was not detected in unfed tick
nymphs. In contrast, cspA mRNA was detected during all
stages of tick colonization (Fig. 1B). Transcript levels of the
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control ospC and ospA genes corresponded to previously pub-
lished data (61, 62) (Fig. 1C and D).

IFA of BbCRASP-2 production during tick and mammalian
infection. B. burgdorferi is abundant within the midguts of in-
fected tick larvae and nymphs. In addition, the spirochetes can
often be microscopically visualized within mammalian skin
biopsy specimens taken from the site of tick feeding. We there-
fore used IFA to assess expression of the BbCRASP-2 protein
by B. burgdorferi during stages of tick colonization/transmission
and during transmission into mouse skin by infected, feeding
ticks. No B. burgdorferi bacteria produced a detectable level of
BbCRASP-2 protein during colonization of unfed tick nymphs
(Fig. 2A and D), consistent with the inability to detect cspZ
mRNA at that stage. Likewise, none of the bacteria within
midguts of feeding nymphs produced detectable levels of
BbCRASP-2, indicating either that the low levels of cspZ
mRNA found in such ticks was insufficient for synthesis of
detectable amounts of BbCRASP-2 or that the protein is reg-
ulated posttranscriptionally. Approximately 10% of B. burgdor-
feri bacteria observed in mouse skin at the site of nymph
feeding produced a detectable level of BbCRASP-2, further
demonstrating induction of BbCRASP-2 expression during
mammalian infection (Fig. 2B and D). As naive larvae ac-
quired B. burgdorferi by feeding on infected mice, 20 to 30% of
those bacteria produced detectable levels of BbCRASP-2 (Fig.
2C and D). Twelve days after completion of larval feeding, the
number of spirochetes producing detectable levels of
BbCRASP-2 had dropped to only 5 to 10%.

Sigma factor utilization for transcription of BbCRASP-en-
coding genes. The data described above indicate that cspZ
transcription increases during transmission from feeding ticks
to vertebrate hosts. Previous studies by our laboratory and
others demonstrated that expression of BbCRASP-1 and Erp
proteins also increases during tick-to-mammal transmission
(22, 32, 55, 70, 75). Several other B. burgdorferi genes that are
induced during transmission from feeding ticks, including
ospC, are controlled at the level of transcription by the alter-
native RNA polymerase sigma factor RpoS (16, 26, 36). The
apparent role of RpoS in regulating the expression of some
proteins involved in mammalian infection led us to examine
whether that sigma subunit is involved in transcription of the
BbCRASP-encoding cspZ, cspA, erpA, and erpP genes. B. burg-
dorferi encodes three sigma factors: the housekeeping RpoD
(07°) and the alternative sigma factors RpoS (o) and RpoN
(NtrA; ¢>*) (27). Transcription of rpoS is dependent upon
RpoN-containing RNA polymerase holoenzyme (63). Q-RT-
PCR analyses of wild-type B. burgdorferi and isogenic ArpoS
and ArpoN mutants indicated that neither of the mutants dif-
fered from the wild type in their abilities to express cspZ, cspA,
erpA, and erpP (Fig. 3A). Immunoblot analyses demonstrated
that BbCRASP protein expression was also unchanged by the
rpoS and rpoN mutations (Fig. 3B). Analyses of the control
gene ospC and its protein showed significant inhibition by both
sigma mutations, as had been reported previously (36). These
data indicate that all of the BbCRASP-encoding genes are
transcribed using RpoD and that neither of the alternative
sigma factors directly influences BbCRASP production.

Effects of environmental conditions on cspZ expression. B.
burgdorferi, like many other pathogens, regulates gene expres-
sion in response to various environmental stimuli, which serve
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FIG. 2. IFA of BbCRASP-2 in ticks and mouse skin at tick bite sites. Bacteria were simultaneously labeled with mouse polyclonal antiserum
specific for BbCRASP-2 (green channel) and rabbit polyclonal antibodies raised against B. burgdorferi membrane extract (red channel). The
bottom rows represent merged images. (A) Representative images of B. burgdorferi within the midguts of unfed and partially fed tick nymphs.
(B) Representative images of B. burgdorferi in the skin of mice being fed upon by infected tick nymphs. (C) Representative images of B. burgdorferi
within the midguts of partially fed, completely fed, and postfed tick larvae that acquired spirochetes during feeding on infected mice. (D) Quan-
tification of IFA results. The bars indicate mean percentages of bacteria producing detectable levels of BbCRASP-2 in nymphs, mouse biopsy
specimens at nymph bite sites, and larvae. The error bars represent 1 standard deviation of the means. For ticks, not less than three to five ticks
per time point were examined, with 25 random fields viewed per tick. For skin samples, the results are from 88 bacteria detected in a total of 20

biopsies. a-B. b., anti-B. burgdorferi.

as cues for the bacterium to determine its location in the
vertebrate-tick infectious cycle (70). Insight regarding the sig-
naling pathways controlling gene expression levels may be ob-
tained by studying alterations in culture conditions, such as

temperature and pH. Shifting B. burgdorferi from 23 to 34°C in
culture medium held at pH 7.0 led to a statistically significant
twofold drop in cspZ transcript levels (Fig. 4A). That temper-
ature change at pH 8.0 led to only a slight, statistically insig-



4232 BYKOWSKI ET AL.

A

2.5, B~
c []- reoN
2 2 [J- rpos
[0
g
x
()
o 154
[
j=2}
o
=
ISR
[
(0]
o
jid
g 0.54
=3

t.d.

cspZ cspA erpA erpP

INFECT. IMMUN.

B 34°C

l

wt rpoN rpoS

o-BbCRASP-2

a-BbCRASP-1

a-ErpA

o-ErpP

a-OspC

a-FlaB

i Bl

ospC
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*%, statistically significant differences (P < 0.01). (B) Equal masses of total protein lysates from wild-type, rpoN, and rpoS cultures were analyzed
by immunoblotting using specific antibodies directed against each of the BbPCRASPs and the control protein, OspC. Blots were also analyzed using
antibodies directed against the constitutively expressed FlaB protein to confirm equal loading of protein lysates in all lanes. Immunoblot
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nificant decrease in cspZ. At a constant 34°C, bacteria grown at
pH 8.0 contained levels of cspZ mRNA that were a significant
twofold greater than those of bacteria grown at pH 7.0. In-
creasing the pH of cultures grown at 23°C did not significantly
change cspZ transcript levels. The effects of culture pH and
temperature on BbCRASP-2 protein levels were generally less
obvious (Fig. 4B). When using IFA, no appreciable differences
could be detected with B. burgdorferi cultured at either 23 or
34°C or any tested pH (Fig. 4C).

In addition to the above-noted effects of culture tempera-
ture and pH, it is obvious that cultivation itself significantly
represses cspZ transcript levels. Maximum cspZ levels were
achieved at 23°C and pH 8.0, with an average of 0.025 ng cspZ
mRNA per 1.0 ng flaB mRNA (Fig. 4A). In contrast, cspZ
levels in infected mouse tissues were as high as 0.44 ng
cspZ mRNA per 1.0 ng flaB mRNA (Fig. 1A). The repressive
effect of culture medium is also evident when comparing IFA
images of B. burgdorferi during mammal or tick infection with
those grown in vitro. During infection, BbCRASP-2 directed
antibodies uniformly labeled the bacteria (Fig. 2). When the
same antibody preparations and methods were used, cultured
bacteria were very sparsely labeled (Fig. 4C).

DISCUSSION

The B. burgdorferi type strain B31 produces five distinct
BbCRASPs, with BbCRASP-1, BbCRASP-2, and the Erp pro-
teins (which include BbCRASP-3, -4, and -5) being expressed
at different times throughout the spirochete’s infectious cycle
(Fig. 5). Bacteria that produce at least one Erp-BbCRASP plus
either BbCRASP-1 or BbCRASP-2 are resistant to comple-
ment-mediated killing during laboratory cultivation (14, 29).
Erp-BbCRASPs by themselves are unable to protect against
complement in vitro, while the abilities of BbCRASP-1 and -2
to defend against complement in the absence of Erp-
BbCRASPs has yet to be addressed (references 14, 29, and 59
and our unpublished results). B. burgdorferi produces high lev-

els of BbCRASP-1 during transmission from feeding ticks to
naive hosts and from infected hosts to feeding, naive ticks,
stages of the infectious cycle when B. burgdorferi is directly
exposed to vertebrate blood (75). However, both the present
study and others indicated that cspA transcription becomes
undetectable within 2 weeks of establishing mammalian infec-
tion (47, 50, 78). Infected humans and laboratory mice produce
limited antibody responses to BbCRASP-1, consistent with
brief exposure of that protein to host immune systems (50, 60).
Our studies indicate that transcription of cspZ increases dra-
matically during mammalian infection, the same time at which
cspA is repressed. Humans and laboratory animals infected
with B. burgdorferi produce robust antibody responses to
BbCRASP-2, also indicating substantial production of that
borrelial protein during vertebrate infection (reference 29 and
our unpublished results). Thus, BbCRASP-1 may help over-
come host defenses during transmission stages, while
BbCRASP-2 could serve that purpose during established mam-
malian infection. Additional functional studies of these pro-
teins are ongoing in our laboratories to determine why B.
burgdorferi differentially expresses the two proteins instead of
continuously producing only a single protein.

Growth of B. burgdorferi in culture medium led to cspZ
transcription levels that were significantly lower than those
seen during mammalian infection. Repression of c¢spZ during
cultivation may explain why cspZ™ cspA bacteria are sensitive
to killing by complement in vitro (14). As has been previously
noted, artificial culture medium provides a mixture of signals
to B. burgdorferi, causing the bacterium to simultaneously pro-
duce mammal and tick infection-specific proteins (70). The
results of our studies indicate that a substance(s) present in or
absent from conventional culture medium prevents maximal
expression of ¢spZ. We also note that cultured B. burgdorferi
does not express Erp proteins at the high levels achieved dur-
ing mammalian infection (1, 3, 32, 72, 77). We have initiated
searches for the roots of in vitro cspZ repression on the
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FIG. 4. Effects of culture conditions on cspZ transcript and
BbCRASP-2 protein levels. (A) Q-RT-PCR analysis of cspZ mRNA
levels in bacteria cultured at either 23 or 34°C in medium buffered to
remain at either pH 7.0 or 8.0. The results are illustrated relative to
levels determined for the constitutively expressed gene flaB. The
graphs represent the means of three independent experiments = stan-
dard errors. Statistically significant differences (P < 0.001) are indi-
cated by asterisks. (B) Immunoblot analyses of bacterial lysates. The
blots were stripped and reprobed with a murine monoclonal antibody
specific for the constitutively expressed FlaB protein to confirm that
equal quantities of total protein were loaded in all lanes. (C) IFA of B.
burgdorferi cultured in normal BSK-II medium (pH 7.4) at either 23 or
34°C. The bacteria were incubated simultaneously with mouse poly-
clonal antiserum specific for BPCRASP-2 (green channel) and rabbit
polyclonal antibodies raised against B. burgdorferi membrane extract
(red channel). The bottom row shows merged images. a-B. b., anti-B.
burgdorferi.

premise that signaling pathways that affect transcription during
culture will also affect expression during infection processes.
Cultured B. burgdorferi regulates the transcription of cspZ and
a variety of other genes in response to changes in culture
temperature and pH, although neither the mechanisms nor the
significance of those changes is understood yet. Many B. burg-
dorferi genes (e.g., ospC and erp genes) that are induced during
transmission from tick to mammal are also induced by culture
temperatures close to that of the mammalian body, although
some mammal-specific genes are instead induced by culture at
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cooler room temperature (15, 62, 68, 70). The tick-to-verte-
brate transmission process includes exposure of the bacteria to
acidification in the feeding tick’s midgut and alkalinization in
the tick’s salivary glands, and some mammal-specific genes are
induced by acidic culture pH while others, such as cspZ, are
induced by alkaline culture conditions (15, 17, 18, 70, 76, 82).
Neither cspZ, cspA, nor the examined erp genes were affected
by rpoS or rpoN mutations, indicating that, unlike some other
B. burgdorferi proteins involved in mammalian infection, none
of the BbCRASP-encoding genes is directly affected by either
of the borrelial alternative sigma factors. Those results suggest
that interactions between borrelial transcription factors and
DNA of the cspZ locus are responsible for regulation of the
gene’s expression. The observed pattern of cspZ transcription
in vivo is distinct from those of all previously investigated B.
burgdorferi genes, suggesting that the regulatory factors con-
trolling cspZ expression are different from those controlling
the production of other mammalian infection-associated
genes. Substantial headway has been made toward identifying
regulatory factors controlling erp expression (8, 9), and similar
techniques may also identify the means by which B. burgdorferi
controls cspZ.

These studies also provided new insight into mechanisms
controlling BbCRASP-1 production. A previous study used
IFA to examine the production of that protein by B. burgdorferi
during various stages of tick colonization (75). When naive tick
larvae acquired B. burgdorferi through feeding on infected
mice, essentially all of the bacteria produced detectable levels
of BbCRASP-1, consistent with detection of cspA mRNA in
such bacteria during the present study. However, levels of
BbCRASP-1 protein declined after the ticks completed blood
feeding and molted to the nymphal stage, so that no bac-
teria within unfed nymphs produced a detectable level of
BbCRASP-1 (75). In contrast, csp4 mRNA levels remained
constant or increased following the larva-to-nymph molt (Fig.
1B). Thus, while the protein was evidently turned over and not
replaced, either the mRNA was not degraded or the gene
continued to be transcribed during that time. Transcript levels
in midguts remained high during nymph feeding, a stage at
which BbCRASP-1 protein was rarely detected (75). These
data suggest that B. burgdorferi may control BbCRASP-1 con-
tent at a posttranscriptional level during tick colonization. As
a caveat, it is possible that differences in sensitivities of the
techniques used in these studies may be partly responsible for
the observed differences in results. Noting that essentially
100% of B. burgdorferi bacteria transmitted to mice from feed-
ing nymphs express BbCRASP-1 (75) and the significant role
BbCRASP-1 can perform in protecting bacteria from comple-
ment-mediated killing (14), such posttranscriptional regulation
of BbCRASP-1 expression could allow the bacteria to rapidly
produce large quantities of the protein as soon as the tick
vector begins feeding.

In conclusion, this study, together with previously published
data, revealed distinct expression patterns for the three types
of B. burgdorferi CRASPs. BbCRASP-1 is produced during
both tick-to-mammal and mammal-to-tick transmission but ap-
parently not during established mammalian infection.
BbCRASP-2 is produced poorly during transmission stages but
at high levels during established infection. Erp proteins, which
include BbCRASP-3, -4, and -5, are produced during transmis-
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FIG. 5. Comparison of B. burgdorferi BbCRASP expression profiles during the mammal-tick infectious cycle, as determined by the present and
other studies (22, 24, 31, 32, 47, 50, 53-56, 60, 65, 70, 75, 78). Relative expression levels were determined by IFA for each protein during tick
infection stages and in mouse skin during tick-to-mammal transmission and by Q-RT-PCR for each gene during disseminated mammalian
infection. BPCRASP-2 appears to perform its function(s) primarily during established mammalian infection, BBPCRASP-1 likely functions only
during stages when bacteria are moving from mammal to tick or vice versa, and Erp proteins perform their functions during all stages between
transmission from infected ticks and acquisition by subsequently feeding ticks. (A) BbCRASP-2 is absent from B. burgdorferi within the midguts
of unfed tick nymphs. Feeding by infected nymphs appears to stimulate cspZ expression somewhat, but only a fraction of bacteria express
detectable levels of BbBCRASP-2 protein at the time of transmission into the skin of their vertebrate host. Within 2 weeks of establishing
mammalian infection, B. burgdorferi transcribes cspZ at high levels, suggesting that BbCRASP-2 is likewise synthesized during established
mammalian infection. Repression of cspZ appears to precede acquisition of B. burgdorferi from mammals by feeding tick larvae, since less than half
of the bacteria within feeding tick larvae produce detectable levels of BbCRASP-2 and cspZ mRNA levels in those ticks were lower than those
found in infected mouse tissues. (B) BDCRASP-1 is poorly expressed during tick colonization but is produced at detectable levels by essentially
all bacteria transmitted from feeding infected tick nymphs to mammalian hosts. Q-RT-PCR analyses indicate that csp4 mRNA is undetectable in
mouse tissues by 2 weeks after transmission, suggesting that the BbCRASP-1 protein is also down regulated during established mammalian
infection. BbCRASP-1 is again induced during transmission from infected mammals to feeding ticks, with approximately 100% of those bacteria
producing BbCRASP-1. (C) Erp proteins, such as BDbCRASP-3, -4, and -5, are also unexpressed during tick colonization. Feeding by infected
nymphs stimulates Erp production by B. burgdorferi while still in the tick midgut, and essentially all of the spirochetes produce Erp proteins by the
time they are transmitted into their mammalian host’s skin. erp transcription remains elevated throughout mammalian infection, and when naive
tick larvae feed on infected mammals, all acquired B. burgdorferi bacteria produce every examined Erp protein.

sion steps and throughout mammalian infection. All of these insight into the infectious properties of Lyme disease spiro-
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