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Borrelia hermsii is the primary cause of tick-borne relapsing fever in North America. When its tick vector,
Ornithodoros hermsi, acquires these spirochetes from the blood of an infected mammal, the bacteria switch their
outer surface from one of many bloodstream variable major proteins (Vmps) to a unique protein, Vtp (Vsp33).
Vtp may be critical for successful tick transmission of B. hermsii; however, the gene encoding this protein has
been described previously in only one isolate. Here we identified and sequenced the vip gene in 31 isolates of
B. hermsii collected over 40 years from localities throughout much of its known geographic distribution. Seven
major Vtp types were found. Little or no sequence variation existed within types, but between them significant
variation was observed, similar to the pattern of diversity described for the outer surface protein C (OspC)
gene in Lyme disease spirochetes. The pattern of sequence relatedness among the Vtp types was incongruent
in two branches compared to two genomic groups identified among the isolates by multilocus sequence typing
of the 16S rRNA, flaB, gyrB, and glpQ genes. Therefore, both horizontal transfer and recombination within and
between the two genomic groups were responsible for some of the variation observed in the vep gene. O. hermsi
ticks were capable of transmitting spirochetes in the newly identified genomic group. Therefore, given the
longevity of the tick vector and persistent infection of spirochetes in ticks, these arthropods rather than

mammals may be the likely host where the exchange of spirochetal DNA occurs.

Tick-borne relapsing fever associated with the vector Orni-
thodoros hermsi is endemic throughout the higher elevations of
western North America (10, 29). This tick specifically transmits
Borrelia hermsii but is incapable of transmitting other species
of spirochetes associated with other species of ticks (24, 25).
One early investigation demonstrated that O. hermsi transmit-
ted B. hermsii by bite (39), and our study with immunofluores-
cence antibodies and microscopy demonstrated B. hermsii in
the salivary glands of every experimentally infected O. hermsi
examined (66).

In 1967, Coffey and Eveland demonstrated the ability of B.
hermsii to generate a series of distinct serotypes during single
infections in rats (18, 19). In 1982, Stoenner et al. showed that
a single cell of B. hermsii HS1 could give rise to 24 serotypes in
mice (81). When four different serotypes of spirochetes were
transferred from mice to Kelly’s medium (45), a novel and
common serotype emerged with passage in vitro, and the au-
thors of that study referred to these spirochetes as “culture
adapted” (81). Barbour et al. identified a unique 19,000 mo-
lecular weight protein (pI.) produced by the culture-adapted
spirochetes, which these authors renamed “C serotype” (7).
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plc and other serotype-specific surface proteins of B. hermsii
were later named variable major proteins (VMPs) (7), with the
protein specific for serotype C designated VMP. (8). As the
genes encoding the VMPs in B. hermsii were sequenced and
analyzed, the gene encoding VMP. was also sequenced, and
the protein was renamed Vmp33 (16) and then Vsp33 (5, 15).
Through all of these nomenclatural changes, the biological
significance of Vsp33 remained unclear, and until the present
study the gene has been sequenced in only one B. hermisii
isolate (HS1) (16).

In 1998, we reported that B. hermsii produces Vsp33 in ticks,
and that the switch from a bloodstream Vmp to Vsp33 is
accelerated in vitro by lowering the cultivation temperature
(66). The high prevalence of spirochetes expressing Vsp33
while persistently infecting salivary glands in these ticks that
feed in minutes suggested that this surface protein may be
important in the tick transmission of spirochetes. This hypoth-
esis is supported by the observations that the Lyme disease
spirochete, Borrelia burgdorferi, upregulates outer surface pro-
tein (Osp) C, a Vsp33 ortholog, when transmitted by its vector
Ixodes scapularis (69, 71). vsp33 is unique from all of the other
vmp genes in that there is only a single copy (in the one isolate
examined previously), it is under the control of a promoter
different from the other vmps (5), and it is persistently ex-
pressed in ticks rather than mammals (66). These differences
led Barbour to change the name of Vsp33 to Vtp for variable
tick protein (3). To further address the biological significance
of Vtp in the life cycle of B. hermsii, we identified the vip gene
in all isolates of this bacterium and compared the sequences to
a phylogenetic analysis based on four other highly conserved
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TABLE 1. Origin of B hermsii isolates examined

Genomic

group and  Date Source” Locality” fgfl:? rr(;ené);
isolate”
GGI
HS1 1968  Tick Spokane Co., Wash. 84
MAN 1960s Human Sierra Nevada Mtns, Calif. 46
CON 1960s Human Sierra Nevada Mtns, Calif. 46
FRO 1987  M/8yr Eastern Washington 74
DAH 1991  F/Adult Spokane Co., Wash. 73
FRE 1996 M/10 yr Pend Oreille Co., Wash. 73
MIL 1996  F/Unkn Kootenai Co., Idaho This study
BRO 1996  M/Unkn Kootenai Co., Idaho This study
SWA 1996  M/Unkn Kootenai Co., Idaho This study
CAR 1996  F/46 yr Benewah Co., Idaho This study
EST-7 1996  Chipmunk Larimer Co., Colo. 86
BAK 1997  F/50 yr Okanogan Co., Wash. This study
BYM 1997 M/Unkn Kootenai Co., Idaho This study
ALL 1997 M/39 yr Duchesne Co., Utah This study
RAL 1997 F/39 yr Siskiyou Co., Calif. 35
SIS 1998  Tick Siskiyou Co., Calif. 35
WAD 1998 M/2yr Placer Co., Calif. 35
HAL 1998  M/73 yr Kootenai Co., Idaho This study
GAR 2001 M/42 yr Okanagan Valley, BC This study
GGII
YOR 1964  M/50 yr Siskiyou Co., Calif. 46
HAN 1990  M/1 mo Boundary Co., Idaho 73
REN 1992 F/37yr Okanogan Co., Wash. 73
OKA-1 1995 F/58yr Okanagan Valley, BC 2
OKA-2 1996  M/Adult Okanagan Valley, BC 2
OKA-3 1996  M/Adult Okanagan Valley, BC 2
GMC 1997 M/42yr Stevens Co., Wash. This study
CMC 1997  F/36 yr Stevens Co., Wash. This study
RUM 1997 M/4yr Stevens Co., Wash. This study
SIL 2002 F/40 yr Boundary Co., Idaho This study
LAK-1 2002 F/5yr Lake Co., Mont. 72
LAK-2 2002 M/43yr Lake Co., Mont. 72

“ GGI and GGII were as defined in this study.
> M, male; F, female; Unkn, unknown age.
¢ Co., County; BC, British Columbia, Canada; Mtns, Mountains.

genes. Here we show that all isolates of B. hermsii examined
have vtp and that the sequences exhibit significant heteroge-
neity. We also identify two genomic groups of B. hermsii that
overlap in their distribution within a wide geographic area and
most likely share the same species of tick vector for their
transmission and natural reservoir.

MATERIALS AND METHODS

Borrelia strains and cultivation. Thirty-one isolates of B. hermsii collected over
nearly 40 years were studied (Table 1). Twenty-eight of the isolates originated
from the blood of patients who acquired the infection in the western United
States or the Okanagan Valley of southern British Columbia, Canada. Two
isolates originated from ticks, including the type strain HS1 (ATCC 35209)
recovered near Spokane, Wash. (84), and SIS that was from northeastern Cali-
fornia (35). One isolate (EST-7) was cultured from the blood of a Unita chip-
munk (Tamias umbrinus), bled during an investigation of an outbreak of relaps-
ing fever near Estes Park, Colo. (86). Borrelia parkeri RML, Borrelia turicatae
91E135, and Borrelia anserina BA2 were isolated from Ornithodoros parkeri,
Ornithodoros turicata, and a domestic chicken, respectively. Borrelia crocidurae
CR2A was provided by Sven Bergstrom, Umed University, Umed, Sweden.
Borrelia coriaceae Co53 was isolated from Ornithodoros coriaceus in California
(49).

The new isolates of B. hermsii were established in pure culture by inoculating
laboratory mice (Mus musculus) with blood from spirochetemic patients. Mouse
inoculation was used because most attempts to isolate the organisms in Complete
BSK-H medium (Sigma-Aldrich, St. Louis, Mo.) directly from the patients’ blood
failed. Adult mice (outbred strain RML) were inoculated intraperitoneally with
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0.25 ml of human blood in EDTA. A drop of peripheral blood obtained daily
from the tip of the mouse tail vein was smeared on a microscope slide, air dried,
stained with Giemsa, and examined by bright-field microscopy at X970 magni-
fication and oil immersion. On the second or third day of the spirochetemia, 0.25
ml of the infected blood was collected by cardiac puncture and passaged into a
second mouse by intraperitoneal inoculation, which generally resulted in a higher
level of spirochetemia. Infected blood was collected from the second mouse by
cardiac puncture, and 100 pl was inoculated into a tube containing 9 ml of
Complete BSK-H medium, sealed, and incubated at 34°C. Spirochetes were
harvested and examined as uncloned isolates after two to four passages. The use
of animals for this research was approved by the Rocky Mountain Laboratories
Animal Care and Use Committee.

Polyacrylamide gel electrophoresis. Whole-cell lysates of spirochetes were
prepared as described previously (68). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis with Laemmli buffer (48) and a vertical gel electrophoresis
system (Bethesda Research Laboratories/Gibco, Gaithersburg, Md.) were used
to separate proteins according to the manufacturer’s instructions. Proteins were
stained with Coomassie brilliant blue.

Western blot analysis. Whole-cell lysates were electrophoresed in one-dimen-
sional acrylamide gels and blotted onto nitrocellulose membranes using Towbin
buffer (85) and a Trans-Blot Cell (Bio-Rad Laboratories, Hercules, Calif.) ac-
cording to the manufacturer’s instructions. Membranes were blocked overnight
at room temperature with TSE-Tween (50 mM Tris [pH 7.4], 150 mM NaCl, 5
mM EDTA, 0.05% Tween 20) and subsequently incubated with anti-flagellin
monoclonal antibodies H9724, specific for all members of the genus Borrelia (6),
and H9826, specific for B. hermsii (65). Bound antibodies were detected with
125I-labeled protein A and autoradiography.

DNA purification and analysis. Genomic DNA was purified from 100- or
500-ml stationary-phase cultures of spirochetes (77). Total genomic DNA sam-
ples were electrophoresed in 1% agarose gels with 0.5X TBE buffer (45 mM Tris,
45 mM boric acid, 10 mM EDTA) without ethidium bromide. Plasmids were
resolved in a reverse-pulse electrical field provided with a PPI-200 Programma-
ble Power Inverter (MJ Research, Watertown, Mass.). DNA was electropho-
resed at 100 V for 15 min and run on Program 3 for 18 h with recirculation of the
buffer in ice. Program 3 was set by the manufacturer for resolving linear plasmids
in the 10 to 100 kb size. The gels were stained with ethidium bromide and
visualized with UV transillumination.

PCR and DNA sequence analysis. DNA was quantified by UV spectroscopy
and diluted to ca. 0.1 pg for each 100-pl PCR. Taq enzyme and reaction con-
stituents were added as suggested in the manufacturer’s instructions (Perkin-
Elmer, Roche Molecular Systems, Inc., Branchburg, N.J.). The DNA sequence
was determined for five genes in all 31 isolates of B. hermsii, including vp, 16S
rRNA, flaB, gyrB, and glpQ. Preliminary analysis of the /65 rRNA gene sequences
in GenBank for some of the species of relapsing fever spirochetes indicated
possible errors in the database. Therefore, we determined the DNA sequence of
the 168 rRNA and flaB genes of B. coriaceae, B. crocidurae, B. anserina, B. parkeri,
and B. turicatae. The primers (Invitrogen, Carlsbad, Calif.) used to amplify DNA
fragments for sequencing the five genes are shown in Table 2. PCRs were
performed under mineral oil for 25 cycles by using a Perkin-Elmer thermocycler.
Each cycle consisted of denaturation at 94°C for 1 min, annealing at 50°C for
30 s, and extension at 72°C for 2 min. After the 25th cycle, an additional 7-min
extension was done at 72°C.

PCR amplification products were first visualized by agarose gel electrophore-
sis. If primer dimer products or heterogeneous secondary bands were present,
the total reaction mixture was electrophoresed in an agarose gel and the band of
interest was excised. DNA was purified from gel fragments with Minus EtBr spin
columns (Supelco, Inc., Bellefonte, Pa.) according to the manufacturer’s instruc-
tions. PCRs resulting in a single fragment of the predicted size were purified in
Centricon 100 concentrators (Millipore, Bedford, Mass.) according to the man-
ufacturer’s instructions. All DNA samples were quantified by UV spectroscopy
and diluted to the appropriate concentration recommended for automated DNA
sequencing.

DNA sequencing reactions were performed with Model 370 and 3700 Auto-
mated DNA Sequencers (Applied Biosystems, Inc., Foster City, Calif.) and ABI
Prism Dye Terminator Cycle Sequencing Ready Reaction sequencing kits ac-
cording to the manufacturer’s instructions (Applied Biosystems). Nucleotide and
deduced amino acid sequences were analyzed with the MacVector version 6.0
software package (Oxford Molecular, Beaverton, Oreg.). DNA sequences were
first aligned with the CLUSTAL V program in the Lasergene software package
(DNASTAR, Madison, Wis.). The alignments were transferred into the Mac-
Clade program (52a) for manual correction. MacClade output files were opened
in PAUP (81a), and maximum-likelihood neighbor-joining trees were created
with a paraphyletic outgroup. The robustness of clade designations was tested
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TABLE 2. Oligonucleotide primers used for gene amplification and DNA sequencing

Gene and primer?

Sequence (5’ to 3')” or description

Base positions

vip Amplicon size for DAH, 836 bp; ORF, 627
Vtp sp-7 TGATAATATTTTTGTTTTGTAAAATTATTTACG —115 to —83
Vitp sp-12 GCTTTCTATTTATTGACTTTATTTTTCCAG +91 to +62
16S rRNA Amplicon size1489 bp; Trimmed: 1273 bp
FD3: AGAGTTTGATCCTGGCTTAG -89 to =70
T50:x GTTACGACTTCACCCTCCT +127 to +109
Recd ATGCTAGAAACTGCATGA 533 to 550
RecY: TCGTCTGAGTCCCCATCT 1052 to 1035
16s (—) TAGAAGTTCGCCTTCGCCTCTG 641 to 620
16s (+) TACAGGTGCTGCATGGTTGTCG 939 to 960
flaB Amplicon size, 1,285 bp; ORF, 1,002 bp
Bh fla 5’ AATCTTTGAATTTACAGCGACAAAACAGG —155 to —127
Bh fla 3’ AAACTCCAATGCGAAAACATTACAATCC +125 to +98
Fla +1 AGAGCTTGGAATGCAACCCG 447 to 466
Fla —1 TGCCTCATCCTGATTTGCG 552 to 534
grB Amplicon size, 2,141 bp; ORF, 1902 bp
gyrB 5" A-1 TTTATTGGTTTTAAGTCAAGTTGAATATGTC —120 to —90
gyrB 3’ GGCTCTTGAAACAATAACAGACATCGC +116 to +90
gyrB 5’ GGTTTATGAGTTATGTTGCTAGTAATATTCAAGTGC —5to 31
gyrB 5'+1 TTATCAAAGAGACTTAGGGAACTTGC 547 to 572
gyrB 5'+2 GAAAGATGTTCCAAGTCTTACATTAGATG 906 to 934
gyrB 5'+3 GCTGATGCTGATGTTGATGG 1480 to 1499
gyrB 3'+1 TGCCCATTCTCAATTAACTCCC 1568 to 1547
gyrB 3'+2 CATCATGCACAATAGTTTCAACG 1060 to 1038
gyrB 3'+3 TTCTCTTTTCCCGATCTCCTATC 629 to 607
gipO Amplicon size, 1,396 bp; ORF, 1,020 and 1,026 bp
glpQ F+1 GGGGTTCTGTTACTGCTAGTGCCATTAC —252 to —225
Rev-2 CAATACTAAGACCAGTTGCTCCTCCGCC +121 to +94
Rev-1 GCACAGGTAGGAATGTTGGAATTTATCCTG 482 to 511
¢glpQ F-1 CAATTTTAGATATGTCTTTACCTTGTTGTTTATGCC 565 to 530

“x, For flaB, gyrB, and glpQ, the minus (—) numbers represent positions upstream of the A in the ATG start codon; positive (+) numbers represent positions
downstream of the last base in the stop codon; numbers with no “+” or “—” are within the ORF, beginning with the A in the start codon. For 16S rRNA, minus (—)
and positive (+) positions flank the sequence used in the analysis.

b Sequences were derived from the following sources: vip33 (vsp33), 124911 (16); 16S rRNA, U42292 (61); flaB, M33839 (57); gyrB, AF098862; and glpQ, U40762

(73).

with a full heuristic search and 1,000 bootstrap replicates. DNA polymorphism
data, DNA divergence between the genomic groups, and recombination analysis
via R = 4Nr were all performed with the DNasp package of algorithms (http:
/lwww.ub.es/dnasp). Sawyer’s test was performed with GENECONYV (http://www
.math.wustl.edu/~sawyer/mbprogs/).

vip gene mapping. Total genomic DNA samples were electrophoresed in 1%
agarose gels as described above and transferred onto GeneScreen Plus mem-
branes (Perkin-Elmer Life and Analytical Sciences, Shelton, Conn.) by the
method of Southern (78). DNA hybridization probes specific for the vip gene
were produced after the DNA sequences were determined in all isolates. Primer
sequences were chosen to amplify an internal, variable region to prevent hybrid-
ization of these DNA fragments with other vsp genes. Pairs of primers were made
(Invitrogen) (Table 3) to PCR amplify DNA from genomic DNA purified from
B. hermsii BAK, DAH, FRO, HAN, and YOR. The predicted size of the am-
plification products ranged from 260 to 327 bp. The DNA probes were labeled
directly with horseradish peroxidase for detection by enhanced chemilumines-
cence with the ECL Direct Nucleic Acid Labeling and Detection System (Am-
ersham Life Science) according to the manufacturer’s instructions.

Production of Vtp monoclonal antibodies. Five isolates of B. hermsii were
chosen (DAH, YOR, BRO, FRO, and BYM). The vtp coding region minus the
signal sequence was amplified with genomic DNA by PCR with primers that
included BamHI sites on both ends of the amplicons (Table 3). Primers Vtp1C
and Vtp 2A were used with YOR and DAH, primers Vtpl1C and Vtp2G were
used with BRO and FRO, and primers Vtp1G and Vtp2A were used with BYM.
The methods used for PCR amplification, cloning amplicons into the pET-15b
vector (Novagen, Inc., Madison, Wis.), purification, and quantification of the
heterologous His-tagged fusion proteins were done as described previously (58).
Monoclonal antibodies H1131, H3548, and H4337 were products of fusions of

RML mouse spleen and NS1 myeloma cells as described previously (8, 65),
except that the immunogens were the purified heterologous proteins, and no
antibiotics were administered to the mice. Hybridoma supernatants were exam-
ined for reactivity with methanol-fixed spirochetes and an indirect fluorescent
antibody (IFA) test (65). The isotype for each monoclonal antibody was deter-
mined by IFA with methanol-fixed spirochetes, affinity-purified antigen-specific
rabbit antibodies to mouse immunoglobulin M (IgM), IgG1, IgG2A, and IgG2B
(Zymed Laboratories, Inc., South San Francisco, Calif.), and goat anti-rabbit
immunoglobulin labeled with rhodamine (Kirkegaard & Perry Laboratories,
Inc., Gaithersburg, Md.).

Tick infection and transmission. The ability of O. hermsi to transmit spiro-
chetes identified as B. hermsii in the newly identified genomic group II (the
present study) was studied. To initiate the transmission cycle, one mouse each
was infected with B. hermsii REN or HAN. A 0.7-ml frozen aliquot of each
culture was thawed and inoculated in total by intraperitoneal injection. Mice
were examined daily for spirochetemia by collecting blood from the tail vein,
preparing a thick drop of blood on a microscope slide, staining the samples with
Giemsa, and examining them with a bright-field microscope at X970 magnifica-
tion and oil immersion. The numbers of circulating spirochetes were 2.4 X 107
(HAN, 2 days postinoculation) and 7.2 X 107 (REN, 7 days postinoculation)
bacteria per ml. These mice were used to infect nymphal and adult O. hermsi
from a colony of uninfected ticks maintained at Rocky Mountain Laboratories.
Approximately 40 ticks fed on each mouse at the time of the spirochetemias cited
above. Bacterial acquisition by ticks was confirmed immediately after feeding by
dissecting the midgut from two ticks in each group (HAN- and REN-infected
ticks) and examining wet mounts with a dark-field microscope. The remaining
ticks were held at 25°C and 85% relative humidity.

Tick transmission of B. hermsii REN and HAN was attempted by allowing
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TABLE 3. Primer sequences to amplify vip-specific probes and ORF fragments lacking the signal sequence for cloning
into the BamHI site of pET-15b

Isolate Sequence (5’ to 3) Size of probe (bp)
For probes

BAK-1 GGTAAGAAGATAGTTGCTGGTGGTGC 260

BAK-2 TGGCTTTTTTTGCATTTGCATCAG

DAH-1 GATGAGCTTGCTAAAGCTATTGGACAG 324

DAH-2 TGTATTTAACTTACCAAGTTCTTCAGCTCCC

FRO-1 CGCTATTGGAAAGAAAATTAAAGAAGATG 265

FRO-2 GCTTTTTGTGCATTCTCATCAGTAGC

HAN-1 GCTATTAAAAAGAAAATTCAAGCAGATGGTC 277

HAN-2 ATCTATGGCTTCCTTTGCATTAGCAC

YOR-1 GCTAAAGCTATTGGGAAAAAAATTGATC 327

YOR-2 TTCAACTTACCAAGCTCTTCAGCTCC

For cloning
ViplC
ViplG
Vtp2A
Vip2G

GGATCCGTGTAATAATGGAGGCCCAGAG
GGATCCGTGTAATAATGGAGGGCCAGAG
GGATCCTTAAGGTTTAACAGGGGTCGC
GGATCCTTAAGGTTTAGCAGGGGTCGC

groups of two ticks to feed on individual 10-day-old mice or allowing groups of
8 to 10 ticks to feed on individual adult mice. Tick transmission was attempted
53 to 122 days after the ticks had ingested their previous infectious blood meal.
Together, 61 ticks exposed previously to B. hermsii were fed on 19 mice, which
were then examined daily for infection as described above.

Nucleotide sequence accession numbers. Nucleotide sequences (151 of 155) of
the five loci from the 31 isolates of B. hermsii have been deposited in the
GenBank database under accession numbers AY597656 to AY597806. Three
sequences for the type strain HS1 were already determined and identical to our
results: glpQ (U65980) (76), flaB (M86838) (57), and gyrB (AF098862), as was
the glpQ sequence we determined previously for B. hermsii DAH (U40762) (73);
therefore, these sequences were not duplicated in the database. Nucleotide
sequences of 16S rRNA and flaB for the other Borrelia species have also been
deposited in the GenBank database under the accession numbers AY604974 to
AY604982. The glpQ sequences for these species were deposited previously
(AF247151, AF247152, AF247156 to AF247158, and AY368276 [58] and
AY368276 [1]).

RESULTS

Geographic distribution of B. hermsii isolates examined.
The 31 isolates of B. hermsii came from localities throughout a
major part of the known distribution where relapsing fever has
been associated with the occurrence of the tick vector, O.
hermsi (Table 1). The geographic range of the isolates spanned
the Okanagan Valley in southern British Columbia, south to
Placer County (Co.), Calif., and east to Estes Park in Larimer
Co., Colo. All of the isolates, except the well-studied type
strain HS1, were tentatively identified as B. hermsii based on
their ecological or epidemiological association with their prob-
able tick vector and locality of origin.

Protein and plasmid analysis. Whole-cell lysates of the 31
isolates of B. hermsii examined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis demonstrated a homoge-
neous protein profile except for the heterogeneity in the Vmps.
Their identities as B. hermsii were confirmed by immunoblot
analysis and positive reactivity with monoclonal antibodies
H9724 and H9826. Protein profiles and positive immunoblots
with H9826 have been presented elsewhere for 12 of the iso-

lates (HS1, MAN, CON, YOR, DAH, OKA-1, OKA-2,
OKA-3, WAD, RAL, SIS, and FRO) (2, 35, 65). Similar results
for the other 19 isolates are not shown.

Three general patterns of the linear plasmids were observed
among the isolates (Fig. 1). The largest linear plasmid of 180 to
200 kb in these spirochetes (40) was not seen as it comigrated
with the chromosomal DNA, and the 30-kb circular plasmids
described previously (80) migrated untrue to their size, well
above the chromosome (Fig. 1). Nineteen isolates represented
by DAH contained a very similar plasmid profile with an esti-
mated six plasmids ranging in size from approximately 16 to 55
kb (Fig. 1). The 12 other isolates contained linear plasmids that
varied more in size and included one or more plasmids signif-
icantly larger than 55 kb. The difference in plasmid profiles
correlated with the DNA sequence data below that separated
the isolates into two genomic groups. Isolates HAN, SIL, and
LAK-2 had very similar plasmid profiles unique from the other
isolates in their group, and these three isolates originated from
localities not far apart in northern Idaho and western Mon-
tana.

DNA sequence analysis of four conserved chromosomal loci.
Further efforts to characterize the B. hermsii isolates at the
genomic level focused on multilocus sequence typing. This
approach can provide a genome-wide, subsample measure of
evolutionary parameters including recombination frequency
(59). DNA sequence was determined for most (1,273 bp) of the
16S rRNA gene and the complete open reading frames (ORFs)
of three highly conserved, protein-encoding chromosomal loci,
flaB (1,002 bp), gyrB (1,902 bp), and glpQ (1,020 or 1,026 bp).
The 16S rRNA phylogram rooted with B. burgdorferi B31 sup-
ported the cluster formation of B. hermsii into two genomic
groups designated genomic group I (GGI) and genomic group
II (GGII) (data not shown). Analysis of the /65 rRNA align-
ment for all isolates identified five (0.39%) segregating or
polymorphic sites between the two groups (Table 4). Mean
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Genomic Group | Genomic Group |l

FIG. 1. Plasmid profiles of representative isolates of B. hermsii demonstrating patterns associated with the two genomic groups based on DNA
sequence analysis (see subsequent figures). Isolate designations are shown above each lane, and DNA size estimates are shown on the right in
kilobases. Arrows on the left show the positions of the circular plasmids (c.p.), chromosome (ch.), and various-sized linear plasmids (1.p.).

TABLE 4. Descriptive statistics and Sawyer’s test for recombination of five loci in B. hermsii GGI and GGII*

No. of: Aligned characters Sawyer’s test
No. of:
Group Locus Maximum No. of
Samples  Alleles Bp G Polymorphisms ™ score SD P BC fragments
aps (%)
All isolates 165 rRNA 31 2 1,273 0 5(0.39) 0.0019
GGI 16S rRNA 19 1 1,273 0 0 0
GGII 16S rRNA 12 1 1,273 0 0 0
All isolates  flaB 31 5 1,002 0 16 (1.6) 0.0064 1.67 0.87 0.17 0
GGI flaB 19 3 1,002 0 5(0.5) 0.0014
GGII flaB 12 2 1,002 0 1(0.1) 0.0005
All isolates  gyrB 31 5 1,902 0 40 (2.1) 0.0099 0.86 —0.48 0.74 0
GGI grB 19 4 1,902 0 3(0.16) 0.0005
GGII grB 12 1 1,902 0 0 0
All isolates  glpQ 31 7 1,026 6 37 (3.6) 0.0172 2.17 0.66 0.18 0
GGI glpQ 19 4 1,026 6 3(0.29) 0.0010
GGII glpQ 12 3 1,026 6 2(0.19) 0.0009
All isolates ~ Concat 31 3,930 6 93 (2.4) 0.0109
GGI Concat 19 3,924 6 11 (0.28) 0.0009
GGII Concat 12 3,930 6 3(0.08) 0.0004
All isolates  vip 31 13 654 44 268 (44) 0.1745 21.30 1472 <1073 0.020 57
GGI vIp 19 10 654 44 243 (40) 0.1790 23.98 1743 <107 0.017 23
GGII vip 12 3 654 13 196 (30) 0.1124 5.19 3.46 0.007 0

“ mr, Mean nucleotide at each aligned position; SD, standard deviations above the mean; P, P value with Bonferroni correction for multiple samples; BC, Bonferroni
corrected.
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FIG. 2. Phylogram of the concatenated sequences (flaB-glpQ-gyrB)
of B. hermsii isolates and B. turicatae 91E135 used for the outgroup.
The tree was constructed with CLUSTAL V and the neighbor-joining
method with 1,000 bootstrap replicates. Numbers at the nodes are the
percentages of bootstraps that supported this pattern. The scale bar for
the branch lengths represents the number of substitutions per site.

nucleotide diversity at each aligned position (w) of the 16§
rRNA gene was low (0.00193) between the groups, and the
sequences were identical within each group (Table 4). GGI
contained 19 isolates, including the type strain HS1, and GGII
contained 12 isolates, exemplified by isolates YOR, OKA-1,
OKA-2, and OKA-3 described in less detail elsewhere (2, 64).

Phylograms for flaB, gyrB, and glpQ, each segregated the B.
hermsii isolates into the same two genomic groups (data not
shown). Therefore, DNA sequences of the three genes from
each isolate were concatenated with the order flaB, glpQ, and
grB (3,924 or 3,930 bp per isolate). These sequences were
compared to the orthologous concatenated sequence for B.
turicatae 91E135 as the outgroup, in which the phylogram had
100% of the bootstrap replicates again supporting the two
genomic groups (Fig. 2). Alignments of the individual gene
sequences showed a higher degree of polymorphism and mean
nucleotide diversity in these three loci in GGI than in GGII
(Table 4).

Single isolates from the two genomic groups of B. hermsii
(DAH in GGI and REN in GGII) were compared to single
isolates of other Borrelia species in a phylogenetic analysis with
16S rRNA, flaB, and glpQ genes. The phylogram for 765 rRNA
demonstrated that the two genomic groups of B. hermsii par-
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FIG. 3. Phylogram of the/6S rRNA sequences of one member of
each genomic group of B. hermsii, other representative species of
relapsing fever spirochetes, and B. burgdorferi used for the outgroup.
The tree was constructed and analyzed as described for Fig. 2.

titioned with longer branch lengths than did B. parkeri and B.
turicatae (Fig. 3). Phylograms for flaB and glpQ also clustered
the two genomic groups of B. hermsii with similar branch pat-
terns in relation to the other species (data not shown).

Sequence analysis of vip. The DNA sequence of vip was
determined previously for one isolate (HS1) of B. hermsii
(GenBank L24911) (16). We also determined the DNA se-
quence for HS1 and the 30 other isolates described above. Our
vip sequence for HS1 varied at four positions from what was
reported. Therefore, we PCR amplified and sequenced the
gene again, obtained an identical result, and used our sequence
for further analysis. Unlike the four highly conserved chromo-
somal loci, the vtp gene was highly polymorphic (44%) and
clustered into seven distinct Vtp types (Fig. 4A) (Table 4). An
unrooted tree generated a star-shaped pattern (data not
shown), similar to that described for ospC in B. burgdorferi
sensu lato (12).

All 31 vtp genes encoded an identical signal sequence of 18
amino acids (MKKNTLSAILMTLFLFIS) preceding a cys-
teine, and the entire predicted, unprocessed peptides varied
from 207 to 216 amino acids. The estimated molecular masses
after cleavage of the signal peptide ranged from 19,568 to
20,388 Da. An amino acid alignment with one member of each
of the seven Vtp types (Fig. 5) demonstrated, as did the DNA
sequences (Fig. 4B), that most of the heterogeneity in this
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FIG. 4. (A) Tree of the vip sequences of the B. hermsii isolates and
ospC of B. burgdorferi B31 used for the outgroup. The tree was con-
structed and analyzed as described for Fig. 2. All isolates in GGII are
distinguished from GGI isolates with bold and underlined names.
Probable examples of horizontal transfer of vfp sequences between
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boxes. (B) Distribution of polymorphic sites in the vp gene for all
isolates in each genomic group. A sliding window of 100 with a step
size of 25 bases was used for same length alignments of the vip genes.
The mean nucleotide diversity () is on the y axis in relation to the
nucleotide position on the x axis.
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locus was in the internal hypervariable region, whereas the
amino- and carboxy-terminal regions were highly conserved.

Vtp amino acid sequences within each type were identical or
nearly so, but among the seven types they were highly diver-
gent, with identity values ranging from 60.2 to 74.2% (mean =
66.8%) (Table 5). DNA sequences in each Vtp type were also
identical or varied by only 0.2 to 2.3%; among the seven Vtp
types, sequences varied from 75.9 to 82%. Thirteen alleles
were found among the seven Vtp types (ten alleles in GGI and
only three alleles in GGII), and the mean nucleotide diversity
was greater in GGI than in GGII (Fig. 4B) (Table 4). Some
isolates with different Vtp types came from the same geo-
graphic region, such Kootenai Co, Idaho, where five isolates in
three Vtp types originated (BYM and SWA in type 1, BRO in
type 2, and MIL and HAL in type 6). In contrast, isolates with
identical amino acid and DNA sequences were also found from
far ranging localities, such as the Vtp type 5 isolates that came
from southern British Columbia, eastern Washington, and
northern California.

Recombination at the vtp locus. The tree with seven vip types
in B. hermsii had long, internal branch lengths (Fig. 4A). This
result suggested that recombination may have caused some of
the diversity in this locus, thus further analyses were per-
formed. There was a 10- to 90-fold greater mean nucleotide
diversity in vtp compared to the conserved chromosomal loci
(Table 4). Sawyer’s test identified numerous recombination
sites in the GGI vtp genes but none in GGII (Table 4). Hud-
son’s formula (42) and the four-gamete test (43) gave the same
results in that recombination was identified only in the GGI vip
genes (data not shown).

Horizontal gene transfer at the vep locus. Spirochetes in Vtp
type 1 included seven isolates with identical amino acid se-
quences (BYM, CAR, CON, SWA, HAN, LAK-1, and LAK-
2). However, part of this branch of the Vtp tree was incongru-
ent with the tree for the two genomic groups (Fig. 2). Isolates
BYM, CAR, CON, and SWA belonged to GGI, whereas iso-
lates HAN, LAK-1, and LAK-2 were in GGII. Thus, in Vtp
type 1 isolates, identical amino acid sequences were shared
among multiple members of both genomic groups. This differ-
ence in branch pattern suggested that the Vtp gene in HAN,
LAK-1, and LAK-2 represented a horizontal transfer of some
part or all of the vip sequence from a donor in GGI, that is,
these sequences were xenologous (33). Analysis of the vip
DNA sequence in these seven isolates showed two alleles that
differed in only one synonymous substitution at position 30 in
the tenth codon (TTG versus TTA; both code for leucine in the
signal peptide). All GGII isolates had an A in position 30,
whereas in GGI only six of the isolates had an A and the
remaining thirteen isolates had a G. If the entire gene had
been transferred, we would expect identical characters in the
30th position; however, this was not observed. This suggests
that most but not all of the vfp sequence downstream of posi-
tion 30 was transferred from a GGI type 1 to GGII spirochete
and therefore that one recombination event had occurred that
was not detectable by the statistical tests used above.

Another incongruity in the branch pattern of the Vtp tree
(Fig. 4A) compared to the two genomic groups (Fig. 2) was the
greater similarity of Vtp type 6 isolates (in GGI) to Vtp type 5
isolates (in GGII) than to the other GGI types. The DNA
sequences in these two types were 82% identical, which was
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FIG. 5. Alignment of deduced amino acid sequences for single isolates in each of the seven Vtp types identified in B. hermsii. The consensus
is shaded and shown below the alignment. BYM (type 1), All (type 2), BAK (type 3), FRO (type 4), YOR (type 5), DAH (type 6), SIL (type 7).
BYM, ALL, BAK, FRO, and DAH are in GGI; YOR and SIL are in GGII.

greater than the identity values among other types. We aligned isolates (Fig. 6) and to smaller linear plasmids of approxi-
Vtp DNA sequences from one isolate of each of the seven mately 35 to 40 kb in GGII isolates (data not shown).
types, which included YOR (GGII, Vtp type 5) and DAH Vtp-specific monoclonal antibodies. Previously, we demon-
(GGI, Vtp type 6). We divided the ORFs into three regions strated that the DAH isolate of B. hermsii switched its outer
(bases 1 to 200 with no gaps, bases 201 to 521 with gaps, and surface from a bloodstream Vmp to Vtp when infecting ticks
bases 522 to 654 with no gaps) and constructed separate trees (66). For that study, we used monoclonal antibody H4825 (4)
for each region (not shown). DAH grouped closely with YOR to identify Vtp-positive spirochetes in ticks; however, this an-
in the tree made with the first 200 bases but grouped with other tibody recognized only type 6 Vtps. Therefore, to study anti-
GGl isolates in the trees based on the other two regions. Thus, genic switching in ticks in the future with other isolates of B.
isolates in GGI Vtp type 6 had a vp sequence that may have hermsii, we produced three additional antibodies that recog-
evolved, in part, from the horizontal transfer of the upstream nize other Vtps. Antibody H3548 reacted only with type 5
region of the vip gene from a GGII spirochete. Vtps, antibody H4337 reacted only with type 4 Vtps, and an-
Mapping the vip gene. A single copy of this gene was tibody H1131 was broadly reactive with Vtps in types 1, 3, 4,
mapped previously to a 53-kb linear plasmid in B. hermsii HS1 and 5. The three new antibodies were isotype IgG2A, while
(5). We mapped the location of vep in HS1 and 21 additional HA4825 was IgG2B.
isolates that represented both genomic groups. We utilized the Tick infection and transmission. Nymphal and adult O.
DNA sequences from the internal, hypervariable region to hermsi transmitted GGII spirochetes (REN and HAN) to 74%
develop hybridization probes that were specific to five Vtp (14 of 19) of the mice when 2 to 10 ticks fed on single mice 53
types that included 28 of the 31 isolates studied. These probes to 122 days after acquiring the spirochetes. Therefore, O.
were specific to each vip type and did not hybridize to vsp hermsi was a competent host and efficient transmitter of these
sequences on the smaller linear plasmids (Fig. 6). These probes spirochetes in the laboratory, which suggests that this tick is the
hybridized to linear plasmids of approximately 53 kb in GGI probable vector of these spirochetes in nature.

TABLE 5. Vtp amino acid sequence identity values between single DISCUSSION

isolates i h Vtp type® . . . .
isorates m cach VP bpe One goal of our laboratory is to identify adaptations of B.

Kolat Sequence identity (%) of isolates of B. hermsii representing the hermsii that allow this spirochete to infect both ticks and mam-

solate . .

(type) seven Vip types mals and to understand how this bacterium successfully alter-
BYM  GAR  BAK RAL YOR DAH  SIL nates between these two very different types of hosts. Vtp may

BYM (1) 100 660 664 682 676 708 667 be critical for B. hermsii to infect ticks or to be infectious in

GAR (2) 100 689 646 646 634 602 mammals at the time of delivery by tick bite (66). Therefore,
BAK (3) 100 65.0 664 660 664  we sought additional isolates to examine the vip and other loci
5‘8{“{ (é)) 100 183'2 E 2353% Io gain an 1.1nderstand1ng of th.e genetic §tructure at the species
DAH (6) 100 69.4 er:l. Multilocus sequence typl.ng analysis of f.our chromosomal
SIL (7) 100 loci demonstrated two genomic groups of spirochetes that are

— - - - highly clonal in structure, as has been demonstrated previously
“ Percent identity values were determined with the GCG-Lite sequence com-

parison tool at http://molbio.info.nih.gov/molbio/gcglite/compare.html. for the.Lyme disease splrochete'B orrelia burgdo’f ern (32)' BOFh
® The lowest and highest identity values are underlined. genomic groups met the criteria for bacterial clones (75) in
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and Vtp types are shown below each panel. Molecular size standards (MSS) are shown on the left in kilobases.

that they contained isolates that were identical or nearly so
throughout the single and concatenated gene phylogenies, they
originated from locations over a wide geographic area, and
they were isolated over a time span of 40 years. In addition, the
GGI isolates had greater nucleotide diversity () and more
polymorphisms in all of the loci examined than did the GGII
isolates (Table 4), which suggests that GGI may be ancestral to
GGII. The evidence for recombination and greater nucleotide
diversity observed in vp compared to the other loci suggests
that this gene is under greater selective pressure (59).

Recently, Bunikis et al. described four genotypes among
nine isolates of B. hermsii based on 685 bp of sequence in the
16S-23S rRNA intergenic spacer (IGS) region (13). The IGS
may be more susceptible to accumulating mutations than are
the protein-coding loci we examined, and therefore the IGS
may be useful in identifying local geographic variants of this
spirochete. Our GGI contained a cluster of four isolates (ALL,
EST-7, MAN, and WAD) (Fig. 2) that originated from Utah,
Colorado, and California but not from Washington and Idaho,
where most of the other GGI isolates were found. Future
efforts are needed to compare genotypes of B. hermsii based on
the IGS with the genomic groups and geographic clusters de-
scribed here to determine the utility of the IGS region for
phylogenetic studies.

The vip locus in B. hermsii demonstrated a pattern of diver-
sity similar to what has been described for ospC in B. burgdor-
feri sensu lato. Numerous investigators have examined the
ospC locus with PCR-RFLP, PCR-SSCP, and DNA sequenc-
ing (12, 31, 44, 52, 82, 83, 87, 88). The results of these studies
identified 21 major ospC groups. Within each group the se-

quence varies little (>99% identity), but among the groups the
sequences are quite different (average of 80% identity) (88).
Also, sequence divergence in ospC is as great within a local
population of spirochetes as it is within an entire species over
large geographic areas (88). For example, eight major ospC
groups were found among 20 isolates of B. burgdorferi sensu
lato collected near Vienna, Austria, while identical ospC se-
quences were found in spirochetes from the United States and
France (52). ospC sequences also group more closely within a
species of Lyme disease spirochete (44, 52, 82, 83). However,
many comparisons of ospC sequences have not agreed with
phylogenetic analyses. This has allowed investigators to iden-
tify probable examples of horizontal transfer and recombina-
tion of part of this gene both within and between species (31,
44, 52, 87).

Two studies of sequence variation in ospC in B. burgdorferi
led investigators to conclude that the major groups in this locus
are maintained by frequency-dependent selection, a form of
balancing selection, driven by the vertebrate host’s immune
system (31, 88). OspC is a major outer surface protein pro-
duced by Lyme disease spirochetes when these bacteria are
transmitted by the bite of slow-feeding Ixodes ticks (21, 69, 71);
hence, this protein is a dominant antigen when the spirochetes
first enter the mammalian host. After infection by tick bite,
humans make an early and strong antibody response to OspC
(28, 36, 56). Mice immunized with OspC from one strain are
protected from infection when challenged with the homolo-
gous but not a heterologous strain of B. burgdorferi (37, 60),
and the ospC sequence does not vary during mammalian in-
fection (79). Therefore, anti-OspC antibodies kill OspC-posi-
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tive spirochetes that contain the same protein to which anti-
bodies are produced; thus, the continued presence of OspC
during infection could be lethal for the spirochetes. Interest-
ingly, spirochetes rapidly downregulate this protein when
grown continuously in vitro at 37°C (69), and one study showed
that this gene is no longer expressed in mice after 17 days after
needle inoculation of cultured spirochetes (51). Vtp is upregu-
lated when B. hermsii persists in the salivary glands of its
fast-feeding tick vector O. hermsi until the spirochetes are
transmitted to the next mammalian host. Once back in mam-
mals, B. hermsii downregulates the synthesis of Vtp within the
first few days of infection in blood, whether infected by tick bite
(66) or needle inoculation (5). How much specific immunity is
produced to Vtp during the early and brief exposure in mam-
mals is not known, although hyperimmune sera produced to
this protein in rabbits kills Vtp-positive B. hermsii in vitro
(T. G. Schwan, unpublished data).

OspC in B. burgdorferi is antigenically related and ortholo-
gous to Vtp and other Vsps produced by B. hermsii (16, 53, 54,
82, 89). Both OspC and Vtp are produced by their respective
species of spirochete when transmitted by tick bite, although
the dynamics and temporal events of spirochetal infection,
localization for their persistence in the ticks, and feeding be-
haviors of ixodid and argasid ticks are very different (63, 66, 70,
71). These proteins are also members of a family of proteins
that are likely shared among most if not all species of Borrelia
(16, 53). OspC and Vtp all have an identical amino acid se-
quence in the signal peptide that differs from the other Vsps
(16), but the significance of this is unknown.

The Lyme disease and relapsing fever spirochetes differ in
their repertoire of these small, outer surface lipoproteins. B.
burgdorferi has only 1, OspC (17, 34), while B. hermsii has at
least 11 (Vtp and Vspl, -2, -3, -6, -8, -11, -13, -22, -24, and -26)
(3, 40). Therefore, a single B. burgdorferi infection will stimu-
late an immune response only to OspC, whereas B. hermsii may
stimulate a stronger immunological response to this family of
proteins due to the cyclical boosts with related proteins pro-
duced during the relapses that follow the initial infection with
Vtp. The Vtp amino acid sequence of B. hermsii HS1 shares
52.6 to 58% identity with the other Vsps in this isolate (deter-
mined with the GCG-Lite sequence comparison tool [http:
//molbio.info.nih.gov/molbio/gcglite/compare.html] and data in
GenBank). Possibly, this could increase the selective pressure
for Vtp to change in immune hosts and result in the greater
amino acid sequence divergence among the B. hermsii Vtp
types (mean of 66.8% identity) compared to the B. burgdorferi
OspC groups (70.7 to 78.8% identity) (44). The lower identity
of the amino acid sequences compared to the DNA sequences
among both the B. burgdorferi OspC groups and the B. hermsii
Vip types presented here also suggests that these proteins are
under selective pressure from host immunity (3).

The ecological parameters that maintain Lyme disease and
relapsing fever spirochetes in nature are vastly different, and
yet cumulatively they result in a genetic structure for the trans-
mission-associated proteins, OspC and Vtp, that are strikingly
similar. The primary reservoir for B. burgdorferi in the eastern
United States is the white-footed mouse, Peromyscus leucopus
(27), which once infected probably remains so for life (41, 67)
with no apparent mortality as a result (14, 41). However, these
mice are relatively short-lived, and wild populations usually
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have a complete turnover and replacement with young each
year (47), although rare individuals may live long enough to
overwinter into the next spring (14, 62). The primary tick
vector associated with these mice, I. scapularis, has a 2-year life
cycle (23). However, only the relatively short-lived nymphal
ticks that became infected as larvae the previous year are
responsible for transferring spirochetes to the next generation
of naive mice (14, 50). The primary vertebrate hosts for B.
hermsii are chipmunks (7amias spp.) and tree squirrels
(Tamiasciurus spp.) (9, 30). Pine squirrels may live up to 9
years in the wild (55), while yellow-pine chipmunks may live 3
to 4 years (11). However, in spite of their longevity, these
animals are poor long-term reservoirs for spirochetes. These
wild rodents and experimental mice may be repeatedly spiro-
chetemic over the course of weeks to a few months; however,
B. hermsii, unlike some other species of relapsing fever spiro-
chetes, rarely persists in the brain (20, 22). O. hermsi is a
relatively long-lived tick with multiple nymphal stages and
adults that feed repeatedly and all stages are capable of trans-
mitting B. hermsii during one or more blood meals (26). There-
fore, the dynamics of immune selective pressure on B. burg-
dorferi OspC includes short-lived mice and short-lived ixodid
ticks in contrast to B. hermsii Vtp that includes long-lived
squirrels and long-lived argasid ticks.

The spatial distribution and density of ticks and vertebrate
hosts in the wild, in conjunction with the prevalence of spiro-
chete infection, are also critical for how intense the selective
pressure may be for spirochetes to change if they are to persist.
Many studies have investigated the ecology and seasonal dy-
namics of B. burgdorferi in ticks and mice (38). In a recent study
in Connecticut, nearly all of the white-footed mice became
infected with B. burgdorferi during each of two consecutive
transmission seasons, and a high percentage of the mice were
seropositive with antibodies to OspC (14). The exposure of
white-footed mice to infected ticks may be intense, and these
rodents may be exposed repeatedly to spirochetes with differ-
ent OspC groups in one season. Unfortunately, no such studies
exist for tracking the incidence and distribution of B. hermsii in
their vertebrate hosts and soft ticks. Thus, we can only specu-
late that the longer-lived squirrels and soft ticks, while proba-
bly less abundant, provide spirochetal infections that cumula-
tively over time result in the same selective pressure that drives
the diversity in Vtp.

OspC and Vtp appear to be under selective pressure from
the vertebrate hosts’ immune system, with horizontal transfer
between spirochetes and recombination accounting for some
of the variability. Given the long-lived nature of O. hermsi and
persistent infection of B. hermsii in the tick’s salivary glands
compared to the transient spirochetemias in rodent hosts, ticks
are the true reservoir for the long-term perpetuation of these
relapsing fever spirochetes in nature. Therefore, dual infec-
tions in ticks may provide the greatest opportunity for the
exchange of DNA between genetically diverse spirochetes, al-
though recombination between vfp and vis/vsp loci in one spi-
rochete to generate vip variants cannot be ruled out. For ticks
to be susceptible to superinfection, the colonization of the
tick’s salivary glands with the first population of spirochetes
should not make these tissues refractory to colonization with
additional spirochetes acquired during subsequent infectious
blood meals. Such experiments in ticks are now possible with
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the arsenal of diverse B. hermisii isolates and specific diagnostic
reagents and sequences described here.
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