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A series of related genes that are flanked at their 5’ ends by a conserved upstream sequence element called
the upstream homology box (UHB) have been identified in Borrelia burgdorferi. These genes have been referred
to as the UHB or erp gene family. We previously demonstrated that among a limited number of B. burgdorferi
isolates, the UHB gene family is variable in composition and organization. Prior to this report the UHB gene
family in other species of the B. burgdorferi sensu lato complex had not been studied, and if this family is
important in the pathogenesis or biology of the Lyme disease spirochetes, then a wide distribution among
species and isolates of the B. burgdorferi sensu lato complex would be expected. To assess this, we screened for
the UHB element by Southern hybridization and determined its restriction fragment length polymorphism
(RFLP) patterns. The UHB element was found to be carried by all B. burgdorferi sensu lato complex species
tested (B. burgdorferi, B. garinii, B. afzelii, B. japonica, B. valaisiana sp. nov., and B. andersonii), but the RFLP
patterns varied widely at both the inter- and intraspecies levels. Variation in both the number and size of the
hybridizing restriction fragments was evident. PCR analyses also revealed the presence of polymorphic,
ospE-related alleles in many isolates. Sequence analyses identified the molecular basis of the polymorphisms
as being primarily insertions and deletions. Sequence variation and the insertions and deletions were found to
be clustered in two distinct domains (variable domains 1 and 2). In many isolates variable domain 1 is flanked
by direct repeat elements, some as long as 38 bp. Computer analyses of the deduced amino acid sequences
encoded within variable domain 1 predict them to be hydrophilic, surface exposed, and antigenic. The analyses
conducted here suggest that the UHB gene family, as evidenced by the variable UHB RFLP patterns, is not
evolutionarily stable and that the polymorphic ospE alleles are derived from a common ancestral gene which
has been modified through mutation or recombination events. The characterization of ospE-related genes of the
UHB gene family among B. burgdorferi sensu lato species will prove important in attempts to construct a model
for UHB gene family organization and in deciphering the role of the UHB gene family in the biology and

pathogenesis of the Lyme disease spirochetes.

Numerous studies have demonstrated that the Borrelia burg-
dorferi genome carries repeated sequences, numerous gene
families, and multiple copies of closely related plasmids (4-6,
9,11, 20, 22, 24, 25, 29). B. burgdorferi B31T may carry as many
as seven related 32-kb circular plasmids (cp32s) (20) that carry
some members of the upstream homology box (UHB) gene
family (also referred to as the erp gene family) (6, 20, 25). The
UHB gene family is defined by the presence of a conserved
upstream sequence called the UHB element (1, 14, 20, 25-27).
Nucleotide sequence identity values for the UHB elements
from different isolates and from different UHB gene family
members range from 81 to 100% (20). The conservation of this
putative control element may suggest that the gene family is
responsive to common regulatory factors or environmental
regulatory signals and could constitute a regulon.

ospE and ospF, the first UHB gene family members to be
identified, were found to exist as an operon in B. burgdorferi
N40 (14). However, in other B. burgdorferi isolates these genes
are not linked (1, 20). Some of the ospE-related genes that
have been described exist in operons with downstream genes

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Sanger Hall, Medical College of Virginia of
Virginia Commonwealth University, 1101 East Marshall St., Rich-
mond, VA 23298-0678. Phone: (804) 828-3779. Fax: (804) 828-9946.
E-mail: rmarconi@hsc.vcu.edu.

4656

distinct from ospF (25), and some isolates carry paralogs of
ospF that exist independently of ospE (1, 20). The emerging
picture is that the UHB gene family is highly variable and more
complex than previously recognized. UHB gene family mem-
bers that have been identified to date include ospEF (14),
ospEi and ospFi (20), pG (27), bbk2.10 (1), the erp genes (6,
25), and p21 (26). These genes were identified in a variety of
isolates; hence, it remains to be determined if all or just a
subset of these genes are carried by individual isolates. Among
the genes that are flanked at their 5’ ends by UHB elements,
there is a subgroup which exhibits high homology to ospE. This
UHB gene family subgroup includes ospEi, erpA, erpl, erpC,
and p21. The nucleotide identity values of these genes with
ospE range from 85 to 100% (a summary of sequence identities
and other properties of these genes is presented in Table 1).
We refer to these genes collectively as ospE-related genes or
ospE paralogs.

In this study we have characterized the restriction fragment
length polymorphism (RFLP) patterns, distribution, and copy
number of the UHB element and have assessed the genetic
variability of ospE-related genes among isolates through PCR
and DNA sequence analyses. Although UHB elements were
detected in all B. burgdorferi sensu lato species tested, the
composition of the gene family appears to vary among isolates.
PCR, sequence, and Southern analyses of ospE paralogs have
revealed that polymorphisms in these genes are localized in
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TABLE 1. Sequence accession numbers and features of UHB gene family members

Accession number and Isolate of G f 5

gene name (reference) origin® ene feature(s)

L13924 ospE (14) N40 First gene of the ospEF operon in B. burgdorferi isolate N40

L13925 ospF (14) N40 Second gene of the ospEF operon in isolate N40

L78248 ospEi (20) B31 91% nt identity with N40 ospE but not 3’ flanked by ospF

L78250 ospEi (20) N40CH 87% nt identity with N40 ospE, not 3’ flanked by a conserved ospF

U44912 erpA (25) B31T Flanked 3’ by erpB in some isolates, 85% nt identity to ospE

U78764 erpA2 B31T Identical in sequence to erpA but carried on a different cp32 in isolate B31

U44912 erpB (25) B31T Resides 3" of erpA in some isolates, 36% nt identity to ospF

U44914 erpC (25) B31T Flanked 3’ by erpD in some isolates, 88% nt identity to ospE

U44914 erpD (25) B31T Resides 3" of erpC in some isolates, 38% nt identity to ospF

U72996 erpl (6) B31T Flanked 3’ by erpJ, 100% nt identity to erpA

U72997 erpK (6) B31T Peripheral member of the UHB gene family exhibiting 54 and 68% nt identity with ospE and ospF,
respectively

U72996 erp] (6) B31T Resides 3" of erpl in isolate B31T, 100% nt identity to erpB

L78249 ospEi (20) 297CH 86% nt identity with N40 ospE, not 3’ flanked by a conserved ospF

X82409 pG (27) 757 Immediately upstream from the bapA (bapA is homologous to eppA [7])

X82409 bapA (27) 7S7 Downstream from pG, 80% amino acid similarity with eppA4, not 5’ flanked by a UHB element

132797 p21 (26) N40 86 and 84% nt identity to N40 ospE and B31 ospEi, respectively

U18292 bbk2.10 (1) 297 77% nt identity to ZS7 pG, 3’ flanked by bapA

U19754 ospF (1) 297 92 and 98% nt identity to N40 ospF and N40CH ospFi, respectively

L78245 ospFi (20) 297CH 100% identity with N4OCH ospFi, 5" flanked by a UHB element, not preceded by ospE

L78251 ospFi (20) N40CH 91% nt identity with N40 ospF, 5" flanked by a UHB element, not preceded by ospE

L79960 ospEF (20) CA12 Full-length ospEF operon, ospE and ospF exhibit 79 and 84% nt identity to N40 ospE and ospF,
respectively

U30617 bbk2.11 (1) 297 ospF variant

“ All isolates are B. burgdorferi.

> All genes or operons, unless otherwise indicated, are flanked at their 5’ ends by a highly conserved UHB element.

distinct domains which computer analyses predict to encode
hydrophilic, surface-exposed, and antigenic amino acid se-
quences. Genetic rearrangement and recombination appear to
have contributed to the variable organization of these evolu-
tionarily unstable genes. It is our hypothesis that recombina-
tion in and among ospE-related genes could result in a contin-
ually evolving, antigenically variable group of surface-exposed
proteins. It is conceivable that these proteins could influence
the host-pathogen interaction.

MATERIALS AND METHODS

Bacterial cultivation and DNA isolation. Bacterial isolates (Table 2) were
cultivated in BSK-H medium (Sigma) supplemented with 6% (vol/vol) rabbit
serum (Sigma) at 32°C, harvested by centrifugation, and washed with phosphate-
buffered saline (pH 7.0). Two different B. burgdorferi B31 cultures were analyzed.
B. burgdorferi B31T (a cloned isolate) was provided by Sherwood Casjens (Uni-
versity of Utah), and a second population, designated B31, was provided by Tom
Schwan (Rocky Mountain Laboratories, National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health). DNA was isolated from all isolates
listed in Table 2 as previously described (18, 21).

RFLP pattern determination and Southern blot hybridizations. Haelll-di-
gested DNA was fractionated in 0.8% (wt/vol) GTG-agarose gels (United States
Biochemical), vacuum blotted onto Hybond N membranes (Amersham), UV
cross-linked by using a GS-Genelinker (Bio-Rad), and hybridized with the 5'-
end-labeled oligonucleotides described in Table 3. Oligonucleotides were labeled
at their 5 OH groups by using polynucleotide kinase and [y->*P]JATP (6,000 Ci
mmol~!; NEN-DuPont). Hybridizations with oligonucleotide probes were con-
ducted at temperatures of 32 to 42°C in a Hybaid hybridization oven (Labnet).
The hybridization buffer consisted of 0.2% (wt/vol) bovine serum albumin, 0.2%
(wt/vol) polyvinyl-pyrrolidone (molecular weight, 40,000), 0.2% (wt/vol) Ficoll
(molecular weight, 400,000), 50 mM Tris-HCI (pH 7.5), 0.1% (wt/vol) sodium
pyrophosphate, 1% (wt/vol) sodium dodecyl sulfate (SDS), 10% (wt/vol) dextran
sulfate, 100 p.g of herring sperm DNA ml~', and 1 M NaCl. Two 10-min washes
with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS
and a 1-h wash with 0.2X SSC-0.1% SDS were performed at temperatures
ranging from 32 to 42°C, depending on the probe. A final 5-min wash was done
at room temperature with 0.2X SSC-0.1% SDS with vigorous shaking.

PCR. PCR amplification was performed with Tag polymerase (Promega) in
30-pl reaction volumes as previously described (19). Briefly, cycling conditions
were 95°C for 3 min followed by 30 to 35 cycles of 95°C for 1 min, 50°C for 1 min,
and 72°C for 1.5 min. Reaction mixtures were overlaid with light mineral oil

(Rite-Aid Pharmacy). Primer and oligonucleotide probe sequences and their
intended target sites are listed in Table 3. PCR products were analyzed by
clectrophoresis in 1.2% GTG-agarose gels in TAE buffer (Tris-acetate [pH 8.5],
2 mM EDTA).

Cloning and DNA sequence analyses. Selected PCR amplicons were cloned by
using the TA cloning kit (Invitrogen) or the pGEM-T cloning vector (Promega)
essentially as described by the manufacturers. PCR products or recombinant
clones were purified by using Wizard columns (Promega) and directly sequenced
by using end-labeled primers and the fimol DNA sequencing kit (Promega).
Sequencing reactions were analyzed in 6% polyacrylamide-8 M urea gels at 85
W. The gels were transferred directly onto Whatman 3MM paper, wrapped in
cellophane, and exposed to film for 1 to 3 h with intensifying screens. Sequences
were analyzed by using the Wisconsin Sequence Analysis Package, version 9.0
(Genetics Computer Group, Madison, Wis.). To determine pairwise identity and
similarity values, the GAP program was run with default parameters. Multiple
sequence alignments were generated by using PILEUP and then manually re-
fined. To conduct evolutionary analyses and construct phylograms, the multi-
sequence alignments were used as the input files for the DISTANCES program,
which generates a matrix of evolutionary distances. Uncorrected distances were
determined. These distances were then used as input for the GROWTREE
program to generate phylograms. The neighbor-joining method was used, and
negative branch lengths were not allowed.

Nucleotide sequence accession numbers. The PCR amplicons obtained with
the uhb(+)-E470(—) primer set from various isolates were assigned accession
numbers AF029901 through AF029912. The sequence of the amplicon from B.
burgdorferi JD1 was submitted at a later date and was assigned the accession
number AF059178.

RESULTS

RFLP pattern analysis of the UHB element. A previous
analysis of six B. burgdorferi isolates demonstrated that UHB
RFLP patterns are variable and suggested that the comple-
ment of UHB gene family members varies among B. burgdor-
feri isolates (20). To date, the presence and composition of the
UHB gene family in other species of the B. burgdorferi sensu
lato complex have not been assessed. To address this and to
further analyze genetic diversity within B. burgdorferi, we
screened for the UHB element in other B. burgdorferi sensu
lato isolates by Southern hybridization and determined the
UHB RFLP patterns by using Haelll-digested DNA. To verify
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TABLE 2. Description of isolates utilized in this study and summary of PCR analyses

PCR results with uhb(+)-E470(—)

In vitro passage”

primer set®

Species and isolate(s) Origin®
B. burgdorferi
297, 297CH Human CSF, CT
N40,4 N40CH, B31, B31T¢ Ixodes scapularis, NY
R100, T2, 25015 1. scapularis, NY
CA2, CA3, CA12 Ixodes pacificus, CA
CA4, CA7, CA8, CA9 L pacificus, CA
CA13 Ixodes neotomae, CA
LP3, LP4, LP5, LP7 Human, CT
272 Human EM, USA
NY186 Human EM, NY
HBNC? Human blood, CA
D14 1. scapularis, MA
VS134, VS307 Ixodes ricinus, Switzerland
B. garinii
1P90, 1P89 Ixodes persulcatus, Russia
VS102, VSBP I ricinus, Switzerland
G2 Human CSF, Germany
153 I ricinus, France
FRG, Pbi, N34 L ricinus, Germany
G25 I ricinus, Sweden
B5-92, B4-91 Human EM, Norway
B4-87, B6-91 1. ricinus, Norway
B. valaisiana sp. nov. VS116 1. ricinus, Switzerland
B. afzelii
J1 1. persulcatus, Japan
Pbo Human CSF, Germany
1P21, IP3 1. persulcatus, Russia
Bo23, PGau? Human EM, Germany

Pko? Human EM, Switzerland
UMOI1, ECM1, VS461 Human skin, Sweden

B. andersonii
210384 Ixodes dentatus, NY
19857 Rabbit kidney, NY

B. japonica IKA2, HO14 Ixodes ovatus, Japan

U@, 7@ + (mp), +
L I),7 ), L), L) +,
4 (), 8, 6 (I) + (p), + (mp), +
11, 11, 25 +, +, +
57,83 +, 4, 4, +
9 +

3,333 +, 4, 4, +
28 + (mp)

20 +

2 +

4 (D) + (p)

8,7 +/—=,

H, 4 +(p), +
9,8 , —

H —

11 +/—

11, U, H 4
H +/—

L L +, +

L L +/—, +

9 +

U +

3 +

H H +(p), +
U, L +, + (mp)
U +

U,U,9 + (p), +, +/—
L + (p)

22 +/—

U, U + (mp), —

“ CSF, cerebrospinal fluid; EM, erythema migrans; CT, Connecticut; NY, New York; CA, California; USA, United States; MA, Massachusetts.
> U, unknown passage history; L, passaged in vitro fewer than 15 times; H, passaged more than 30 times; I, confirmed to be infectious.
¢m, multiple bands were obtained; p, amplicons of a size different (polymorphic) from that predicted were obtained; +, strong amplification; +/—, weak

amplification; —, no amplification.
9 The isolate was cloned by plating.

that the DNA had been completely digested, we performed
Southern hybridization with a probe targeting the single-copy
16S rRNA gene (rrs) (23). All isolates yielded a single hybrid-
izing band, indicating complete digestion (data not shown). To

screen for the UHB element, two different probes were used,;
the uhb(+) oligonucleotide and a UHB element-targeting,
PCR-generated probe (472 bp). Oligonucleotide probe bind-
ing sites are presented in Table 3. The PCR probe was gener-

TABLE 3. Oligonucleotide probe and primer sequences and target sites”

Primer Sequence (5'-3") Intended target site positions
uhb(+) GTTGGTTAAAATTACATTTGCG —128 to —107 of the ospEF UHB element” (B. burgdorferi N40)
uhb3(+) TCCTCTCCTTGAAGGTGTTAC —426 to —406 of the erpAB UHB element (B. burgdorferi B31)
E13(+) ATGTTTATTATTTGTGCTGTTT 13 to 40 of ospE (B. burgdorferi N40)
E46(+) CTTATAGGTGCTTGCAAG 46 to 63 of ospE (B. burgdorferi N40)
E46(—) CTTGCAAGCACCTATAAG 46 to 63 of ospE (B. burgdorferi N40)
E70(—) ACTTCATATGATGAGCAAAGT 70 to 90 of ospE (B. burgdorferi N40)
E310(—) AAACTAGTTTTAAATGATCC 310 to 327 of ospE (B. burgdorferi N40)
E470(—) CTAGTGATATTGCATATTCAG 470 to 490 of ospE (B. burgdorferi N40)
C241(-) TGCGAATGTATCAGAGTCTCC 241 to 261 of erpC (B. burgdorferi B31)
p21-105 (—) CGCCATTGCTTTGCTTAACT 105 to 124 of p21
A468(—) GTCTCCCCCCGCACTGTTA 450 to 468 of erpA (B. burgdorferi B31)

¢ Primer designations are based on the numbering presented in the original descriptions of each individual gene (not on the alignments presented in this report).
The data presented in this report demonstrate that several of the probes can hybridize with more than one ospE variant; hence, the probe designations themselves do
not imply that the probes are absolutely variant specific. The designations (+) and (—) indicate that the primers are positive- or negative-strand primers, respectively.
The sequences of the (—) primers are the inverse complement of the coding sequence.

A conserved binding site for this primer also resides upstream of other UHB gene family members at an analogous position.
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FIG. 1. RFLP patterns of the UHB element among B. burgdorferi sensu lato
complex isolates. Haelll-digested DNA was transferred onto a Hybond N mem-
brane and hybridized with the uhb(+) oligonucleotide under conditions de-
scribed in the text. The isolates analyzed are indicated above the lanes, and
molecular size standards (in kilobases) are indicated on the right. Isolates N34,
G25, VSBP, Pbi, FRG, B4-91, and B487 are B. garinii; VS116 is B. valaisiana;
ECM1 and UMOL1 are B. afzelii; IKA2 and HO14 are B. japonica; 21038 is B.
andersonii; and N40, CA13, CA3, CAS, IP89, CA9, LP3, VS307, VS134, and T2
are B. burgdorferi.

ated from B. burgdorferi B31 by using the uhb3(+) and E46(—)
primers. Both the uhb(+) oligonucleotide (Fig. 1) and the
PCR-generated probe (data not shown) hybridized with DNAs
from all B. burgdorferi sensu lato species (B. burgdorferi, B.
garinii, B. afzelii, B. andersonii, B. japonica, and B. valaisiana).
As with the oligonucleotide probe, no two isolates exhibited
the same RFLP pattern when the PCR-generated probe was
used. However, for each individual isolate these two probes
yielded nearly identical RFLP patterns. When differences were
observed, they were mainly in the form of differences in hy-
bridization intensity of the probes with some bands. The two
different UHB-targeting probes were used in these analyses
because while oligonucleotide probes are best suited for copy
number determination, it is possible that some UHB copies
could go undetected as a result of sequence divergence within
the oligonucleotide target site. Since the PCR probe carries an
entire copy of the UHB element (i.e., that region extending
from the 5’ end of ospE upstream to the start codon of the
oppositely oriented ORF6 [6]), minor sequence divergence
would not prevent its hybridization. For B. garinii isolates,
identical hybridization profiles were obtained with both
probes. This demonstrates that the low UHB copy number in
this species, inferred from hybridization with the uhb(+) oli-
gonucleotide, is accurate. Hence, it can be concluded that the
copy number of the UHB element varies among isolates. The
number of UHB elements detected in B. garinii isolates was
lowest, ranging from one to three. In contrast, B. burgdorferi
and B. afzelii isolates carry four or more UHB elements. Since
the RFLP patterns differ in both the number and size of hy-
bridizing restriction fragments, it can be concluded that the
pattern differences are not due solely to loss of some plasmids,
since this would only decrease the number of hybridizing
bands. Since no discernible conservation of UHB RFLP pat-
terns was observed among isolates of the same species, it can
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be concluded that the organization of these genes is not re-
flective of phylogenetic relationships. Hence, UHB gene family
composition and organization appear to have been influenced
by recent molecular events such as mutation and/or recombi-
nation and plasmid loss or acquisition.

PCR analyses of ospE-related genes. As one step towards
assessing possible genetic heterogeneity in ospE-related genes,
PCR analyses were performed on 56 B. burgdorferi sensu lato
isolates with the uhb(+)-E470(—) primer set (Table 2). PCR
screening can reveal polymorphisms (insertions or deletions)
that might not be evident by Southern blotting. The primers,
E470(—) and uhb(+), have conserved binding sites in ospE,
erpA, and erpl. Hence, if all three of these genes are present in
the genome, each could be amplified by the primer set. It
should be noted that a search of the database indicates that
two separate but identical copies of erpA (designated erpA and
erpA2; for accession numbers, see Table 1) are apparently
carried by B. burgdorferi B31T. Since these alleles and erpl are
identical in sequence, we did not attempt to differentiate be-
tween them. uhb(+)-E470(—) amplicons were obtained from
91% of the isolates tested (51 of 56), with some isolates yield-
ing multiple bands (Table 2; representative data are also pre-
sented in Fig. 2). Many of the amplicons were polymorphic,
being of a size not consistent with that predicted for ospE,
erpA, erpl, or any other known ospE paralog, suggesting that
there may be other polymorphic ospE-related genes carried by
some B. burgdorferi sensu lato isolates. Hybridization and DNA
sequence analyses designed to identify the molecular basis of
these possible gene polymorphisms are described in detail be-
low.

Southern hybridization analyses of uhb(+)-E470(—) PCR
amplicons with probes targeting previously identified ospE-
related genes. Since many of the uhb(+)-E470(—) amplicons
were polymorphic in size, the identity of the amplified genes
could not be inferred based upon migration in agarose gels. In
addition, since ospE and the ospE paralogs erpA and erpl pos-
sess uhb(+) and E470(—) binding sites at analogous positions
and would yield amplicons of the same size, it remained to be
determined which of these genes were amplified. To aid in the
identification of the polymorphic amplicons and to determine
specifically which genes were being amplified, hybridization
analyses of the amplicons were conducted. To determine if
erpA (or erpl) was amplified, we used the erpA (erpl)-specific
A468(—) oligonucleotide as a probe. The A468(—) probe hy-
bridized with amplicons derived from only a few B. burgdorferi
isolates (Fig. 2). The absence of hybridization of this probe
with the amplicons implies that erpA (both copies) and erpl are
possibly absent from the genome. Alternatively, it is conceiv-
able, although unlikely, that all three erpA-related alleles (both
copies of erpA and erpl) exhibit sequence divergence at the
probe binding site in all A468(—) hybridization-negative iso-
lates and therefore do not hybridize with the probe. The pos-
sible absence of these 5" UHB-flanked alleles from most iso-
lates is indirectly supported by the lower UHB element copy
number observed in most isolates compared to that in B. burg-
dorferi B31T (6, 9).

The blot probed with the A468(—) primer was stripped and
sequentially probed with other ospE paralog-targeting probes.
The E13(+) probe, which targets the relatively conserved pu-
tative leader peptide of all ospE-related genes (except erpC,
which is divergent within the probe binding site), hybridized
with amplicons from 23 of the 28 PCR products tested. Some
amplicons did not hybridize even under low-stringency condi-
tions, indicating sequence divergence at their 5’ termini. The
E46(+) probe, which targets within the 5’ ends of ospE, erpl,
and erpA, hybridized with amplicons derived from nine B.
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FIG. 2. PCR analyses of ospE and hybridization analyses of the amplicons with oligonucleotide probes targeting various ospE paralogs. PCR with the uhb(+)-
E470(—) primer set was performed on various isolates. Ten microliters of each reaction mixture was analyzed in a 1.2% agarose gel and then stained with ethidium
bromide. (Top panel) Representative PCR data; (lower panels) hybridization results with the amplicons from the top panel. The isolates analyzed are indicated at the
top, and the oligonucleotide probes used are indicated at the right. Isolates LP3, LP4, LP7, CA2, CA3, CA4, CA12, R100, JD1, 297, CA9, B31, T2, 272, B31T, NY186,
and 25015 are B. burgdorferi; 21038 is B. andersonii; TP90, B491, and B691 are B. garinii; VS116 is B. valaisiana; Pko, UMO1, ECM1, Pbo, and Pgau are B. afzelii; and

IKA2 is B. japonica.

burgdorferi isolates but not with amplicons derived from other
species, indicating that this region of the amplicons is variable
among isolates, with divergence being pronounced across spe-
cies lines. The C241(—) and p21-105(—) probes, which target
erpC and p21, respectively, were not predicted to hybridize
with the uhb(+)-E470(—) amplicons, since both the erpC and
p21 genes lack an E470(—) binding site and therefore should
not be amplified. However, hybridization was observed with
several B. burgdorferi-derived amplicons (p2/ data are not
shown). It is possible either that some erpC or p2l genes
possess an E470(—) binding site or that sequences thought to
be unique to erpC or p21 are present in other ospE paralogs.
These data raised the possibility that there may be ospE para-
logs that are composite or mosaic genes.

Although the amplicons were screened by hybridization with
probes targeting all of the identified ospE paralogs, some am-
plicons did not hybridize with this collection of probes. Exam-
ples of hybridization-negative amplicons include those derived
from B. burgdorferi R100 and JD1 and the larger of the two
bands from B. burgdorferi 297 and 272 (all of which were
identical in size). The absence of hybridization with the collec-
tion of probes used suggests that the amplified genes are
divergent in sequence from other ospE paralogs. It can be
concluded from these analyses that the uhb(+)-E470(—) am-
plicons are derived from a variable gene or group of genes and

that there are additional ospE paralogs carried by some iso-
lates that have not yet been characterized and reported on in
the literature. To assess the molecular variation in these am-
plicons, several were cloned or purified and their sequences
were determined.

DNA sequence analyses of the uhb(+)-E470(—) amplicons.
Selected uhb(+)-E470(—) amplicons were purified and se-
quenced. The determined sequences extend from approxi-
mately 120 bases upstream of the translational start codons to
within approximately 40 bases 5’ of the stop codon (as inferred
from the location of the known stop codon of ospE). Thus, the
determined sequences are partial and are missing a small seg-
ment of their 3’ ends. To assess the relatedness between the
coding regions of the amplicons, we conducted pairwise se-
quence comparisons by using the GAP program (default pa-
rameters). These nucleotide identity values ranged from 67.25
to 100% (Table 4). Excluding the amplicon sequence from B.
burgdorferi JD1, which was found to be the most peripheral of
the nucleotide sequences, nucleotide identity values at the
intraspecies level ranged from 83 to 100%. The average nucle-
otide identity value for these sequences compared with the
corresponding coding sequences of ospE, erpA, p21, and erpC
(from B. burgdorferi N40 or B31T) were 86.4, 87.6, 85.5, and
86.1%, respectively, indicating that the amplified genes are
evolutionarily equidistant from each of the previously de-
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TABLE 4. Nucleotide sequence identity and amino acid similarity values of the uhb(+)-E470(—) amplicons from B. burgdorferi sensu lato

isolates and comparison with other UHB-flanked genes

% Nucleotide identity or amino acid similarity” to:

Isolate

Orgene 71038 B31 CA2 CA3 CA4 CA9 epA epC 1P90 LP3  LP4 ospE  p21 VSI116 IKA2c2 IKA2c3 PGau JDI1
21038 7842 76.86 76.02 77.87 77.87 80.28 73.36 71.54 72.69 80.28 80.05 76.57 7451 73.82 7722 7596 84.40
B31 71.53 85.88 83.06 87.47 8747 98.14 8770 7448 87.00 98.14 89.33 84.94 7859 76.87 79.58 7633 71.26
CA2 72.55 85.21 91.78 86.50 86.50 87.29 88.47 7397 86.82 87.29 87.06 99.13 77.14 82.00 77.66 76.48 70.40
CA3 70.51 82.64 92.86 83.62 83.62 84.92 8756 7553 8756 8492 8631 91.60 75.60 79.58 77.22 76.08 79.02
CA4 76.97 84.72 84.77 79.74 100.0 88.86 87.24 74.68 87.47 88.86 9234 85.62 76.87 79.67 76.64 7692 73.19
CA9 76.97 84.72 84.77 79.74 100.0 88.86 87.24 74.68 87.47 88.86 9234 85.62 7687 79.67 76.64 76.92 73.19
erpA 73.61 97.92 87.32 84.72 86.81 86.81 89.10 76.33 88.86 100.0 91.18 86.35 80.00 78.74 81.44 77.73 73.13
erpC 73.65 86.11 90.14 88.97 86.81 86.81 88.19 75.17 98.46 89.10 87.00 89.02 78.82 80.97 83.41 77.80 74.15
1P90 71.60 75.69 74.03 72.61 7452 7452 77773 7434 75.34 76.33 76.57 73.49 81.76 83.76 83.08 85.57 69.57
LP3 73.65 8542 89.44 88.97 86.11 86.11 87.50 99.34 74.34 88.86 87.00 87.33 78.12 80.28 83.18 77.14 74.15
LP4 73.61 97.92 87.32 84.72 86.81 86.81 100.0 88.19 77.78 87.50 91.18 86.35 80.00 78.74 81.44 77.73 73.13
ospE 76.39 87.50 8592 8542 89.58 89.58 89.58 86.11 77.08 86.11 89.58 86.12 7835 77.80 81.68 78.19 71.69
p21 7143 83.80 98.70 92.99 83.44 83.44 8592 90.21 7290 89.51 8592 84.51 7736 80.94 7736 76.86 69.72
VS116  71.05 74.65 73.69 75.66 7237 7237 76.76 78.17 84.21 78.17 76.76 76.76 73.68 84.83 84.96 81.64 67.25
IKA2c2 61.22 74.65 75.00 73.43 7324 7324 76.76 7832 7692 79.02 76.76 71.13 7448 77.14 88.34 86.78 69.98
IKA2c¢3 62.00 73.43 7333 70.59 72.85 72.85 7552 7778 77.78 78.47 7552 73.43 7124 7533 83.92 87.42 69.72
PGau 58.82 67.83 71.52 70.13 69.54 69.54 69.93 6821 79.50 68.87 69.93 6853 70.13 7333 81.82 81.70 75.32
JD1 68.99 62.68 60.26 61.69 65.10 65.10 67.69 6791 60.71 69.01 64.79 70.00 59.21 60.26 65.97 66.00 58.82

¢ Percent nucleotide identity values are presented in the upper half of the table, and percent amino acid similarity values are given in the lower half of the table. The

p21 and erp sequences analyzed were previously determined by others; their accession numbers are provided in Table 1.

scribed ospE-related genes. As a consequence, most of the
amplified genes could not be assigned with certainty a gene
name designation. It appears instead that several genes in the
ospE subfamily of the UHB gene family are in a somewhat gray
area regarding nomenclature. Rather than assign a new gene
name to each, and in an attempt to simplify the somewhat
complicated nomenclature of ospE-related genes, we refer to
them simply as ospE paralogs.

Alignment of the nucleotide sequences revealed a concen-
tration of sequence variation between alignment positions 220
through 360 (variable domain 1). This domain is characterized
by the presence of in-frame insertions and deletions, flanked in
many isolates by direct repeat elements (Fig. 3). Some of the
repeats are discussed here, while others are highlighted in Fig.
3. Relative to B. burgdorferi N40 ospE, the B. andersonii 21038
amplicon sequence carries an insertion of 102 nucleotides (nt)
flanked by a 18-bp repeat containing three mismatches. At the
same site in the CA4 and CA9 amplicons there is a 38-bp
near-perfect repeat (37 of 38 nt) separated by 1 nt. In the IP90
amplicon this site carries a 34-bp repeat (32 of 34 nt) separated
by 2 nt. A second interesting feature of the IP90 amplicon is a
6-nt tandem repeat in the 5’ end of the putative coding se-
quence which results in the presence of two potential ribo-
somal binding sites.

A second variable region occurs between positions 505 and
535 (variable domain 2). Diversity within this domain is signif-
icant yet is less pronounced than that seen in variable domain
1. At this site the B. burgdorferi LP3-derived amplicon carries
a 24-nt insertion (relative to ospE of B. burgdorferi N40) iden-
tical in sequence to the insertion present in erpC of B. burg-
dorferi B31T. The B. burgdorferi CA3 and N40 amplicon se-
quences carry a 3-nt insertion at this position. B. afzelii PGau
and B. garinii IP90 carry a similar 24-nt insertion (63% identity
with each other) that is not related to the insertion observed in
LP3. B. andersonii 21038 harbors a unique 12-bp insertion at
this site. In contrast to domain 1, domain 2 is not flanked by
repeat elements.

Sequence analysis of the amplicons that were hybridization
negative with the various ospE paralog-targeting probes (as

described above) revealed these sequences to be among the
most divergent of the ospE paralogs. Near-complete sequences
for the 297, 272, and R100 amplicons and a complete sequence
for the JD1 amplicon were determined. These sequences were
found to be identical to each other, and in light of this, we
focus our discussion on the amplicon sequence from B. burg-
dorferi JD1. Of all ospE-related genes characterized thus far,
this variant is most peripheral to the group in terms of se-
quence conservation. Its nucleotide identity with other ospE
paralogs ranges from 67.25 to 84.40%. Like other ospE-related
genes, it is polymorphic within variable domain 1. Relative to
B. burgdorferi N40 ospE, it carries an insertion of 122 nt which
is followed just downstream by a single-base insertion that
restores the reading frame. Interestingly, the terminal 92 nt of
the insertion exhibit 90% identity with the insertion present in
the B. andersonii 21038 amplicon sequence. Particularly nota-
ble is the homology between the 5" end of the insertion (and a
small segment of its 5" flanking sequence) and another mem-
ber of the UHB gene family, erpK. The gene from which this
amplicon was derived appears to be a composite gene carrying
segments of at least two UHB gene family members.

To compare the putative proteins encoded by the ospE am-
plicon sequences, the partial nucleotide sequences were trans-
lated and aligned (Fig. 4). To assess the relatedness of the
translated sequences, pairwise sequence comparisons were
performed (Table 4). These values ranged from 58.8% simi-
larity to 100% identity, demonstrating that all are clearly mem-
bers of a single gene family. Analysis of the deduced amino
acid sequences revealed several noteworthy features. All carry
a relatively conserved, hydrophobic putative leader peptide of
15 to 20 amino acids and an amino acid motif similar to the
proposed signal peptidase II site of OspE (LIGAC) (14). Just
downstream of the putative leader peptide within variable do-
main 1 of some isolates are amino acid repeat motifs of various
lengths and sequences. It should be noted that not all se-
quences that carry repeats at the nucleotide level exhibit re-
peats at the amino acid level. In B. garinii IP90 the sequence
SLSDQG is perfectly and tandemly repeated four times. To
assess the physical properties of the deduced amino acid se-



1 uhb (+) oligo

gctgaatgta
taggaatgta
taggaatgta
gctgaatgta
gctgaatgta
gctgaatgta
gctgaatgta
gctgaatgta
gctgaatgta
gctgaatgta
gctgaatgta
ccaaaatgta
cctaaatgta
ccaaaatgta
ccgaaatgta
ccgaaatgta
gctgaatgta
gctgaatgta

tt-aggactt
tt-aggactt
tt-aggactt
tt-aggactt
tt-aggac—-
tt-aggactt
tt-aggactt
tt-aggactt
tt-aagattt
tt-aagattt
tt-agaactt
ttgaggattt
tttgaaactt
t---agcctt
t---aggctt
ta--agactt
tt--agactt
ta--ggactt

tgtttttata
tatttttgct
tatttttgcet
tgtttttata
tgtttttata
tgtttttata
tgtttttata
tgtttttata
tgtttttgca
tgtttttgca
agtttttgtt
tgtttttgca
tgtttttteg
tgtttttgca
tgtttttgceca
agtttttgta
tgtttttacg
agttttcgeg

acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattat
acaaaattaa
acaaaattat
acagaattaa
acaaaattag
acaaaattat
acaaaattat

RBS
-—atggagtaa
-atggagaaa
-atggag-aa
-—atggagaaa
tatggagaaa
-atggagaaa
~-atggagaaa
-—atggagaaa
-—atggagaaa
-atggagaaa
-atggagtaa
-atggagtaa
—agggagtat
—acggagtaa
-acggagtaa
-atggagtag
tatggagtaa
—atggagtaa

E46(+/-)
cttataggtg
ttgataagtt
ttgataagtt
cttataggtg
cttataggtg
cttataggtg
cttataggtg
cttataggtg
cttataagtt
cttataagtt
ttgataattt
ctgataagtt
cttataattt
ctgttaagtt
ctgataagtt
ctgataagtt
acgataagtt
atgataagtt

Variable domain 1

70
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
atatttaaat
ttatttaaat
atatttaaat
ttagttaaat
atatttaaat
atatttaaat
atatttaaat

140
CttATGaata
tttATGaata
CcttATGaata
tttATGaata
-ttATGaata
tttATGaata
tttATGaata
tttATGaata
tttATGaata
tttATGaata
attATGaata
cttATGaatg
cttATGaata
CttATGaata
cttATGaata
gagtaaatta
tttATGaata
CttATGaata

210
cttgcaagat
cttgtaaaaa
cttgtaaaaa
cttgcaagat
cttgcaagat
cttgcaagat
cttgcaaaat
cttgcaaaat
cttgcaagat
cttgcaagat
cttgtaaaaa
cttgtggaaa
cttgtgaaaa
cttgtggaaa
cttgtggaaa
cttgtggaaa
cttgcaagaa
cttgcaagaa

ttttacaagt acag-————--= ~-----s-oo e e e

tgatgcaagg gataaagatt taaaaaaac— —------=-- ————-——-—-—— aaattaagag atttttggat

ospE gttggttaaa attacatttg egttttgtta atatgtaaca
erpC gtta aaatgtaaca
1p3 tgtaaca
erpA ta aaatgtaaca
1p4 tgtaaca
b31 gtta aaatgtaaca
cad gtta atatgtaata
ca9 tatgtaata
ca2 tatgtaaca
p21 g cgttttgtta atatgtaaca
cal3 gtta atatgtaata
ika2-3 gtta ctatgtaat-
vsllé gtta ctttgtaat=-
pgau gtta ctatgtaat-
ika2-2 ggtta ctttgtaat-
ip%0 gtta ctttgtaat-
21038 gtta atatgtaaca
JD1 tttgtta aaatgtaaca
71
ospE cttt--gaaa aattgcaatt attatgtatt gtggta-aga
erpC cttt--gaaa tattgcaatt attagctgtt gtggta-tga
1p3 gttt--gaaa tattgcaatt attagctgtt gtggtattga
erpA cttt--gaaa tattgcattt attatgtatt gtggta-tga
lp4 cttt--gaaa tattgcattt attatgtatt gtggta-tga
b3l cttt--gaaa tattgcattt attatgtatt gtggta-tga
cad cttt--gaaa tattcgaatt attagctgtt gtggta-tga
ca® cttt--gaaa tattgcaatt attagectgtt gtggta-tga
ca2 cttt--caaa aattgtaatt attatgtaat atggta-tga
p2l cttt--caaa aattgtaatt attatgtaat atggta-tga
ca3 cttt--gaaa tattgcaatt attaggtgct gtggta-aga
ika2-3 ctttaaaaaa aattgaattt attaggcatt gcattatctt
vsllé ctgt--aaaa aattgtatat actagagatt gtg--atatt
pgau cttt--gaaa aattgcattt attagagatt gtgttatgtt
ika2-2 cttt-aaaaa aattgtattt attggaggtt gcattatgtt
ip%0 cttt--aaaa aattgtatat aataggtatt gcattatctt
21038 cttt---gga aattgtaatt attcggtgtt gegttatgat
JD1 cttt--gaaa aattgtaatt atttggtgtt gcggtatgat
141 E13(+)
ospE ag-------- --—-aaaatg aaaatgttta ttgtttatgc
erpC ag------=-= ~----aaaatg aaaatgttta ttatttgctt
ip3 ag-------- ----aaaatg aaaatgttta ttatttgctt
erpA ag-------- --—-aaaatg aaaatgttta ttatttgtgce
1lp4d ----aaaatg aaaatgttta ttatttgtgc
b31 ----aaaatg aaaatgttta ttatttgtgc
cad --—-aaaatg aaaatgttta ttgtttgtgc
ca% ag-------- ---- aaaatgttta ttgtttgtgc
ca2 aaaatgttta ttgtttgtgce
p2l aaaatgttta ttgtttgtgc
cal3 aaaaaattaa ttatttgtgce
ikaz-3 agaatgttta ttatttgtge
vsllé aaaatgttta ttatttgttc
pgau aa---—----= ---- aaaatgttta ttatttgtgce
ika2-2 aaaatatgaa agaatgttta ttatttgtgt
ip%0 TGaataaa-- ---- aaaatgttta ttatttgtgce
21038 ag-------- aaaatgttta ttatttgtgce
Jbl ag-------- aaaaatttaa ttatttgtge
211 E70 (+)
ospE tcatacttca tatgatgage aaagt--——-- -—----—---
erpC tcatacttta tatgatgggc aaagt----——- --——---——---
1lp3 tcatacttta tatgatgggc aaagt-----
erpA tcatacttca tatgatgagc aaagc-----
lp4 tcatacttca tatgatgagc aaagc-----
b3l tcatacttca tatgatgagc aaagc----- —===----—-—- -
cad4 tcatacttca tatgatgagc aaagtagtgg tgagataaac
ca9 tcatacttca tatgatgagc aaagtagtgg tgagataaac
ca?2 tcatacttta tctatgtatg atgagcaaag taataatgag
p21 tcatacttta tctatgtatg atgagcaaag taataatgag
ca3 taatacttta tctttatatg atgagcaaag taataatgag
ika2-3 gtttacaact agtttgagtg agcaagatag ctcaagtgag
vsllé ttttacaagt agattaagcg agcaaggcag gttgagtgag
pgau gtttacaagt agTctaagtq agcaagAtag ctTaagtgag
ika2-2 -
ip90 ttttagaagt agtttaagtqg atcaaggtag tttaagcgat
21038
JD1

FIG. 3. Alignment of the uhb(+)-E470(—) amplicon nucleotide sequences. Sequences were aligned by using the PILEUP program with some manual adjustment.
The isolates analyzed are indicated at the left. For comparative purposes some previously determined gene sequences (ospE, erpC, erpA, and p21) were included, and
these are indicated by their designated gene names (for accession numbers, see Table 1). Gaps are indicated by dashes. The binding sites of some oligonucleotide probes
and primers (indicated above the alignment) are in boldface. Repeat elements are indicated by underlining, and mismatches are indicated by capital letters. Putative
ribosomal binding sites (RBS) and translational start codons are also indicated. Since some of these sequences are partial and lack their 3’ termini, stop codons are
not shown for all sequences. The two different sequences from B. japonica IKA2 are the sequences determined for each of the two amplicons (ika2-2 and ika2-3)

obtained from this isolate.

ttatgcaaat gataaagatg aaaaaagttt agaacaaaat ttaaaaggaa aagctaaggg atttttggat
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Variable domain 1 (continued}

——————————————————————— catactt tatatgatga
——————————————————————————————————————————— catactt tatatgatga
taaaagttaa
taaaagttaa
taaaagttaa
“““ caggyg
--caagatat
“““ caggyg

¢ _aaggtagttt aagtgatcag ggtagtttaa gtgatcaggg

21038 acaaaaaaag aagagttgtt tggagggctt gaaaaactgg aagtagaagt tcaaccaaag gatgaagaat
JD1 acaaaaaaaqg aagagttggt tggaggtttt ggaaaactgg gagcagaaat tcaactaaag gatgaagaat
351 p21-105(-) 420
OSpE ====--- agt ggtgagtcaa -aagttaaaa aaatagaatt ctctaaattt actgtaaaaa ttaaa---aa
erpC  ------- aat ggagaggcaa -aggttaaaa aaatagaatt ctctgaattt actgtaaaaa ttaaa---aa
1p3 ------—- aat ggagaggcaa -aggttaaaa aaatagaatt ctctgaattt actgtaaaaa ttaaa---aa
erpA ----—--- aat ggagaggtaa -aggtcaaaa aaatagaatt ctctgaattt actgtaaaaa ttaaa---aa
lp4d --—---- aat ggagaggtaa -aggtcaaaa aaatagaatt ctctgaattt actgtaaaaa ttaaa---aa
b3l —------ aat ggagaggtaa -aggtcaaaa aaatagaatt ctctgaattt actgtaaaaa ttaaa---aa
cad gcaaagtaat ggtgagttaa -aacttaaaa aaatagaatt ctctaaattt actgtaaaaa ttaaa---aa
ca9 gcaaagtaat ggtgagttaa -aacttaaaa aaatagaatt ctctaaattt actgtaaaaa ttaaa---aa
ca2 gcaaagcaat ggcgaggtga -aagttaaaa aaatagaatt ctctgaattt actgtaaaaa taaaatataa
p21l gecaaagecaat ggcgaggtga -aagttaaaa aaatagaatt ctctgaattt actgtaaaaa taaaatataa
ca3 gcaaagcaat ggcgaggtga -aagttaaaa aaatagaatt ctctgaattt actgtaaaaa taaaatataa
ika2-3 tggtctaagt gagcaagtaa -gtagtgata caataaaatt ttctgaattt actgtaaaaa ttaaa---aa
vsllé tagtttaagg gggcaagtaa -gtagtgata caataazaatt ttctgaattt actgtaaaaa ttaaa---aa
pgau tggtctaagt gagcaagtaa —-gtagtgata caataaaatt ctctgaattt actgtaaaaa ttaaatataa
ika2-2 tagtttaagt gagcaagtaa -gtagtgata caataaaatt ctcggaattt actgtgaaaa ttaaa---aa
ip90 tggcttaagt gggcaagcaa -gtagtgata caataaaatt ctctgaattt actgtaaata ttaaaaacaa
21038 taatgcaagc cgatgaacaa agtaatggca aaataaaatt ctctaaattt aaagtaaata ttaaa---aa
JD1 taatgcaagc tgatgggcaa agtaatggca aaataaaatt ttctaaattt actgtaaaaa ttaaa---aa
421 490
ospE taaagataaa agtggtaact ggacagactt aggagattta gttgtaagaa aagaagaaaa tggtattgat
erpC taagaataat agtaataact gggcagactt aggagattta gttgtaagaa aagaagaaga tggtattgaa
1p3 taagaataat agtaataact gggcagactt aggagattta gttgtaagaa aagaagaaga tggtattgaa
erpA taagaataat agtaataact gggcagactt aggagattta gttgtaagaa aagaaaaaga tggtattgaa
lp4 taagaataat agtaataact gggcagactt aggagattta gttgtaagaa aagaaaaaga tggtattgaa
b3l taagaataat agtaataact gggcagactt aggagattta gttgtaagaa aagaaaaaga tggtattgaa
cad taaagataat aatagtaact ggacagacct aggagattta gttgtaagaa aagaagaaaa tggtattgat
ca9 taaagataat aatagtaact ggacagacct aggagattta gttgtaagaa aagaagaaaa tggtattgat
ca2 aaaagacaat agcagtaatt gggaagactt aggaactttg gttgtaagaa aagaagtaga tggtattgat
p2l aaaagacaat agcagtaatt gggaagactt aggaactttyg gttgtaagaa aagaagtaga tggtattgat
ca3 aaaagacaat agcagtaatt gggaagactt aggaacttty gttgtaagaa aagaagtaga tggtattgat
ika2-3 taaagacaat agtaataact ggacagactt cggaattcta gttataagaa aagaagagga tggtattgga
vslle taaagatact aatagtagtt ggatagactt aggagtttta gtaataagaa aagaaataga cggtattgaa
pgau aaaagacagt ggtggtgatt ggagcgactt gggaacttta gttgtaagaa aagaagaaga tggcattgaa
ika2-2 taaagacaat agtagcaatt ggagcgactt agggacttta gttataagaa aagaagaaga cggcattgaa
ip90 aaaagacaat aatggggatt ggagcaactt aggaactttyg gttataagaa aagaacaaga cggcgttgaa
21038 taaagataat aagagtaact ggacagacct aggaacttta gttgtagaaa aagtagaata tggtattgca
JD1 taaagatagt agtaataact gggcagactt gggagcttta gttygtagaaa gagaagaaga tggtattgca
491 C241(-), Variable domain 2 560
ospE acgggtttaa acgetggg— -—-----——— ——————---- --ggacattc ggctacattc ttttcattag
erpC  acggggttaa atgttgggaa gggagactct gatacatteg caggatacac cgctacattc ttttcattag
1p3 acggggttaa atgttgggaa gggagactct gatacatteg caggatacac cgctacattc ttttcattag
erpA acgggtitaa acgctggg-- —-——-—--—--- ———————--—-- -—-— ggacattc ggctacattc ttttcattag
lp4 acgggtttaa acgctggg-- --ggacattc ggctacattc ttttcattag
b3l acgggtttaa acgctggg-- ~--ggacattc ggctacattc ttttcattag
cad acgggtttaa acgctggg-- --ggacattc ggctacattc ttttcattaa
ca9 acgggtttaa acgctggg-- --ggacattc ggctacattc ttttcattaa
caZ acagggttaa atgttggg-- ---------- ——————---= - ggacattc ggctacattc ttttcattag
p2l acagggttaa atgttgggaa g------==~= =——---————— —— ggatactc tgctacattc ttttcattag
ca3 acggggttaa atgttgggag g--------- -———-----—-- -= ggatacac ggcgacattc ttttcattag
ika2-3 acaggtttaa atgttagt-- -—---=-w-- —--mooono ¢ agggatacac ggctacattc ttttcattag
vsllé acaggtttaa atgcta---- —---------- —————————— agggacattc agctacattt ttttcattag
pgau acaggtttaa acgtgattgt tccatttgat ggtcaagtaa tagggtacac ttcttcattc ctttatatag
ika2-2 ataggtttaa atgct----- --—-------= —————- ggaa taggacatac atctacattc ttttcattag
ip%90 acaggtttaa atgtgatcgg aaccattaat ggtcaactaa gaggacacag tgccacattt ttttgtatag
21038 acagggctaa acaatgataa a--------- --- cagggag gaggacacag ttctacattc ttttcattag
JDl acggggttga acaatgatgc t--------- --- catggag gagggcacac cgctacattt ttttcattag

FIG. 3—Continued.
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56l
ospE aagaggaagt agttaataac tttgtaaaag
erpC aagagtcaga agttaataac tttataaaag
1lp3 aagagtcaga agttaataac tttataaaag
erpA aagaggaaga aattaataac tttataaaag
lp4 aagaggaaga aattaataac tttataaaag
b31 aagaggaaga aattaataac tttataaaag
cad aagaatcaga agttaataac tttataaaag
ca9d aagaatcaga agttaataac tttataaaag
caZ2 aagagtcaga agttaataac tttataaaag
p2l aagagtcaga agttaataac tttataaaag
ca3 aagaggcaga agttaataac tttataaaag
ika2-3 aagagttaga agttaataac tttgtaaaag
vsll6 aagagctaga agttaataac tttgtaaaag
pgau aagagtcaga agttaataac tttgtaaaag
ika2-2 aagagtcaga agttaataac tttgtgaaag
ip%0 aagaagcaga agttaataac tttgtaaaag
21038 aagaggaaga agttaataac tttgtaaaag
JD1 aagaggaaga agttaataac tttgtaaaag

631
ospE tggatataag gaagaacaaa gtgtt---at
erpC  tggatataag gacgaacaaa gtaat---gc
1p3 tggatataag gacgaacaaa gtaat---gc
erpA tggatataat gacgaagaaa gtgat---aa
lp4 tggatataat gacgaagaaa gtgat---aa
b3l tggatataat gacgaagaaa gtgat---aa
ca4 tggatataag tacgaacaaa gtagt---gc
ca9 tggatataag tacgaacaaa gtagt---gc
ca2 tggatataag gaagaacaaa gtggt---ga
p2l tggatataag gaagaacaaa gtggt---ga
ca3 tggatataag gaagaacaaa gtgtt---at
ika2-3 tggatataag accgaacaaa gcttt---ac
vsllé tggatataag gatgaacaaa gcatt---ac
pgau tggatataag acggaaaaat --aat---gt
ika2-2 tggatataat aatgaacaaa gtgat---gc
ip90 tggatacaag gaggaacaaa gcagc---ac
21038 tggatataag tacgaacaaa gtgat---ga
JD1 tggatataga aaggaacaaa gtaatttaga

701
ospE aaaaaattga tggaactgaa tatattacat
erpC aaaaaattga tgattttgaa tatattacat
1p3 aaaaaattgg tgagtctgaa tatattacat
erpA aaaaaattaa tgatactgaa tatattacat
lp4 aaaaaattaa tgatactgaa tatattacat
b31 aaaaaattaa tgatactgaa tatattacat
ca4 aaagtattaa tggtgctgaa catattgcgt
ca9 aaagtattaa tggtgctgaa catattgcgt
caZ? aaaaaattga tgattttgaa tatattacat
p2l aaaaaattga tgattttgaa tatattacat
ca3 aaaaaattga tggaactgaa tatattacat
ika2-3 agaaaattaa tgattctgaa catattacat
vsllé aaaatattaa tggttctgag catattacat
pgau aaactattaa tggttctgaa tatattacat
ika2-2 agaaaattaa tgattctgaa catattacat
ip9%0 aaactattaa taattctgaa catattacat
21038 aagatattaa ttgttctaaa catattacat
JD1 aaaaaattga tggaactgaa tatattacat

771 E470(-)

ospE agttgectgaa tatgcaatat cactagaaga
erpC agttgttgaa tatgcaatac tactagaaga
erpA aatagctgaa tatgcaatat cactagaaga
p21 agttgaatag ttgaatatgc aatactacta
ika2-2 agatgaacaa gatagag--- atctagaaga

taatgactga
caatgactga
caatgactga
caatgactga
caatgactga
caatgactga
caatgactaa
caatgactaa
caatgactaa
caatgactaa
caatgactaa
caatgactga
caatgactga
caatgactaa
caatgactga
caatgactaa
caatgacgga
caatgactga

aaatggtatce
aaatggtatc
aaatggtatc
aaatgtcatt
aaatgtcatt
aaatgtcatt
aaatggtatc
aaatggtatce
aaatggtatt
aaatggtatt
aaatggtatc
aagtggtatc
aaatggtatt
caatggtatc
aaatggtatc
aaatggtatc
aaaaggtatc
taatggtact

tttcaggaga
ttttaggaga
ttttaggaca
ttttaggaga
ttttaggaga
tttta-gaga
ttttaggaga
ttttaggaga
ttttaggaga
ttttaggaga
tttcaggaga
ttttaggaga
ttttag

ttgcaggaga
tttcaggaga
tttcaggaga
tttcgggaga

gaagatctta
ta

E31
aggcggateca
aggtggatca
aggtggatca
aggtggatca
aggtggatca
aggtggatca
aggcggatca
aggcggatca
aggtggaaca
aggtggaaca
cggtggaaca
aggtggatca
aggtggatca
aggtggatca
aggtggageg
cgttggatca
aggtggatca
gggtyggttcy

caaaataaag
caaaataagg
caaaacaaag
aagaataaag
aagaataaag
aagaataaag
caaaacaaag
caaaacaaag
caaaataagg
caaaataaga
caaaataaag
caaaataaag
aaagataaaa
aaaaataaag
aaaaataagg
aaaggcaaag
caaaataagg
agcaataaag

taaaattaag
taaaattaag
taa

taaaattaat
taaaattaat
taaaattaat
taaaattaat
taaaattaat
taaaattaag
taaaattaaqg
taaaattaat
taaaactaat

taaaattaaag
taaaattatta
taaaatt

taaaattgcta

agaagaattta
aaaaaaattta
aaagaaattta
aaaaaaattta

0(-)

tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacta
tttaaaacca
tttaaaacta
tttaaaacta
tttaaaactg

agat-aataa
agat-aataa
agat-cataa
agat-aaaaa
agat-aaaaa
agataaaaaa
agat-cataa
agat-cataa
agat-aataa
agat-aataa
agat-aataa
agat-aataa
atat-aataa
agat-aaaaa
agat-aataa
agat-aacaa
agat-aataa
agat-aataa

A468 (-)
aa---ttcag
---gattcag

aacagtgegg
aacagtgegg
aa

aacqg
aacggtgtgyg
ggtgattcag
---gattcag
aatt
aacggttcag

630
gtttgtatta
gtttatatta
gtttatatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
gtttgtatta
atgagtatta

700
caaagatag-
caaaaatag-
caaagatag-
caaagatag-
caaagatag-
caaagataga
caaaaatag-
caaaaatag-
caaaaatag-
caaaaatag-
caaagatag-
caaagatag-
caaaaatag-
caaaaatag-
caaagatag-
caaagatag-
caaagatag-
caaagatag-

770
gagat---aa
gagat---aa

ggggagacaa
ggggagacaa

ggggagataa
gagataa
gagataa---

gagataa

INFECT. IMMUN.

actcaggag ataa
aagatgaaa aagatgaaga

aaaatgaag aagatgataa

aaatag
aaatag
aaatag
aaatag

FIG. 3—Continued.

quences, the sequences were analyzed for hydrophobicity-hy-
drophilicity, surface exposure, and antigenicity. Computer
analyses (12, 13) predict variable domain 1 of each ospE vari-
ant to be hydrophilic, surface exposed, and potentially anti-
genic. The output from the analyses conducted for one repre-
sentative amplicon sequence (that from B. burgdorferi JD1) is
depicted in Fig. 5. The potential antigenicity of variable do-
main 1 may indicate an important functional role, perhaps in
immune evasion.

To further assess the relationships among the translated

sequences, we constructed a series of phylograms. Two align-
ments were generated for this purpose. The first alignment
included the entire sequences (as shown in Fig. 4, except that
they were truncated at position 200 to have a common end-
point). In the second alignment, variable domains 1 and 2 were
deleted. This was done to assess the influence of the putative
insertions and deletions on the clustering patterns and branch
lengths. Comparison of the phylograms obtained with these
two alignments (Fig. 6) revealed that the variable domains
influence the clustering patterns and, not surprisingly, the
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Variable domain 1 (hydrophilic,
antigenic and surface exposed)
1 100
Ospe M----NKKMKMFIVYAVFIL IGACKIHTSY QSSGES====mmorm oo e —— e —mm e -KVKKIEFSKFTVKIK-NKD
ca2 M----NKK--MFIVCAVFAL ISSCKIHTLS VKVKKIEFSEFTVKIKYKKD
P21 MEKEFMNKK--MFIVCAVFAL ISSCKIHTLS VKVKKIEFSEFTVKIKYKKD
ca3 M----NKIIKKLIICAVEFVL IISCKNNTLS VEVKKIEFSEFTVKIKYKKD
cad4 M----NKKMKMFIVCAVFIL IGACKIHTSY---~---- DE QSSGEIN--—-=—-—==-——= ———-w——— HT1YDEQSNGE LKLKKIEFSKETVKIK-NKD
ca% IGACKIHTSY--- LKLKKIEFSKFTVKIK-NKD
Erpc ISSCKNHTLY AKVKKIEFSEFTVKIK-NKN
1p3 M----NKKMKMFIICFIFAL ISSCKNHTLY AKVKKIEFSEFTVKIK-NKN
Erpa M----NKKMKMFIICAVFIL IGACKIHTSY---- VKVKKIEFSEFTVKIK-NKN
1p4 M-—--NKKMKMFIICAVFIL IGACKIHTSY--- VKVKKIEFSEFTVKIK-NKN
b31 M=~--NKKMKMFIICAVFIL IGACKIHTSY--- VKVKKIEFSEFTVKIK-NKN
ika2-2 MNKNMNGKMRMFITICVVFAL ISSCGNFTST--—===-=-—= ——————————————————=~= —-r-o——o—oo—e VSSDTIKFSEFTVKIK-NKD
ika2-3 M----NGKMRMFIICAVFAL ISSCGKFTTS--————-= ODSSSEQG-—————--———= -————-————-———— GL-SEQ vSSDTIKFSEFTVKIK-NKD
pgau M----NKNMKMFIICAVFAL LSSCGKFTSS-- QDSLSEQG-~- VSSDTIKFSEFTVKIKYKKD
vs116 M----NKK--MFIICSVFSL IISCENFTSR------- QGRLSEQDI VSSDTIKFSEFTVKIK-NKD
ip90 M----NKKMKMFIICAVFVL ISSCGNFRSS-----—- QGSLSDOGSLSDQG- ~=—~—= =—======— SLSDQGGLS-GQ ASSDTIKFSEFTVNIKNKKD
21038 M=----NKTIKMFIICAVFTT ISSCKNDARD-------— KKQIKRFLDTKKEELFGGLE KLEVEVQPKDEELM-QADEQ ~SNGKIKFSKFKVNIK-NKD
JD1l M----NKIMKNLIICAVFAM ISSCKNYANDKDEKSLEQNL KGKAKGELDTKKEELVGGFG KLGAEIQLKDEELM=-QADGQ -SNGKIKFSKETVKIK-NKD
Repeat motif region
Variable domain 2
101 200
Ospe KSGNWTDLGDLVVRKEENGI DTGLNAG--~~-—--— FFSLEEEVVNNFVKVMTEGG SFKTSLYYGYKEEQSVI-NG IQNKEIITKIEKIDGTEYIT F
ca2 NSSNWEDLGTLVVRKEVDGI DTGLNVG- FFSLEESEVNNFIKAMTKGG TFKTSLYYGYKEEQSGE-NG IQNKEIITKIEKIDDFEYIT F
P21 NSSNWEDLGTLVVRKEVDGI FFSLEESEVNNFIKAMTKGG TFKTSLYYGYKEEQSGE-NG IQNKKIITKIEKIDDFEYIT F
ca3 NSSNWEDLGTLVVRKEVDGI DTGLNVG------- FESLEEAEVNNFIKAMTINGG TFKTSLYYGYKEEQSVI-NG IQNKEIITKIEKIDGTEYIT F
ca4 NNSNWTDLGDLVVRKEENGI FFSLKESEVNNFIKAMTKGG SFKTSLYYGYKYEQSSA-NG IQNKEIITKIESINGAEHIA FLGDKINN
ca9 NNSNWTDLGDLVVRKEENGI FESLKESEVNNFIKAMTKGG SFKTSLYYGYKYEQSSA-NG IQNKEIITKIESINGAEHIA F
Erpc NSNNWADLGDLVVRKEEDGI ETGLNVGKGDSDTFAGYTAT FFSLEESEVNNFIKAMTEGG SFKTSLYYGYKDEQSNA-NG IQNKEIITKIEKIDDFEYIT F
1p3 NSNNWADLGDLVVRKEEDGI ETGLNVGKGDSDTFAGYTAT FFSLEESEVNNFIKAMTEGG SFKTSLYYGYKDEQSNA-NG IQNKEIITKIEKIGESEYIT F
Erpa NSNNWADLGDLVVRKEKDGI FFSLEEEEINNFIKAMTEGG SFKTSLYYGYNDEESDK-NV IKNKEIKTKIEKINDTEYIT F
1p4 NSNNWADLGDLVVRKEKDGI FFSLEEEEINNFIKAMTEGG SFKTSLYYGYNDEESDK-NV IKNKEIKTKIEKINDTEYIT F
b31 NSNNWADLGDLVVRKEKDGI FFSLEEEEINNFIKAMTEGG SFKTSLYYGYNDEESDK-NV IKNKEIKNKDRKINDTEYIT F
ika2-2 NSSNWSDLGTLVIRKEEDGI FFSLEESEVNNFVKAMTEGG AFKTSLYYGYNNEQSDA-NG IKNKEIITKIEKINDSEHIT
ika2-3 NSNNWTDFGILVIRKEEDGI FFSLEELEVNNFVKAMTEGG SFKTSLYYGYKTEQSKFT-SG IQNKEIITKIEKINDSEHIT
pgau NGGDWSDLGTLVVRKEEDGI FLYIEESEVNNEVKAMTKGG SFKTSLYYGYKTEQNNV-NG IKNKEIKTKIETINGSEYIT FAGDKIKDSG D
vslle TNSSWIDLGVLVIRKEIDGI FESLEELEVNNFVKAMTEGG SFKTNLYYGYKDEQSIT-NG IKDKNIITKIENINGSEHIT F
ip90 NNGDWSNLGTLVIRKEQDGV ETGLNVIGTINGQLRGHSAT VFCIEEAEVNNFVKAMTNVG SFKTSLYYGYKEEQSST-NG IKGKEITTKIETINNSEHIT F
21038 NKSNWTDLGTLVVEKVEYGI ATGLNNDK----QGGGHSST FFSLEEEEVNNFVKAMTEGG SFKTSLYYGYKYEQSDE-KG IQNKEIITKIEDINCSKHIT F
JD1 SSNNWADLGALVVEREEDGI ATGLNND----AHGGGHTAT FFSLEEEEVNNFVKAMTEGG SFKTDEYYGYRKEQSNLDNG TSNKEIITKIEKIDGTEYIT
FIG. 4. Alignment of the deduced amino acid sequences. The amino acid alignment was generated as described in the text with some manual adjustment. The isolate

from which a sequence was obtained is indicated at the left. Some previously determined sequences (6, 8, 20, 25) were included in the alignment, and the corresponding
protein names are indicated on the left. Repeat motifs are indicated by boldface. In cases where the repeats are tandem, alternating copies are indicated by italics and
underlining. Mismatches among the repeat elements are indicated by lowercase letters.

branch lengths. This observation indicates that the variable
domains are not evolutionarily stable. Hence, while all of the
analyzed sequences are clearly derived from a common ances-
tral gene, it is evident that the variable domains have been
influenced by recent molecular events. Hence, the overall gene
trees have been influenced by events that appear to have in-
cluded rearrangements and recombination (i.e., insertions, de-
letions, and/or gene fusions). Consistent with this, we previ-
ously provided evidence for the existence of gene fusions
between ospE and ospF in some B. burgdorferi isolates (20).

DISCUSSION

In light of the putative role of members of the UHB gene
family in adaptation to the mammalian environment or in
virulence (1, 8, 26), an assessment of their genetic variability
and distribution is an important step towards defining their
potential biological role and true biological significance. Here
we demonstrate that while the UHB gene family is universal
among B. burgdorferi sensu lato complex species, there is sig-
nificant variation in its composition and organization at both
the inter- and intraspecies levels as evidenced by the observed
RFLP patterns and polymorphic UHB gene family-derived
PCR amplicons. The UHB RFLP patterns do not reflect pat-

terns of phylogenetic divergence in the B. burgdorferi sensu lato
complex (2, 3, 15-17), suggesting that this gene family is
evolutionarily unstable and that recombination in and
among these genes has influenced their sequence and orga-
nization. As a result, the organization of this gene family as
originally described for B. burgdorferi B31T (6, 25) may not
serve as a universal model for its organization in other
isolates.

The RFLP pattern and PCR analyses demonstrated that
members of the ospE subfamily of the UHB gene family are
polymorphic, and to identify the molecular basis for these
polymorphisms, DNA sequence analyses were performed. Al-
though the uhb(+)-E470(—) amplicons exhibit relatively high
sequence identity values, defined domains of variability were
identified. Variable domain 1 is characterized by the presence
of variable-length direct repeat elements (some as long as 38
bp) and insertions (relative to the B. burgdorferi N40 ospE
sequence). In light of the clustering of these repeats around
variable domain 1, it is conceivable that the repeats have con-
tributed to or resulted from mutation or recombination. Evi-
dence for recent molecular rearrangements in variable domain
1 was obtained through the construction of phylograms. Com-
puter analyses of the deduced amino acid sequences within
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FIG. 5. Computer analysis of the possible physical properties of the deduced amino acid sequence of the B. burgdorferi JD1 ospE-related amplicon. The output from
analyses conducted by using the Genetics Computer Group, Wisconsin, Sequence Analysis Package, version 9.0, as described in the text, is shown. In all cases default
values were used. Variable domain 1 spans residues 20 through 75. KD, Kyte-Doolittle; Prob., probability.

variable domain 1 predict them to be hydrophilic and anti-
genic. Surface exposure of this region is predicted for all se-
quences except that from B. garinii IP90. It is conceivable that
through the differential expression of these variable genes, the
Lyme disease spirochetes might be able to vary their antigenic
profiles. Recombination in the variable domains could repre-
sent a mechanism that allows for the continual modification of

jai
ip9%0

pgau

vsllé

erpc

{ ca2
p2l

1p3

cal

cad
cad

b3l
1pd

erpa

ospe

these surface-exposed proteins, and this in turn could influence
the host-pathogen interaction.

The relatively high sequence identities of the uhb(+)-
E470(—) amplicon sequences with ospE, erpA, erpC, and p21
imply that all of these genes are derived from a common
ancestral gene. Most of the sequences determined here could
not be definitively assigned any of the previously proposed

21038

ip90
pgau
vsllé
—] cal
cad
cad
ospe
b3l
1p4
erpa

[: erpc
1p3

FIG. 6. Phylograms of ospE-related genes. Phylograms were constructed by using the translated amplicon sequences determined in this study and other, previously
determined sequences as described in Materials and Methods. The isolate from which a particular amplicon was obtained is indicated at the terminus of the branch.
The designations p21 (26), ospE (14), and erpA and erpC (25) indicate gene names, and these sequences were previously determined by others. The phylogram on the
left was constructed by using the alignment presented in Fig. 4, while the phylogram on the right was constructed by using the same alignment after deletion of variable
domains 1 and 2. Note that some clustering relationships changed as a result of deletion of the variable domains.
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gene name designations (i.e., erpA4, erpC, erpl, and p21), since
they are evolutionarily equidistant from each gene. In light of
this, it is unclear if the designations that have been assigned to
ospE-related genes are useful. While the cp32s of B. burgdorferi
B31T, which carry some ospE-related genes, can be differen-
tiated through complex restriction analyses and subsequent
Southern blotting (6), the data presented here demonstrate
that differentiation of the ospE paralogs themselves in other
isolate populations would not be straightforward. In view of
these considerations, we have opted not to assign new gene
name designations for the novel ospE-related genes described
in this report and instead refer to them only as ospE paralogs.
The analyses presented here strongly suggest that ospE, p21,
erpA, erpC, and erpl are genetically synonymous. In cases
where the full complement of ospE paralogs within an isoge-
neic isolate are defined, numerical qualifiers could prove use-
ful for their differentiation, e.g., ospE1 and ospE2, etc., as has
been done for the B. burgdorferi vis genes (28).

The specific molecular mechanisms by which genetic diver-
sity is generated in ospE-related genes remain to be deter-
mined. The presence of direct repeat elements in many of the
sequences flanking variable domain 1 is intriguing. It is con-
ceivable that diversity in defined domains of ospE-related
genes could arise from transposition, mutation, or recombina-
tion or perhaps through the exchange of sequence cassettes.
Suggestive evidence for gene mosaicism can be found in the
sequence of the ospE-related amplicon from B. burgdorferi
JD1, which harbors sequence blocks with high identity to seg-
ments of B. burgdorferi B31T erpK and the insertion element of
the B. andersonii 21038 amplicon. Although the pressures that
may drive putative gene mosiacism in the UHB gene family are
undefined, it has been demonstrated that the exchange of se-
quence cassettes among related sequences plays a key role in
the generation of antigenic diversity in the vis genes of B.
burgdorferi (28) and the pil genes of Neisseria gonorrhoeae (10).
We have previously presented evidence for the lateral transfer
of plasmids among species of the B. burgdorferi sensu lato
complex (19). If lateral transfer of UHB-flanked ospE variant-
carrying plasmids also occurs, this could generate a source of
ospE-related DNA that could participate in homologous re-
combination increasing the potential number of possible ospE
paralogs. While evidence for direct recombination in the UHB
gene family during in vitro cultivation has not yet been dem-
onstrated, the data presented here suggest that in natural pop-
ulations recombination or mutation has occurred and has been
a contributing factor to the organization, composition, and
sequence of the UHB gene family. Long-term studies are un-
der way to assess the frequency of recombination or mutation
in the ospE subfamily in isogeneic clones of B. burgdorferi
during infection in mice. The significance of mutation and/or
recombination in these genes and its influence on the biol-
ogy of these important pathogens represents the next im-
portant area to be assessed in the study of the UHB gene
family.
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