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In this study we report on the molecular characterization of a series of genes that constitute a gene family
related to ospE and ospF. Some members of this family appear to represent recombined or variant forms of
ospE and ospF. Variant ospE and ospF genes were found in several Borrelia burgdorferi isolates, demonstrating
that their occurrence is not a phenomenon relevant to only a single isolate. Hybridization analyses revealed

that the upstream originally id:

ified 5' of the full-length ospEF operon- exists in multiple copies

ranging in number from two to six depending on the isolate, This repeated sequence, which we refer to as the
upstream homology box (UHB), carries a putative promoter element. In some isolates, UHB elements were
found to flank copies of ospE and ospF that exist independently of each other. We refer to this group of
UHB-flanked genes collectively as the UHB gene family. The evolutionary relationships among UHB gene
family members were assessed through DNA sequence analysis and gene Iree construction. These analyses
suggest that some UHB-flanked genes might actually represent divergent forms of other previously described
genes. Analysis of the restriction fragment length polymorphism patterns of the UHB-flanked genes among B.
burgdorferi isolates demonstrated that these patterns are highly variable among isolates, suggesting that these
genes are not phylogenetically conserved. The variable restriction fragment length polymorphism patterns
could indicate recombinational activity in these sequences. The presence of numerous copies of the UHB
elements and the high degree of homology among UHB-flanked genes could provide the necessary elements to
allow for homologous recombination, leading to the generation of recombination variants of UHB gene family

members.

Several outer surface proteins (Osp) in the Lyme disease
spirochetes have been characterized (6, 16, 20, 31, 42). Al-
though the functions of the Osp have not yet been completely
delineated, data suggest that they may play a role in spiro-
chete-host interactions (10, 36). The Osp are being investi-
gated as potential candidates for use in the development of
Lyme disease vaccines (13-15). However, in view of the genetic
diversity of these proteins and their variable expression, it is
unclear if they will prove to be suitable targets (1, 12, 17, 24, 26,
217, 29, 31, 34, 37, 41, 43, 44). Several studies have also dem-
onstrated that some osp genes undergo recombination at a
relatively high frequency, which could suggest that these tar-
gets are insufficiently stable (27, 35). The phylogenetic diversity
of the Lyme disease spirochetes is also an important factor to
consider in vaccine and diagnostic assay development and has
only recently been appreciated. Borrelia burgdorferi, originally
identified as the single causative agent of Lyme disease (8), has
been subdivided into several Borrelia specics, including B. burg-
dorferi, B. garinii, B. afzelii (2,7, 22, 23, 33, 42), B. japonica (18,
25, 32), and B. andersonii sp. nov. (25). To date, only B. burg-
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dorferi, B. garinii, and B. afzelii have been clearly demonstrated
to elicit discase in humans.

Two outer surface proteins, OspE and OspF, have recently
been characterized (20), and their genes have been mapped to
a circular plasmid of approximately 32 kb (1). These osp genes
have been demonstrated to be highly immunogenic, and it has
been suggested that they could be useful as vaccinogens (30).
However, it remains to be determined whether these genes are
sufficiently conserved, expressed, and universal among Lyme
disease spirochetes isolates. Other circular-plasmid-carried
genes that exhibit similarity with ospEF have been recently
identified. These include ospF variants (1), p2! (40), the emp
genes (39), and pG (42). Expression of ospEF and related
genes appears to be environmentally regulated to some degree,
and some of these genes are expressed selectively during in-
fection (1, 40, 42). It has been demonstrated that ospEF ex-
pression can be influenced by temperature; however, this effect
is not consistent amonyg isolates, and hence, a definitive corre-
lation is not yet clear (38). Defining the distribution of specific
genes, the factors that influence their expression, and the ex-
tent of their genetic and antigenic diversity is crucial in the
development of effective vaccines and diagnostic assays.

We have characterized several genes from six 8. burgdorferi
isolates that are related to ospE and ospF and that comprise a
gene family. A common feature of these genes is that they are
each flanked at the 5' end by a highly conserved upstream
sequence. We have termed this conserved sequence the up-
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stream homology box (UHB) and refer to this group of UHB-
flanked genes as the UHB gene family. The UHB element,
originally identified 5’ of the ospEF operon in B. burgdorferi
N4, was found to occur in a variable number of copies among
isolates. The observation that not all isolates carry the same
total number of UHB elements suggests that not all isolates
carry the same complement of UHB-flanked genes. In fact,
some isolates were found to lack the ospEF operon. In some
isolates, UHB-elements were found to flank ospE and ospF
genes that exist independently of each other rather than as an
operon as originally described for N40. To differentiate be-
tween ospE and ospF genes that exist in these different orga-
nizations, we have designated those not in an ospEF operon as
ospEi and ospFi to indicate that they exist independently of
each other. Comparative analysis of the UHB-flanked genes,
PG, bbk2.10, the erp genes, p21, ospE, and ospF suggests that
some of these genes might represent divergent forms of one
another that have been modified through mutational events
and genetic recombination. In fact, many of these gene desig-
nations could in fact be synonyms for the same gene. The
identification of variant forms of the ospEF operon and related
genes has important img i garding the p ial func-
tional roles of the UHB gene family members, the interpreta-
tion of earlier data refating to the immune responses to these
proteins, and the potential utility of these proteins in the de-
velopment of Lyme disease-vaccines or diagnostic assays. In
addition, recombination in and among members of this vari-
able family of genes could provide a mechanism for the Lyme
disease spirochetes to vary their antigenic profile and perhaps
evade the lian immune and maintain chronic
infection.

MATERIALS AND METHODS

Bacterial cultivation and DNA and RNA Isolation. The biological source and
geographic origin of all B. burgdorferi isolates investigated are as follows: N0,
cloned Ixodes scapularis tick isolate from New York (passaged through mice:
infectious); N40CH, same as N40 but uncloned; B3I, uncloned . scapularis
isolate from New York (infectious): CA12, uncloned Ixodes pacificus isolate from
California (has not been tested for infectivity): 297, uncloned human cercbral
spinat fluid isolate from a patient in Connecticut (infectious); and 297CH, same
as 297 but passaged through hamsters (infectious). Isolates were cultivated in
BSK-H medium (Sigma) supplemented with 6% rabbit serum (Sigma) at 32°C
and harvested by centrifugation in a Beckman SA600 rotor spun at $.000 rpm for
15 min, Cell pellets were washed with phosphate-buffered saline and repelleted.
DNA and RNA were isolated from 30-m! cultures as previously described (26,

2).

PCR. PCR amplification was performed with Tag polymerase (Promega) as
previously described (27). Cycling was performed with an MJ Research PTC100
thermal cycler. Primers were designed on the basis of the 8. burgdorferi NAO
ospEF sequence, Primer sequences are listed in Table 1. PCR volumes ranged
from 25 (0 50 l, and S to 40 ng of template DNA was used, The reaction
mistures were overlaid with light mineral oil (CVS Pharmacy). PCR cycling
conditions were as follows: 10 cycles of 94°C for | min, SO°C for | min, and 72°C.
for 15 min fallowed by 20 cycles of 94°C for 45 s, 50°C for 1 min, and 72°C for
L min. To analyze the PCR products, 10 ul of cach PCR misture was subjected
10 agarose gel electrophoresis in either 12 GTG (United States Biochemical)-or
2% NuSieve 3:1 (FMC)-agarose gels in TAE buffer (27).

Cloning of PCR products. Freshly generated PCR products, purified with
Wizard columns (Promega), were cloned into the pCR2.1 vector with the TA
cloning kit as described by the supplier (lavitrogen). Recombinants carrying the
desired inserts werc identified by PCR colony screening, Briefly. colonies were
picked with a sterile toothpick and touched 1o the surface of a new Luria-Bertani
plate to generate a replica plate and then the remaining cells were resuspended
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TABLE 1. Oligonucleotide sequences and target sites

Primer” Sequence (5' to 3) Target site®
uhb(+)  GTTGGTTAAAATTACATTTGCG —128 to ~107 of
the ospEF UHB
element
el3(+) ATGTTTATTATTTGTGCTGTTT 13 t0 40 of ospE
ed6(+) CTTATAGGTGCTTGCAAG 46 to 63 of ospE
e70(+) ACTTCATATGATGAGCAAAGT 70 1o 90 of ospE
edf(~)  CTTGCAAGCACCTATAAG 46 to 63 of ospE
€310(-)  AAACTAGTTTTAAATGATCC 310 to 327 of ospE
el0(-) CTAGTGATATTGCATATTCAG 470 to 490 of ospE
R276(-)  ATATGTTTCAAGAGAAGTTT 276 to 295 of ospF
Hl4(-)  CTTAGCATCTTCTAAAGCTT 414 10 433 of ospF
583(~)  CAATTCATTGCTATCAGTACC 583 to 606 of ospF
634(—) TTAAGCTCTTCATCAATCT 634 to 653 of ospF
f48(=)  AGAATGTATAAATAAACAAC 748 to 767 of ospF
p21-105(~) CGCCATTGCTTTGCTTAACT 105 to 124 of p2/
bapA489  CTAATCTTTGGGCAAATCAGC 489 to 509 of
@) bapA

“The designations ¢ and { indicate that the primers target ospE and ospF.
tespecively. The designations (+) and (-) indicate that the primers are plus.
strand and negati d primers, i of a mi d
primer is the inverse complement of the coding sequence of the gene sequence.

® Primer numbering is based on the B, burgdorferi N40 ospEF sequence (20).

Rad). For Southern blot analysis, the membranes were incubated for 5 to 30 min
in hybridization solution (27) and then overnight in the same solution with

ioactively labeled ol ide (15 ng/ml) or PCR d probes. Oli-
gonucleotides were labeled at their 5' OH groups with polynucleotide kinase and
[¥*PJATP. and PCR-generated probes were labeled by the high-prime method
as instructed by the manufacturer (Bochringer Mannheim). To ensure that the
PCR-generated probes were free of chromosomal DNA. a 20-fold diluted aliquot
ofa first-round PCR product was used as the templatein asecond round of PCR.
The second-round products were purified with the Wizard column system (Pro-
mega), labeled, and used as probes. Hybridiztions with oligonucleotide probes
were conducted at 32°C. and those with PCR-generated probes were conducted
a5’ Two 10-min washes with 2 SSC (1X SSCis0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate (SDS) and one wash for 1 h with
0.2X SSC-0.1% SDS were performed. All washes were conducted at the tem-
perature of hybridization.

DNA sequencing and sequence analyses. Either the sequencing templates
were geacrated by TA cloning of PCR products as described above or the PCR
products were purified with the Wizard system (Promega) and directly se-
quenced. Sequencing was accomplished with end-labeled primers and the finol
cydle sequencing system (Promega) according to the manufacturer’s protocol.
Sequencing reaction mixtures were electrophoresed in 6% agarose-$ M urea
gels. and after electrophoresis the gels were transferred directly onto Whatman
3MM paper (without drying or treatment), covered with plastic wrap. and ex-
posed to film with intensifying screens for 2 10 12 h,

DNA, amino acid sequence, and evolutionary analyses were conducted by
using the Wisconsin Genetics Computer Group sequence analysis package (11).
Sequences were aligned by using the PILEUP program, and evolutionary dis-
tances were determined by using the DISTANCE program. Distance values were
then used to construct a gene o evolutionary tree by using the GROWTREE
program. Distance values were also converled 10 identity values. The GAP
program was used 10 delermine painwise percent sequence similarity values,
Unless otherwise indicated. default values were used in all analyses,

Western blot (Immunoblot) analysis of ospE and ospF expression. Pelleted cell
culiures were resuspended in SDS solubilizing solution (100 wl for ach unit of
optical density at 640 nm of cells) and boiled for 10 min. The cel lysates were
fractionated in SDS-12.5% polyacrylamide gels with a 4% stacking gel. The

i proteins were onto I ilon-P. by clec-
troblowting as previously described (24). The membranes were screencd with
antisera to OspF (two different preparations). OspE, and glutathione S-trans-
ferase. Anti-OspF antisera were generated wilh glutathione S-transferase-OspF

in 50 ! of water, The cell suspension was boiled for 10 min and a
13.000 X g for 105 1o remove cellular debris, and then 5-ul aliquots were used
as templates in PCRs, The primers used to generate the original PCR product
were used 10 screen the cell lysates. Reaction volumes were 50 i, and PCR was
performed and the amplicons were analyzed as described above.

Southern blot hybridizations. DNA was digested with Haelll by standard
methods, fractionated in 1,05 GTG-agarose gels, stained with ethidium bro-
fide, and onto Hybond N (Amersham) with the XL
VacuGene system (Pharmacia). The DNA was fised to the membrane by UV
cross-linking with the GS GeneLinker as instructed by the manufacturer (Bio-

fusion y cloned from two B. birydorferi NAO cultures maintained
in oo difierent laboratories (1, 20). Anti-OspE antiscrum was generated with
gluathione S-transf spE fusion proteinoriginally cloned from 8, burydor-
Jeri NAD. The onii-OspF antiserum designated anti-OspF-AR was kindly pro-
vided by Darrin Akins and Justin Radoll, and the anti-OspF antiserum desig-
nated anti-OspF-LF, as well as the Anti-OspE antiserum, was provided by Tuan
Lam and Erol Fikrig, The methods employed in immunablot analysis were as
previously described (1, 20).

Nucleotlde sequence accessinn nuathers. The sequence accession numbers (in
parentheses) for all sequences analyzed in this reportare as follows: N40 ospE
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CH CH
Isolate
N40 1298 1126
N40CH 700 530
297CH 700 530
B3l 650 NP
297 700 530
g CAI2 1298 1126
C
uhb(+) d14() 1583()
| ospE ospF 1 1
N40 ospEF
] 1t 1
ATG TAA ATG TAA

FIG. 1. PCR analysis of the ospEF operon. (A) PCR products obtained with the
weight standards (M) are indicated (o the right (in base pairs). The isolates teste
obtained with the uhb(+)-£533(=) and uhb(+)-f414(-) primer sets are listed. N

uhb(+)-383(~) primer set, PCR was performed as described in the text. Molecular
4 are indicated above each lane, (B) The estimated amplicon sizes (in base pairs)
P. no product obtained. (C) A schematic representation of the PCR primer binding

sites in ospEF from B. burgdorferi NAO is provided. The relative locations of primer binding stes are indicated by the arrows. Translational start and slop codons are

indicated by ATG and TAA, respectively.

(L13924). N4O ospF (L13925). ZS7 pG and ZS7 bapd (XS2409). N0 p2!

(L32797). 297 bbk2.11 (U30617), 297 bbk2. 10 (U18292), NAO bbk2.10 (U19105).

297 0spF (U19754), 297CH ospEi (L75245), 297CH ospFi (L78245). CA12 0spEF.

{1':79954». NAOCH ospEi (L78250), NAOCH ospFi (L78251). and B3I ospEi
78245).

RESULTS

PCR analyses of the ospEF operon. The ed6(+)-f583(-)
primer set, designed to amplify a segment of the ospEF operon
extending from the 5’ end of ospE to the 3’ end of ospF,
yielded a PCR product from B. burgdorferi N40 only. The
N40-derived amplicon was 1,100 bp, i with that pre-
dicted by the published N40 ospEF sequence. Amplification of
ospEF did not occur with B31 (the B. burgdorferi type strain),
N40CH, CAL12, 297, or 297CH. A 16S rRNA positive control
primer set yielded products from all isolates, demonstrating
that the failure to amplify ospEF was not due to template
degradation or to the presence of PCR inhibitors (data not
shown). To determine if the operon was absent or if sequence
divergence within the primer binding sites prevented amplifi-
cation, additional primer sets composed of the ospF minus-
strand primers and various ospE-targeting plus-strand primers
were tested. With most primer sets, product was obtained from
isolate N40 only. However, the uhb(+) f583(~) primer set
yielded products from all isolates (Fig. 1). The uhb(+) primer
hybridizes upstream of the ospEF operon. While isolates CA12
and N40 yielded products of the expected size (1,300 bp), the
amplicons from 297, 297CH, B31, and N40CH were several

DNA sequence analysis of PCR amplicons. (i) Sequence
analysis of the N40, N40CH, 297CH, and 297 amplicons. To
identify the molecular basis for the observed amplicon poly-
morphisms, the uhb(+)-{583(~)-generated amplicons were se-
quenced. In addition, the N40 ospEF amplicon was sequenced
to determine if the organization and sequence of the ospEF
operon carried by the N40 isolate used in our laboratory is the
same as that described by Lam et al. (20). These sequences
were found to be 100% identical. The N4OCH and 297CH
amplicon sequences are 98% identical to each other and ex-
hibit high-level homology with ospF (1). The N4OCH sequence
was aligned with other ospF-related sequences (Fig. 2), and
identity values among ospF-related sequences were deter-
mined (Table 2). Only a partial sequence for the amplicon
from isolate 297 was determined; hence, this isolate was not
subjected to further comparative sequence analysis. Over the
regions for which the sequence was determined. the 297 am-
plicon sequence differed at only a few nucleotide positions
from the 297CH and N40CH amplicon sequences. Each of
these sequences carries a region of high-level identity (82%) to
the upstream region of the ospEF operon, but they are not
flanked by ospE and therefore are not part of an ospEF operon.
Interestingly, the first 42 leotides of these independ
ospF sequences exhibit higher identity values with the corre-
sponding region from the N40 ospE (95%) than they do with
the N40 ospF (57%). Ali of these indep
dent ospF sequences with the full-length N40 ospEF operon
introduced a gap of 531 bp into the N40CH, 297, and

hundred base pairs smaller than expected. C: with this,
the uhb(+)-f414(—) primer set also yielded truncated ampli-
cons from 297, 297CH, and N40CH. Isolate B31 was not am-
plified with this primer set. The observed truncated amplicons
and the failure to amplify the ospEF operon with several (+)
primers that hybridize within ospE suggest that ospE might be
absent or that ospE and ospF are not organized as an operon
in all isolates.

q
297CH sequences extending from position +43 of the N40
ospE through the intergenic spacer to position 36 of the N40
ospF. It is possible that these independent ospF sequences
were generated by a deletion in ospEF, resulting in the forma-
tion of an in-frame chimeric ospE-ospF gene. We have desig-
nated this distinct form of ospF as ospFi to indicate that it is not
part of an ospEF operon.
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Stop codon
t

257 ospEi .
N80 ospf
CALZ ospF
297 bk2ll .

29

N40  ospf

CAl2 ospf

297  bk2ll aatt...aa.
2 181

297CH ospFL

297  ospfl .

N40 ospF

cal2 ospf

297 bk211

2n
297CH ospFL
ospEL ..

291
N0 ospf
CAl2 ospF
297

91
297CH ospFi
7 ospEL ..

bk211 .
61 Haelll

lea..

3
297CH ospEL

297

451
297CH ospFi

297 bk2ll

631
297CH ospFi

297 ospFi

N0 ospF

CA12 ospF

297 bk21l
8.

297CH OspEL

297 OspFi
W40 OspF
cal2 OspF
297 bk21l

297 OspE
N80 OspF
CAl2 OspF

297 bk211

18
297CH OspFi

297 OspE.
840 OspF
calz Ospf
297 bk2ll

bk211 .

91
297CH OspFi
i

a.

cigSene ..a.2.9ttag.gaa....tct...g.tt.ta.taaaasagaatag

1 90
MUKIQIKMELT CAVEALIISC KNYATSXOLE GAVQDLESSE QNVKKTZQEI KKQUEGFLEI LETKOLNTLD T---KEIEKQ IQELKDTINK
et Sioialbcete « : . 1 s R LEK.E.

NSE.N.

SN . ELK.LEX.SK DYN...*

FIG. 2. Alignment of ospF-related sequences, The nucleotide sequence alignment (A) and the deduced amino acid sequences (B) arc presented. Gaps inteoduced
by alignment are indicated by hyphers, and identical positions are indicated by periods. The transtational start and stop codons ar indicated by boldface capital letters.
Unique Haell sites are indicated in the nuclcotide afignment. The premature stopcodon present in the CAL2 ospF sequence is undeglined, The positions of stop codans
in the amino acid aligaments are indicated by asterisks. Blank spaces indicate positions at which the sequence was not determincd. The identity of each gene sequence

ic.

and its isofate of origin

d to the

are indicated on the left. Note that all numberingof primers in this report is based on the

N40 sequence of the ospEF operon (20) and not the numbering, which includes gaps, in the aligiment shown in this figure.
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TABLE 2. Pairwise sequence comparisons for ospF-
related sequences

% Identity”
Isolate and
gene 297 N0 NJOCH 297CH  CAl12 297
ospFi  ospF  ospFi  ospFi  opF  bbkII

297 ospFi 92 98 98 84 7
N40 ospF 87 91 93 84 8
N40CHospFi  ND* ND 96 84 78
297CH ospFi 97 89 ND 84 77
CAI2 ospF 71 72 ND 71 72
297 bbk2.11 62 64 ND 61 47

AN ospE-ospF GENE FAMILY IN BORRELIA BURGDORFER!
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obtained (Fig. 3). Consistent with the sequence analyses that
demonstrated divergence in the e46(+) binding site in CA12,
the ed6(+)-e470(~) primer set did not yield a product with
isolate CA12. While isolate N40 yielded the appropriately
sized product with each primer set, some isolates yielded am-
plicons slightly larger than expected. Isolate N40CH yielded an
amplicon slightly larger than expected, indicating that this iso-
late may harbor an insertion in its ospE gene. Isolate 297
yielded amplicons approximately 80 and 180 bp larger than the
N40-derived amplicon. These analyses demonstrate the pres-
ence of polymorphisms in ospEi genes in some isolates.

S analysis of ospE-derived amplicons. To determine

“ The upper right half of the table lists the nucleotide identity values, and the
lower lefc half provides the amino acid identity values.
® ND, not determined.

Through the use of additional primers, the 3’ region of ospFi
from 297CH was amplified and the location of the translational
stop codon was identified. ospFi encodes a polypeptide of 229
amino acids with a molecular mass of ~25,650 kDa. The N40
ospF sequence carries a 9-bp insertion approximately 205 bp
into its coding sequence that is not present in ospFi. An inser-
tion occurs at the analogous position in the ospF homolog,
bbk2.11 (1). Amino acid similarity values for ospF-related se-
quences are presented in, Table 2, and the nucleotide and
deduced amino acid sequences are presented in Fig. 2.

(ii) Sequence analysis of the ospEF-derived amplicons from
isolates CA12 and B31. The CA12 derived uhb(+)-f583(-)
amplicon is equivalent in size to the N40 ospEF amplicon,
suggesting that this isolate carries an ospEF operon. However,
since some primer sets were incffective for amplifying ospEF
from CA12 there might be sequence divergence between these
operons. Sequence analysis of the operon from CAIL2 revealed
this to be the case. Variability in the 5’ end of the coding
sequence of ospE accounts for the negative ampilification re-
sults obtained with several ospE plus-strand primers. At the
nucleotide level, the CA12 and N40 ospE and ospF

the basis of the molecular polymorphisms in the ospE-derived
amplicons and to assess the genetic variability within ospE
among isolates, the uhb(+)-e470(-) amplicons were se-
quenced (Fig. 4). AS predicted from the ospE PCR analyses, an
insertion of 39 bp is present in the 5’ end of the N4OCH ospEi
gene. Sequence analysis also revealed that the multiple PCR
products obtained from isolate 297 were due to the presence of
repeats of some of the forward-primer binding sites within the
5" end of ospE and were not due to the presence of multiple
variants in the genome. Analysis of the upstream region of
these amplicons revealed that the ospEi genes are also flanked
by conserved UHB clements (discussed below and presented
in Fig. 5). Sequence identity values were determined for ospE-
related seq and are p d in Table 3. I ingly,
the ospEi sequences are as closely related to N40 p2/ as they
are to N40 ospE. Hence, the designation of genes with these
sequences as ospE rather than p2/ is somewhat arbitrary. Since
ospE was described first, we have opted for this nomenclature.
Another interesting observation came from the analysis of the
sequences downstream of the translational stop codons of the
N40 p21 (40) and ospE (20) genes. In isolate N40, the ospE
gene resides 5° of ospF and exists in an operon with the two
genes separated by a short spacer. Alignment revealed that the
first-80 bases 3 of the translational stop codons of ospE and

21 are 88% identical, indicating that a portion of the p2I
d is homologous to the 5' end of ospF.

are 83 and 86% identical, respectively. The ospE and ospF
portions of the CA12 ospEF operon were aligned separately
with related sequences in Fig, 2 and 4, respectively. Analysis of
the CA12 ospF sequence revealed both a 21-bp deletion and a
premature stop codon near the 5’ end of ospF (Fig. 2). The

The p21 sequence 3' of this 80-base segment exhibits no strong
homology with ospF. This observation could indicate that p2I
arose via a recombination event in an ospEF operon.
Identification of a shared and highly conserved upstream
sequence common to several different related genes. All of the
amplicons analyzed in this study carry the conserved UHB

presence of the stop codon was confirmed by sequencing both
strands of several ind. dently d PCR i

q element 5' of their translational start codon. UHB

templates. The predicted molecular mass of the CAI12 ospE
polypeptide is 18,217 kDa.

Partial sequence analysis of the amplicon derived from iso-
late B3] and a subsequent BLAST search revealed that this
sequence is nearly identical to the B. burgdorferi 257 pG se-
quence (42). The ZS7 sequence differs only by the presence of
a 6-bp insertion. Amplification of pG with ospEF-directed
primers reveals that there are regions of similarity among these
genes,

PCR analyses of ospE: demonstration of independent ospE
or ospEi genes and ospE variants, The I described

sequences were aligned and are presented in Fig. 5. UHB
elements have been demonstrated to flank ospEF (20), pG
(42), ospF, bbk2.10 (1), the erp genes (39), p2i (19), and, as
demonstrated in this report, ospEi and ospFi. The identity
values for this sequence range from 81 to 100%. The central
portion of the UHB element is nearly perfectly conserved
among different UHB gene family members and among differ-
ent B. burgdorferi isolates, which may suggest a potentially
important role for this region in the transcriptional regulation
of UHB-flanked genes. The UHB element contains a putative

rib | binding site and potential —10 sequence

above demonstrate that ospFi genes are carried by some iso-
lates. To determine if isolates carrying ospFi also carry inde-
pendent ospE genes or ospEi, PCR analyses using a minus-
strand primer targeting the 3’ end of ospE and several different
plus-strand primers that target upstream of ospE or the 5’ end
of its coding sequence were performed. As described above,
the ospE plus-strand primers did not yield products from iso-
lates 297, 297CH, N40CH, and B31 when used with minus-
strand primers targeting ospF. However, by using e470(—)
primer and the same ospE plus-strand primers, products were

00

elements,

Evolutionary analyses of UHB-Aanked genes. To compare
the genetic relationships among UHB-flanked genes, the cod-
ing sequences determined here and those of other UHB-
flanked genes were used to construct a gene, or evolutionary,
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123456 123456
-1000-
-700 -
-500 -
¥ C.
Primer set:
uhbt/  el3+/ ed6+/ e70+ ed6+ ed6+/
e470- e470- e470- ed70- fd14- r583-
Isolate
N40 620 480 450 420 910 1092
N4OCH 670 530 500 470 NP NP
B31 620 480 450 420 NP NP
297CH 620 520 490 460 Np NP
297 720-670 530 500 470 NP NP
CAI2 620 480 NP 420 NP NP
D.
uhb+ el3+ e70+ e470-
] ! ! ! TAA
N40 ospE
ATG 1
ed6+

FIG. 3. PCR analyses of osp£. PCR analyses were performed as described in the text, Representative PCR results oblained with the uhb(+)-¢470( ~) (A) and

e46(+)-e470(=) (B) primer sets are shown, A 10-ul aliquot of each PCR mixt
NJO0CH, B31, 297CH, 297, and CAI2 were loaded in lanes 1 through 6. respe

estimated siaes of the amplicons in base pairs. NP, no product obiained. (D) Depicti

the 0spE gene of N40.

which, like pG, has been demonstrated to be expressed only
during infection (9). The evolutionary distances and clustering
relationships indicate that some UHB-flanked genes are mod-
erately divergent forms of each other rather than distinct
genes.

Southern blot hybridization analysis of UHB-flanked genes.
To determine the number of UHB elements carried by each
isolate, Haelll-digested DNA was probed with the uhb(+)
oligonucleotide. The UHB copy number and the UHB restric-
tion fragment length polymorphism (RFLP) patterns varied
among isolates, with no two isolates yielding the same UHB
RFLP pattern (Fig. 7A). Six hybridizing restriction fragments
in N40 and 297, four in CA12, and two in B31, 297CH, and
N4OCH were observed. The intensity of the autoradiographic
signal associated with each hybridizing band varied and could
indicate that multiple UHB copies are carried on some restric-
tion fragments. Alternatively, sequence variation in the
uhb(+) probe binding site or the comigration of similarly sized
fragments could be factors leading to differing hybridization
i ities. Thus, some isolates could carry more UHB ele-

tree (Fig. 6). These analyses d the close rel p
of genes that have been considered to be distinct genes. For
example, ospE and p21 were found to cluster, and pG clustered
with bbk2.10. bapA clustered with the eppA gene, which is
carried on a 9.0-kb circular plasmid in B. burgdorferi B31 and

ments than indicated above. The detection of multiple hybrid-
izing bands in the isogeneic isolate N40 is important, because
it demonstrates that the UHB is in fact repeated in the genome
and that we are not detecting different clonal variants in the

vas fractionated in a 1.0% agarose gel. The products obtained (rom isolates NAD,
. (C) Additional osp& PCR resulls are summarized. The numbers i
on of the relative binding sites of ospE-targeting oligonucleotides as they exist on

icate the

poputation. each of which might carry only a single but variable
copy of the UHB element. The observation that each isolate
carries a different number of uhb(+)-hybridizing fragments
suggests that each isolate does not carry the same complement
of UHB-flanked genes.

To assess intraspecies variation in the organization of ospE,
ospF, and related genes, RFLP pattern analyses using oligo-
nucleotides targeting these genes were performed. Represen-
tative Southern blot data are presented in Fig. 7. Isolates N40
and CA12 were both found by PCR to carty ospEF, and as
expected, all ospE and ospF probes tested hybridized with a
single fragment (5.5 kb) in isolate N40 and a single fragment
(4.4 kb) in isolate CAI2. The uhb(+) probe however did not
hybridize with the 4.5-kb fragment from CA12. This is consis-
tent with the DNA sequence analyses that revealed a Haelll
site within the ospE gene that would place the UHB element
on aseparate Haelll restriction fragment. It is noteworthy that
some ospE and ospF oligonucleolide probes hybridized with
more than one restriction fragment, indicating that some re-
gions of ospE and ospF are repeated in the genomes of some
isolates (Fig. 7B to D). The identities of these hybridizing
sequence elements are unclear, but they could represent other
members of the UHB gene family that have not vet been
characterized.
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FIG. 4. Alignment of ospE-related sequences. The nucleotide sequence alignment (A) and the deduced amino acid sequences (B) are presented. Gaps introduced
>y alignment are indicated by hyphens. and ideniical positions are indicated by periods, The translational start and stop codons are indicated by boldface letters in the
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W40 ospEF
CAL2 ospEF
B3l pG
187 pG
W40CH ospEL
297CH ospEl
831 ospEi
N4OCH ospFi
297CH ospFl
297 bbk2.10
40 p21
W40 ospEF
CAL2  ospEF

- 831 pG
87 pG
H4OCH ospEL
297CH ospEL
B3l  ospEl
H40CH ospFi
297CH ospFi
297 bbk2.10
w0 p21

FIG. 5. Alignment of the UHBS from different UHB gene family members from difierent B. burgdorferi isolates. Hyphens indicate gaps. periods indicate identical
positions, and blank spaces indicate positions at which the sequence was not determined. The putative start codon and ribosomal binding site (RBS) of the associated

coding sequence are indicated in boldface type and are labeled above the sequence.

Hybridization patterns consistent with the presence of either
ospEi or ospFi were also observed. For example, in isolate B31
a 1.5-kb UHB-positive fragment hybridized with all ospE-tar-
geting oligonucleotide probes tested and with a full-length
ospE PCR product but not with ospF-directed probes. Simi-
larly, in isolate 297 a 2.1-kb UHB-positive fragment hybridized
with all ospE probes tested but not with ospF probes. Southern
analyses also provided results i with the p of
ospFi in some isolates. In 297, an 8.6-kb UHB-positive frag-
ment hybridized with the f414(~) and £583(~) ospF probes,
consistent with the presence of ospFi rather than ospEF. Inan
earlier report, Akins et al. also demonstrated the existence of
an ospFi gene in isolate 297 (1).

Results not predicted by PCR analyses were also observed.
For example, the f414(—) oligonucleotide hybridized with
three different UHB-positive fragments in isolate 297 (Fig.
7B), yet in the PCR analyses described above, only one
uhb(+)-f414(—)-derived amplification product was observed.
One of the three f414(—)-hybridizing fragments also bound the
£583(—) oligonucleotide, suggesting that this fragment carries
ospFi. Failure to amplify the additional elements with the
uhb(+)-f414(—) primer set could be due to a wide variety of
reasons. The identities of the sequence elements that bound
these probes are unclear, but they may represent other UHB
gene family member genes that show homology with ospF. Two
such variants, bbk2.10 and bbk2.11, have been described pre-

TABLE 3. Painvise sequence comparisons for ospE-
related sequences

% Identity”
Isolate and

o B3l N 29ICH NJOCH  CAIZ  N40
ospEi  opE  owpEi  ospEi  ospE  p2l
B3l ospEi 91 89 87 9 86
N40 ospE 81 86 87 9 84
297CH ospEi 82 7 82 81 86
N40CH ospEi 7 e 68 76 80
CAI2 ospE 64 62 63 61 79

Nd0 p21 st 77 80 7 73

“ The upper right half of the table lists the nucleotide identity values. and the
Tower left half provides the amino acid identity values.

viously (1). However, since the only potential f414(~) binding
sites in these genes contain four mismatches with the f414(—)
probe and the f414(—) probe binding site in bbk2.11 contains
a Haelll restriction site, itis unlikely that these fragments carr
bbk2.10 or bbk2.11.

ospE sequence analyses revealed that the p2!/ and ospE
genes are closely related and likely are divergent forms of the
same gene. To determine if copies of both are carried by each
isolate, an oligonucleotide probe directed at a unique segment
of p21 was made and used in Southern analyses. In all isolates,
the p2I probe hybridized with a 2.0-kb fragment that did not
bind the uhb(+) oligonucleotide, a 120-bp PCR-generated
UAB probe (data not shown), or any of the ospE-directed
probes. Haelll sites are not present in the N40 p2/ sequence
previously determined by Suk et al. (40); hence, at least in
isolate N40 the hybridization of both the p2! and UHB-target-
ing probes with the same fragment was expected but not ob-
served. It is unclear if this is due to sequence variations or
genomic rearrangements in p2/.

FIG. 6. Gene tree of UHB family genes. The gene tree was constructed on
the basis of the coding sequence of each UHB gene family member as described
in the text. The labeling indicaies the gene identity and its isolate of origin.
Sequence accession numbers can be found in the text.
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FIG. 7. RFLP pattern analysis of UHB elements and UHB-flanked genes.
DNA was digested with Haelll, fracti and probed with 0
uhb(+) (A). B14(-) (B), ¢470() (C). or [583(~) (D). In each panel, restricted
DNAs from isolates B31, 297CH, 297, NAOCH, N40, and CA12 were loaded in
Janes 1 through 6, respectively. Molecular weight markers are indicated in kilo-
bases.

The isolates 297CH and N40CH are derivative populations
of isolates 297 and N0, respectively. These isolates exhibited
RFLP patterns different from those of 297 and N40 with all
probes tested except the p2I probe. This observation demon-
strates that both the uncloned N40 and 297 isolates are, per-
haps not surprisingly, composed of a mixed population of cell
lineages. Isolates N4OCH and 297CH carry only two UHB-
positive fragments, suggesting that these isolates might not
carry all of the known UHB-flanked genes. Some of the UHB-
carrying fragments hybridized only weakly with the uhb(+)
oligonucleotide, which could indicate sequence divergence in
this repeated sequence in these isolates.

Immunoblot analysis of ospE, ospF, and other ospEF gene
family variants. To determine if OspE, OspF, or o'lhey immu-
nologically related proteins are expressed during in vitro cul-
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tivation, immunoblot analyses were performed. In assessing
OspF expression, two different anti-OspF antiserum prepara-
tions generated in two different laboratories were used. Both
were generated with glutathione S-transferase-OspF fusion
proteins as immunogens that had been cleaved and purified (1,
20). None of the B. burgdorferi strains tested exhibited immu-
noreactivity with control anti-glutathione S-transferase anti-
sera, which did react with purified glutathione S-transferase.
Immunoreactive proteins were detected with both anti-OspF
antiserum preparations; however, differences in immunoreac-
tivity among isolates were observed (Fig. 8). Inmunoreactive
proteins with molecular masses of 29 and 19 kDa were de-
tected in B. burgdorferi B31 with the anti-OspF-LF antiserum
but not with the anti-OspF-AR antiserum. The identity of the
19-kDa immunoreactive protein is unclear, but it could repre-
sent a cleavage product of OspF or a cross-reactive OspF
homolog. Other isofates analyzed exhibited the same pattern
of reactivity with both anti-OspF antisera. All isolates except
N40CH expressed an immunoreactive protein with a mass con-
sistent with that expected for OspF. The detection of an im-
munoreactive protein in isolate CA12, which by sequence anal-
ysis was found to have a premature stop codon in its ospF gene,
suggests either read-through of the stop codon or expression of
an immunoreactive ospF homolog. The detection of immuno-
reactive proteins in isolates that carry ospFi genes suggests that
these genes are functional and are expressed during in vitro
cultivation.

In all isolates except B31, immunoblot analyses using anti-
OspE (N40) antisera detected an immunoreactive protein with
a molecular mass of approxil ly 34 kDa, iderably larger
than the predicted 19-kDa OspE (Fig. 6). In B31, two proteins
with lar masses of approxi ly 19 and 31 kDa were
detected with this antiserum, In addition to B31, polypeptides
consistent with the size expected for OspE were observed (al-
beit faintly) in isolates N40, 297, and 297CH.

Thé immunoblot results presented here differ qualitatively
from data recently presented by Stevenson et al. (39). These
authors utilized the same anti-OspE and anti-OspF-LF anti-
sera used in this study. Cross-reactivity of the anti-OspE anti-
serum with 43- and 63-kDa proteins in isolate B31 (38) was
reported. This is in contrast to the approximately 34-kDa cross-
reactive proteins observed in this study. Interestingly, in an
earlier analysis Stevenson et al. detected a cross-reactive pro-
tein in isolate B31 with an apparent molecular mass of 35 kDa
(38) and did not observe an immunoreactive protein with a
molecular mass of 43 kDa as presented in their more recent
analysis. It is unclear whether different proteins in different
laboratories are being detected with this antiserum or whether
the same immunoreactive proteins are being observed but
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FIG. 8. Immunoblot analyses of OspE and OspF. Whole cell lysates were prepared for each isofate and fractionated in an SDS-12.5% polvacrylamide gel as
described in the text, The protcins were teansferred onto lmmobilon-P membranes and screencd with cither OspF or OSpE antiscrum as described in the text. In fancs

1 through 6 of each panel, the following B, burgdorferi isolates were analyzed: B3

1, 297CH, NOCH, N40, CA12, and 297, respectively. The isolates were screened with

anti-OspF-LF (A), anti-OspE-AR (B), or anti-OspE antiserum. The migration positions of the molecular mass markers (in kilodaltons) are indicated.

feri.
PCR, Southern blot hybridi
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there is a discrepancy in the estimated molecular masses. Dif-
ferences were also observed with the anti-OspF-LF antiserum.
Specifically, it was also reported previously that the anti-
OspF-LF serum also recognizes the 43- and 68-kDa proteins
that were immunoreactive with the anti-OspE antisera. In this
study, we did not observe immunoreactivity of these proteins
with either of the two independently generated anti-OspF an-
tisera that were tested. These antisera did not detect the ap-
proximately 34-kDa proteins that were detected with the anti-
OspE antiserum. The reasons for these discrepancies are
currently unclear, but in spite of this, it is apparent from this
and earlier studies that proteins immunologically related to
OspE are expressed in vitro by B. burgdoiferi and that OspE is
apparently expressed at low levels and only in some isolates
during in vitro cultivation.

DISCUSSION

ospE and ospF were first cloned and sequenced from B.
burgdorferi N40 (20), an isolate that has been widely used in
Lyme disease-related research. These genes were found to be
closely spaced, and hence it was suggested that they constitute
an operon. The conservation, organization, and distribution of
this operon among other B. burgdorferi isolates have not been
previously assessed, Recently, other genes that exhibit homol-
ogy with ospF or ospE and that are flanked by a UHB element
have been identified (1, 20, 39, 40, 42). These include p21, pG,
erp genes, ospEi, ospFi, and bbk2.10. Like ospEF, little is known
about the organization, distribution, conservation, and biolog-
ical role of the UHB-flanked genes. The purpose of this study
was to begin to address these questions, as they pertain to the
causative agent of Lyme disease in North America, B. burgdor-

and DNA seq anal-
yses demonstrated that not all isolates carry an ospEF operon
analogous to that described for isolate N40 (20). Four of six
isolates instead carry separate copies of ospE or ospF. To
differentiate these genes from their counterparts, which are
organized in an operon, the suffix “i”" has been added to their
designations to indicate that they exist independently of each
other and carry their own promoter-containing UHB element.
Recent analyses of other B. burgdoiferi sensu lato isolates in-
dicate that most isolates lack ospEF (21). Preliminary PCR
analyses on 635 B. burgdorferi sensu lato isolates have demon-
strated that only 8% carry an ospEF operon (21). Akins et al.
had previously demc d the exi of ospFi genes in
two B. burgdoiferi isolates (1).

The RFLP patterns of ospEF, ospEi, ospFi, and other UHB-
flanked genes were found to be highly variable. The RFLP
patterns of other B. burgdorferi sensu lato genes tend to exhibit

ively speci ific or subspecies-specific patterns. There
are exceptions, such as the ospD gene (27). The variable pat-
terns of this gene have been suggested to result from recom-
bination and lateral transfer of the ospD plasmid among iso-
lates. These processes can result in RFLP patterns that are not
reflective of the overall phylogenetic divergence of organisms.
The analyses presented here demonstrate that the RFLP pat-
terns of the UHB-flanked genes are hypervariable at the in-
traspecies level and thus, like ospD, are not indicative of phy-
logenetic relationships. This suggests that these genes have
been influenced by short-term evolutionary or mutational
events such as genetic recombination. A relatively high fre-
quency of recombination would be required to result in what
appear to be isolate-specific RFLP patterns.

Southern blot hybridization experiments have also demon-
strated that regions of the coding sequence of some UHB-

J. BACTERIOL.

flanked genes are present in more than one copy in some
isolates. This is consistent with results of studies by Akins et al.,
which also demonstrated that probes directed against various
regions of ospF hybridize with more than one restriction frag-
ment upon Southern blot analysis (1). These observations raise
the possibility that there might be additional genes that are
related to members of the UHB gene family that have not yet
been identified. On the basis of the variable copy number of
the UHB elements, it appears that the complement of UHB-
flanked genes carried among isolates varies. It is conceivable
that some UHB-flanked genes could have arisen via gene du-
plication events, as has been speculated for osp4 and ospB
(35), or that they represent recombination variants. Recombi-
nation in these genes is evident in the form of insertions and
deletions. Several such polymorphisms were detected in both
ospEi and ospFi. Recombination might have played a role in
the generation of genes such as ospFi. We have noted that if
the first 42 nucleotides of ospFi, ospE, and ospF are aligned
without gaps then ospFi exhibits a level of identity with ospE
significantly higher than that with ospF (95 versus 57%). In
addition, ospFi also carries the same upstream sequence as
ospEF. This observation and the absence of a full-length ospEF
operon suggest that ospFi arose through a deletion or recom-
bination event in ospEF, with the outcome of this deletion
being the fusion of partial ospE and ospF genes to form a
chimeric gene. Alternatively, it is possible that ospEi and ospFi
represent the ancestral forms of these genes and that the
ospEF operon arose from a recombination event.

Alignment of UHB-flanked gene sequences revealed that
many have extended regions of homology. Hence, sequence-
mediated recombination among these genes would not be un-
likely and could represent a mechanism by which variability
among these genes has been generated. If recombination and
genetic rearrangement occur at high enough frequencies, the
UHB copy numbers, organization. and polymorphisms in these
genes could to some degree be lincage or even isolate specific.
Monitoring of the stability of the organization of these genes in
clonal populations over time will aid in assessing these possi-
bilities. i

The evolutionary analyses suggest that some previously char-
acterized UHB-flanked genes might be divergent forms of one
another. For example the p2/ and ospE genes from isolate N40
are 87% identical at the nucleotide level. At the amino acid
level they exhibit 80% identity and 85% similarity. Similarly,
the recently described e;p4 and erpC genes are also closely
related to ospE, exhibiting identity values of 85 and 88% at the
nucleotide level (39). Typically, sequences with identity values
of this magnitude are considered to be variants of the same
gene. Other examples are the pG and bbk2.10 genes. which,
upon gene tree construction, were found to cluster. Both are
UHB-flanked genes that are selectivelv expressed during in-
fection (1, 42). The pG and bbk2.10 sequences are 77% iden-
tical at the nucleotide level. At the amino acid level they are
62% identical and 72% similar. Divergence among these se-
quences is most pronounced in their central portions. The first
41 amino acids of these proteins exhibit 80% identity. The last
51 amino acids also show 80% identity. It is possible that
divergence in the central portion of pG could have ariscn
between two related genes through homologous recombina-
tion mediated by the h t q at the 5’
and 3' ends. The suggestion thal pG and bbk2.10 are derived
from the same ancestral gene is supported by the fact that both
are flanked by the same downstream sequence. In B. burgdor-
feri Z57, pG resides immediately upstream of the bapA gene.
The bbk2.10 sequence reported by Akins et al. (1) resides just
5' of a sequence with 98% nucleotide identity to that of bapA.
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Hence bbk2.10 appears to reside in the same relative map
location in isolate 297 that pG occupies in isolate ZS7. Inter-
estingly, the partial sequence of pG from isolate B3l deter-
mined in this study is 100% homologous with the ZS7 pG
sequence. The only difference in these sequences is a 6-bp
insertion in the ZS7 sequence. Thus, while in isolates B31 and
ZS7 pG is highly conserved, in others, such as 297, there is
pronounced sequence divergence. Recombination among dif-
ferent variants of these genes is one mechanism whereby such
divergence could have been generated. PCR analyses revealed
that in B31, pG also resides just upstream of bapA (data not
shown). Similarly, the gene designated as erpG (39). which is
nearly identical to pG, also resides 5’ of the bapA gene in some
clones of isolate B31. It appears that erpG, bbk2.10, and pG are
synonyms,

The ospA, ospB, and ospC genes have been extensively an-
alyzed regarding intraspecies variability. For OspC, amino acid
identity values have been found to range from 61 to 100% (41),
and for OspA and OspB, they range from 69 to 100% (43).
Thus, gene sequences that fall within this range of identity
values are considered to be variants of the same gene and are
designated as such. The range in identity values among genes
such as p21, erpA, erpC, and ospE suggests that these genes are
synonyms, exhibiting a degree of variability among isolates that
is not unexpected. Hence, it remains to be determined if the
designation of each gene as different is warranted. Likewise,
the identities observed among bbk2.10, erpG, and pG, as well
as that between eppA and bapA, are also indicative of these
genes being synonymous. In light of this, a revision of the
currently used nomenclature might be warranted and would
serve to simplify the nomenclature of Bonrelia genes. We have
opted to utilize the first designations assigned to these genes,
i.e., to refer to p21, erpA, and erpC as ospE (20) and to replace
bl{k 10 and erpG with pG (42). A final revised nomenclature
might be‘possib!e once the extent of variability of the UHB
gene family among B. burgdorferi sensu lato isolates as a whole
is better understood.

The presence of ospE and ospF as an operon in some isolates
and as independent genes in others would have important
implications concerning the regulation of these genes in these
two dlﬂ.cren( organizational states. The transcriptional expres-
sion of individual ospE and ospF genes would not by necessity
be linked. However, although ospE and ospF are physically
separated in some isolates, they still share the same potential
regulatory upstream sequence or UHB. As a consequence, one
ml.gh( expect these genes to be potentially coregulated. The
existence of several additional genes that are also flanked by a
UHB element raises interesting questions regarding the tran-
scriptional regulation and expression of this gene family as a
whole. While it is evident from the immunoblot analyses that
ospF is expressed by most isolates during in vitro cultivation,
other UHB-flanked genes are not and appear to be selectively

p during infection in Is (1, 40, 42). It is inter-
esting that eppA, which shares significant identity with the
bapA gene, which is immediately downstream of the UHB-
flanked pG gene, is also expressed selectively during infection
(9). Individual UHB-flanked genes might also be differentially
regulated during the course of infection. It has been demon-
strated that approximately 14% of early Lyme disease patients
possess circulating antibodies to both OspE and OspF. How-
ever, the percentage of patients with long-term infections who
have ci i ibodies to OspF i to 58% while
that for patients with antibodies to OspE remains at 14% (30).
Hence, although these genes appear to have the same regula-
tory sequence, ospFi expression might be up regulated while
expression of ospEi remains unchanged. Alternatively, it is
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possible that other UHB gene family members that encode
proteins antigenically related to ospF are expressed during
later stages of disease and that ospF itself is not actually up
regulated. Our ability to address these questions requires that
we first decipher the molecular and immunological relation-
ships between members of this gene family.

The results of this study, in combination with data presented
by others (1, 20, 42), indicate that there is a family of related
genes that could have-arisen through recombination events.
Continuing recombination in and among these sequences
could provide B. burgdorferi with a mechanism to rapidly alter
its surface antigen composition and increase its antigenic di-
versity. This process could play a role in mediating the bacte-
rium-host interaction postinfection and allow for the establish
ment of long-term infection in mammals. Similarly, antigenic
variation among members of the Vmp protein family is a ke
factor in the pathogenesis of the relapsing fever borrelia (3). It
the relapsing fever spirochetes, recombination in and amony
the vmp genes plays a key role in the generation of antigenit
variants (3-5). Although the UHB-flanked genes are locatec
on circular plasmids (1, 21, 39) in contrast to the vmp genes
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12. Fikrig, E.. H. Tao, F. S. Kantor. S. W. Barthold, and R. A. Flavell, 1993.
Evasion of protective immunity by Borrelia burgdorferi by truncation of outer
surface protein B. Proc. Natl. Acad. Sci. USA 90:4092-4096.

. Fikrig, E. F., S. W, Barthold, F. S. Kantor, and R. A. Flavell. 1990. Protection
of mice against the Lyme disease agent by immunizing with recombinant
OspA. Science 250:353-336.

14. Fikrig, E. F., S. V. Bartholl Marcantonio, K. Deponte, F. S. Kantor,and
R. A. Flavell. 1992, Roles of OspA, OspB, and flagellin in protective immu-
nity to Lyme borreliosis in laboratory mice. Infect, Immun. 39:553-559.

15. Fikrlg, E. F. . R, Telford, S. W. Barthold, F. S. Kantor, A. Spielman, and
R. A. Flavell. 1992. Elimination of Borrelia burgdorferi from vector licks
feeding on OspA-immunized mice. Proc. Natl. Acad. Sci. USA 8%:3418-
3421

b

=

16. Fuchs, R., S. Jauris, F. Lottspeich, V. Preac-Mursic, B. Wilske, and E.
Soutsehek. 1992. Molecular analysis and expression of a Bomelia burgdorferi
gene encoding a 22 kDa proteins (pC) in Escherichia coli. Mol. Micrabiol.
6:503-509.

. Jonsson, M., L. Noppo, A. G. Barbour, and S. Bergstrdm, 1992. Heteroge-
neity of outer membrane proteins in Borrelia burgdorferi: comparison of osp
operons of three isolates of different geographic origins. Infect. Immun.
60:1345-1853,

. Kawabata, H., T. Masuzawa, and Y. Yanagihara. 1993. Genomic analysis of
Borrelia japonica sp. nov. isolated from [xodes ovatus in Japan. Micrabiol.
Immunol. 37:843-848.

19. Lam, T. L., T.-P. K. Nguyen, E. Fikrig, and R. A. Flavell. 1994. A chromo-

somal Borrelia burgdorferi gene ¢ncodes a 22-kilodalton lipoprotein, P22, that
i i ized in Lyme disease. J. Clin. Microbiol. 32:876-583.

%

which are located on linear plasmids, it is tempting to sp

that there could be parallels between the biological role of the
vmp gene family and the UHB gene family. Work to charac
terize UHB gene family members, the mechanisms by whict
they arise, and the factors or conditions that influence their
transcription continues.
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