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Borrelia burgdorferi is a spirochete pathogen transmitted among warm-blooded hosts by ixodid ticks. Frequency- 
dependent selection for variant outer-surface proteins might be expected to arise in this species, since rare variants 
are more likely to avoid immune surveillance in previously infected hosts. We sequenced the OspA and OspB 
genes of nine North American strains and compared them with nine strains previously described. For each gene, 
the mean number of synonymous substitutions per synonymous site and the mean number of nonsynonymous 
substitutions per nonsynonymous site show only a twofold excess of silent mutations. Synonymous rates vary 
widely along the OspB protein. Some regions show a significant excess of silent substitutions, while divergence in 
other regions is constrained by biased base composition or selection. The presence, in antigenically important 
regions of the protein, of significant variation among strains, as well as evidence for recombination among strains, 
should be considered in attempts to develop vaccines against this disease. 

Introduction 

Lyme disease first gained national attention in the 
early 1970s and is now the most common arthropod- 
borne disease in the United States. It was not until the 
early 1980s that the causative agent was shown to be a 
spirochete, Borrelia burgdorferi ( Burgdorfer et al. 1982 ). 
Thousands of cases of human infection have been re- 
ported in the United States, concentrated in the 
Northeast (New York, New Jersey, Connecticut, and 
Massachusetts), the upper Midwest ( Minnesota and 
Wisconsin), and the Pacific Northwest (California and 
Oregon) (Ciesielski et al. 1988). Human symptoms 
range from arthritis to neurological and cardiac abnor- 
malities (Steere et al. 1977; Burgdorfer et al. 1982; Prasad 
1991). 

The recent upsurgence of this disease may be due 
to the expansion of deer populations into areas which 
have recently reverted from farmland to deciduous for- 
ests (Spielman et al. 1985; Barbour and Fish 1993). Al- 
though deer do not transmit B. burgdorferi (Telford et 
al. 1988), they are important in maintaining populations 
of the Ixodes tick vectors. In the United States, the spi- 
rochete has been found mainly in I. dammini and I. 
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pacijkus. These ticks parasitize a broad range of verte- 
brate hosts, including 29 species of mammals and 49 
species of birds (Anderson 1988). Immature I. dammini 
tend to concentrate on rodent reservoirs, while adult 
ticks often feed on deer. 

Pathogens such as B. burgdorferi, which need to 
survive long periods in their hosts in order to be trans- 
mitted, experience strong selective pressures to develop 
mechanisms for escaping the immune system (Borst 
1983; Hagblom et al. 1985; Plasterk et al. 1985). Borrelia 
hermsii, a causative agent of relapsing fever and a close 
relative of B. burgdorferi (Barbour et al. 1982), suc- 
cessfully evades the immune system by presenting a se- 
ries of antigenic variants of its outer-surface proteins. 
During the course of infection, a small number of cells 
undergo recombination between multiple loci, leading 
to the expression of a distinct surface protein (Plasterk 
et al. 1985), which allows these cells to avoid existing 
immune response. Although B. burgdorferi does not have 
multiple copies of each outer-surface-protein gene type, 
recombination between outer-surface-protein genes A 
and B during serial passage in the laboratory has been 
described (Rosa et al. 1992). 

Vaccines being developed today are directed at the 
major-outer-surface proteins on the spirochete (Fikrig 
et al. 1990, 1992). The outer surface of B. burgdorferi 
plays an important role in host-parasite interactions and 
in the ability to establish an infection in a variety of 
hosts (Schwan et al. 1988). The dominant proteins (de- 
noted “Osp proteins”) are encoded by the OspA and 
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Table 1 
Borrelia burgdorferi Isolates Used in Present Study 

Ref Code” Strain Location Host Source 

CT1 

CT2 

NY2 
NY3 
MA . . . 
WI 
CA3 

CA7 _.. 
CA8 
NY1 . 
NY4 
SWED 
RUSS 
GERI 
GER2 
GER3 
GER4 

GER5 

HB19 

27985 

19535 Caldor, N.Y. 
42373 East Hampton, N.Y 
41552 Newton, Mass. 
21343 Fort McCoy, Wis. 
CA3 California 

CA7 
CA8 
B31 
25015 
ACAl 
Ip90 
zs7 
PKo 

ZQ1 
B29 

GO2 

Connecticut 

Stamford, Conn. 

California 
California 
Shelter Island, N.Y. 
Millbrook, N.Y. 
Stockholm 
Russia 
Freiberg 
Munich 
Freiberg 
Berlin 

Germany 

Human 

Ixodes dammini 

Peromyscus leucopus 
I. dammini 
I. dammini 
P. leucopus 
I. pac$cus 

I. pacljicus 
I. pacificus 
I. dammini 
I. dammini 
Human skin 
I. persulcatus 
I. ricinus 
Human skin 
I. ricinus 
I. ricinus 

A. G. Barbour, University of 
Texas, San Antonio 

J. F. Anderson, Connecticut 
Agricultural Experiment 
Station, New Haven 

J. F. Anderson 
J. F. Anderson 
J. F. Anderson 
J. F. Anderson 
R. S. Lane, University of 

California, Berkeley 
R. S. Lane 
R. S. Lane 
Bergstrom et al. 1989 
Fikrig et al. 1992 
Jonsson et al. 1992 
Jonsson et al. 1992 
R. Wallich; GenBank X 16467 
G. Zumstein; GenBank S48322 
R. Wallich; GenBank X66065 
W. Fellinger; GenBank 

M88764 
H. Eiffert; GenBank S99475 

a For simplicity. reference codes have been used to designate to each isolate. 

OspB genes, which are tandemly arrayed on linear plas- 
mids and are cotranscribed (Howe et al. 1986; Barbour 
and Garon 1988; Bergstrom et al. 1989). Osp proteins 
have been found to vary among strains in their apparent 
molecular weights and antigenicities (Barbour et al. 
1985). 

Here we report the DNA sequence of the Osp A 
and B genes from nine North American isolates of B. 
burgdorferi. Together with the sequences of nine addi- 
tional strains which have been previously described, 
these sequences allow us to examine the hypothesis that 
positive selection acts to accelerate the evolution of 
outer-surface-protein genes. To test for evidence of pos- 
itive selection, rates of synonymous and nonsynonymous 
nucleotide substitution are compared (Hughes and Nei 
1988). The finding of significant positive selection for 
these molecules would have important implications for 
the development of vaccines against Lyme disease. 

The sequences also allow us to investigate the geo- 
graphic structure of B. burgdorferi. Since the dispersal 
of ticks by their rodent and deer hosts is limited, we 
expect some geographic structuring of B. burgdorferi 
populations. If, however, birds play a significant role in 
tick dispersal, then a lack of geographic structuring would 
be seen among B. burgdorferi populations. Although the 
amplification of B. burgdorferi DNA from nymph or 
adult ticks in museum collections suggests that Lyme 

disease is not a recent introduction to this continent 
(Persing et al. 1990)) it is still possible that the recent 
upsurgence of Lyme disease is due to the spread of a 
particularly virulent bacterial strain. If isolates from 
across the country are identical in sequence, this fact 
would provide support for the recent spread of a single 
strain. 

Material and Methods 
Bacterial Strains 

The bacterial strains used in this study, along with 
their hosts and sources, are listed in table 1. Nine of 
these strains had not been previously sequenced and were 
the focus of our laboratory effort. The strains were 
maintained in BSK II medium at 34°C as described 
elsewhere ( Barbour 1984). Alterations in Osp DNA se- 
quences have been found in serial passaging (Rosa et al. 
1992). To ensure that the DNA sequence obtained 
would be unmodified from that of the original isolate, 
the isolates have only been passaged one to seven times 
from the time of isolation until DNA extraction. 

DNA Isolation 

Total DNA was purified from a 15ml stationary- 
phase borrelial culture, using a standard organic extrac- 
tion protocol ( Sambrook et al. 1989). Spirochetes were 
pelleted from each culture and were resuspended in 100 
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l.tl of TE ( 10 mM Tris pH 8.0, 1 mM ethylenediamine- 
tetraacetate [ EDTA] ) . A 500-~1 amount of extraction 
buffer ( 10 mM Tris, 2 mM EDTA pH 8.0, 10 mM NaCl, 
1% sodium dodecyl sulfate, 8 mg of dithiothreitol/ml, 
and 0.4 mg of proteinase K/ml) was added to each sam- 
ple, and the mixture was incubated at 37°C for - 1 h. 
The DNA was extracted once with phenol, once with a 
1: 1 phenol:chloroform mixture, and finally with chlo- 
roform alone. The DNA was precipitated with 2 volumes 
of 100% ethanol, washed with 70% ethanol, and sus- 
pended in 500 ~1 of TE. DNA concentration was deter- 
mined fluorometrically using 0.1 pg Hoechst dye 
#33258/ml, in a TK 100 fluorometer ( Hoeffer ). 

Al A5 A4 2’ Bl B4 B5 
-> -> ->-> -> -> -> 

ospn 
<-<- 

A3 A2 

I I I I I I I I I 1 0 200 400 6ca 800 loo0 1200 1400 1600 1800 

FIG. 1 .-Map of the OspA/OspB operon and location of primers 
used in PCR amplification. The orientation of each primer is shown, 
with the arrow pointing in the 5’-3’ direction. 

Oligonucleotide Primers 

The targets for PCR amplification were the gene 
encoding the OspA protein and the gene encoding the 
OspB protein. The complete nucleotide sequence of the 
OspA and OspB genes within the B31 strain has been 
determined elsewhere (Bergstrom et al. 1989). Primer 
sequences are presented in table 2, and their locations 
within the OspA /OspB operon are shown in figure 1. 
All primers were synthesized using an Applied Biosys- 
terns 38 IA DNA synthesizer. 

Reactions were performed in either an Autogene I 
(Grant) or a Perkin-Elmer model 480 thermal cycler. 
Components were denatured at 93°C for 30 s, annealed 
at 50°C for 1 min, and extended at 72°C for 2 min, for 
a total of 30 cycles. The double-stranded amplification 
products formed were separated by gel electrophoresis 
on a 1% NuSieve agarose (FMC Bioproducts) gel in 1 
X TAE ( T&acetate / EDTA ) . 

Purification of PCR Products 

Polymerase Chain Reaction (PCR) 

Whole and partial OspA and OspB gene segments 
were amplified by PCR. The partial segments overlapped 
by -300 bases, totaling three segments per gene. Ten 
nanograms of genomic DNA were added to a 5O-l.tl PCR 
mixture containing 5 ~1 of 10 X Taq buffer (670 mM 
Tris pH 8.8,20 mM MgC12, 98 mM B-mercaptoethanol, 
0.1% Tween-20)) 1 ~1 of each deoxynucleoside triphos- 
phate ( 10 mM stock), 0.2 l_tl of Taq DNA polymerase 
(5 units/pi), and 5 ~1 of each primer ( 10 l_tM stock). 

The sizes of the PCR products were compared with 
@X 174 RF DNA/HaeIII fragments in the gel. Products 
of the expected size were cut from the gel and were pre- 
pared for nucleotide sequencing. A gel slice containing 
600 ng of PCR product was diluted with 400 ~1 of TE 
and then was melted at 65°C for 5 min. NaCl was then 
added to a final concentration of 0.2 M. Agarose was 
removed by adding an equal volume of hot phenol to 
each sample, vortexing, heating at 65°C for 5 min, spin- 
ning at 13,000 g for 5 min, placing on ice for 5 min, 
and then spinning at 4°C for 5 more min. The DNA 
was further extracted by first using a 1: 1 phenol :chlo- 
roform mixture and then using chloroform alone. MgC12 
was added to a final concentration of 0.01 M, and the 

Table 2 
Twelve Primers for Amplification and Sequencing of OspA and OspB Genes 

<- <-<- 
B3 B2 B6 

Primer= Location Sequence 

OspA-1 . 54-70 5’-GCAAAATGTTAGCAGCC-3’ 
OspA-5 . 1’96-2 15 5’-ACTTCTGATAAAAACAATGG-3’ 
OspA-4 . . 643-662 5’-GCTTGGAATTCAGGCACTTC-3’ 
OspA-3 . 743-724 5’-TATTGTTGTACTGTAATTGT-3’ 
OspA-2 793-770 5’-GTTTTGTAATTTCAACTGCTGACC-3’ 
osp-2’ . . 770-793 5’-GGGTCAGCAGTTGAAATTACAAAAC-3’ 
OspB-1 . . . 889-909 5’-GGTGCTGAGTCAATTGGTTCT-3’ 
OspB-4 . 1201-1221 5’-TTAGAAGCATTTGATGCCAGC-3’ 
OspB-5 . . 1420-1445 T-GTAGTCGGAAAAACAACAGTGGAAAT-3’ 
OspB-3 . . 1431-1411 5’-TTTTCCGACTACAAGACTTCC-3’ 
OspB-2 . 1668-1648 5’-TTCTAGGCTGGTTCCAGCTGT-3’ 
OspB-6 1760-1741 5’-TACACTAGCTCATGCCTTGT-3’ 

’ All primers except for OspA- 1 were developed for this study; primer OspA- I was designed by Calvin Vary, MCRI, 
South Portland, Maine. 
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nation for the existence of homoplasy may be that these 
informative sites are hot spots for rapid point-mutational 
events. Since the possibility of recombination exists, 
strains WI and CA8 were excluded from the phylogenetic 
analysis. 

The phylogenetic tree, seen in figure 5, shows the 
CT 1 isolate being distantly related to CT2, both of which 
had come from Connecticut. New York strains l-3 were 
also found to be distantly related to one another. In 
comparison, New York strain 1 and California strain 3 
are closely related. There appears to be no correlation 
between the amount of OspA and OspB sequence sim- 
ilarity and geographic distribution of the North Amer- 
ican isolates. It is also interesting to note that OspB se- 
quence variation is present locally, particularly in New 
York, Connecticut, and California. 

CA7 

I 

52 

-I_ 

NY2 

100 // 

CT1 

53 
c,, 

73 

-ii NY3 

Discussion 

// SWED 

1-c; 

RUSS 

GER4 

The OspA and OspB sequences have allowed us to 
examine the possibility that positive selection acts to 
accelerate the evolution of the outer-surface-protein 
genes. Most protein-coding genes exhibit high ds/ & ra- 
tios, suggestive of purifying selection acting to conserve 
the structure of the protein. Examples of mammalian 
genes include histones, actins, globins, and many hor- 
mone genes, with their ds/& ratios together averaging 
- 5 (Li and Graur 199 1). Influenza virus genes (e.g., 
hemagglutinin and neuraminidase) also experience high 
ds/& ratios (Nei 1987). On the other hand, a low ds/ 
dN would suggest positive selection favoring diversity at 
the amino acid level. Such diversity might be an im- 
portant component of the immune-avoidance mecha- 
nism of the spirochete. An example of positive selection 
has been observed at major-histocompatibility-complex 
class II loci (Hughes and Nei 1988, 1989). Evidence of 
positive selection acting on surface proteins has been 
seen in malaria parasites (Hughes 199 1, 1992). Although 
in Borrelia burgdorferi the observed ds/dN ratios for both 

I I I I I I //- 
9.0 8.0 7.0 0.2 0.1 0.0 

FIG. 5.-Phylogenetic relationships of 11 Osp genes (OspA and 
OspB combined) of Borrelia burgdorferi. The shortest tree was found 
by using the branch-and-bound algorithm of PAUP, version 3.0. One 
thousand bootstrap replications were performed, and the 50%majority- 
rule consensus tree was constructed. Bootstrap values >50 are indicated 
on the tree. Branch lengths were drawn proportional to the mean per- 
centages of dN values of all pairwise comparisons. 

OspA and B genes were slightly high overall, their ratios 
are much lower than those in mammalian protein-cod- 
ing genes. The corresponding ds and dN values from 
most areas of each Osp gene were not statistically dif- 
ferent, suggesting that the Osp proteins are under little, 
if any, purifying selection for maintenance of primary 
structure. 

Although the OspA gene appears to be undergoing 
little purifying selection, the number of nucleotide sub- 
stitutions and ds and dN values were found to be greater 

Table 4 
Comparison of North American Isolates at Informative Sites within the OspA/B Operon 

Osp Variation in B. burgdovferi 61 

53 

cl 

NY1 

CA3 

Isolate 465 587 1089 1119 1207 1424 1589 

CT2 . . . T A T T G G A 
NY2 . . . T A T T G G A 
NY1 . . . . . T A T T G T A 
CA3 . . . . . T A T T G T A 
CA7 . . . . T A T T G T A 
CA8 . . C C T T G T A 
WI . . . . . . C C C C A T C 
MA . . T A C C A G C 
NY3 . . . T A C C A G C 
CT1 . . T A C T A G C 
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at the carboxyl end than at the amino end of the protein. may indeed be immunogenic. We did not find positive 
A progressive increase, in both values, from region la selection in these regions. However, our discovery of 
to region 6a suggests a general increase in mutation rate possible recombination within these regions suggests 
along the OspA protein. Human and mouse antibodies caution for programs to develop vaccines. The amount 
recognize epitopes located within the last 60 amino acids of OspB variation may be increasing if recombinational 
of the OspA protein (Sears et al. 199 1; Shanafelt et al. events are occurring within these regions. Programs to 
1992). This portion of the protein may have a lower develop vaccines should include strains containing vari- 
functional constraint, thus accounting for more varia- ation in these regions of the OspB gene, to ensure effec- 

tion. The & values were found to be significantly lower tiveness of the vaccine on the range of variation present 

in regions la and 2a. This area of the protein is under in natural populations. 

more functional constraint, since it is the portion which Dispersal of spirochetes is expected to be low, since 

is membrane embedded. ticks and their major hosts do not move very far. There- 

Within the OspB gene, sequence regions 1 b and 2b fore, some genetic structuring of borrelial populations 

contained virtually no variation among the 10 North would be expected. Although the three Eurasian strains 

American strains reported (with the exception of one differed considerably from the North American strains, 

nucleotide substitution in the CA7 strain). Similar to phylogenetic analyses of the 10 North American isolates 

the OspA protein, this hydrophobic region of the OspB tested showed little geographic structure. What might 

protein membrane is probably embedded and under cause so little variation among isolates hundreds of miles 

functional constraint. apart? Perhaps the lack of variation between strains taken 

The first sequence block, 126 bases long, contained from Wisconsin and from New York is because birds 

a significantly low ds/& ratio. Wolfe et al. ( 1989) have can carry and disperse infected ticks from state to state 

found that a G+C-content bias at the third codon po- (Anderson 1988). Domesticated animals might also be 

sition can reduce ds values. Since region lb is very carriers of infected ticks (Bosler et al. 1988). Dispersal 

A+T rich at the third position, this may be the cause of by these kinds of hosts would allow recombinational 

the depressed ds/& value. Also, there appears to be a events to take place between isolates from different states. 

Shine-Delgarno sequence (TAAGGAGA) starting at site The average heterozygosity at the nucleotide level 

820 and ending 5 nt upstream of the OspB start codon. (n; Nei 1987) among North American strains was found 

Since the ribosome spans -35 nt of mRNA (Lewin to be 0.003. Relatively low, this value is comparable to 

1990)) this might introduce a small amount of constraint 
that of the P-globin, growth-hormone, and insulin genes 

on region lb, thus lowering its ds value. 
in humans. The average pairwise synonymous diver- 

Sequence regions 4b-7b, located in the second half 
gence among North American strains was found to be 

of the OspB gene, have a low ds/ & ratio, compared 
1 .O%. The absolute rate of evolution at synonymous sites 

with regions 2b and 3b, suggesting a higher functional 
in bacteria is -0.7% /Myr (Wilson et al. 1987). This 

constraint on this portion of the molecule as well. There 
suggests that these North American B. burgdorferi strains 

appears to be an open reading frame (ORF) on the an- 
could have been diverging for < 1 Myr. In addition, iso- 

tisense strand ending at site 1083 and continuing through 
lates taken from humans (HB19, ACA 1, and PKo) ap- 

the 3’ end of the OspB gene within the North American 
pear to be highly divergent, with an average pairwise 

strains. If this ORF codes for another protein, then this 
synonymous divergence of 21.9%. It is not likely that 

could cause the latter half of the OspB gene to be under 
the recent spread of Lyme disease is due to one particular 
strain. 

additional functional constraint. 
Although there appears to be no overall positive 

It is interesting that several isolates taken from the 

selection, there may be selection favoring an increase in 
same local region were not identical in sequence. Selec- 

variation in particular parts of the molecule. In circum- 
tion could be favoring the maintenance of several Osp 

sporozoite protein gene regions encoding T-cell epitopes 
variants within a single population. Variants might be 

of Plasmodium falciparum, the rate of nonsynonymous 
favored during infection of a previously exposed mouse, 

nucleotide substitution was found to be significantly 
as well as within a population which had adapted to a 

higher than that of synonymous substitution (Hughes 
particular borrelial strain. Multiple variants might be 
maintained by a form of frequency-dependent selection. 

199 1) . Fikrig et al. ( 1993 ) have found a borrelial strain We are exploring these possibilities by sequencing a 
containing a truncated form of OspB (containing a stop number of isolates from a single location. 
codon within region 5b) to evade vaccination immunity. 
They have also found that epitopes in the C-terminus Acknowledgments 
of the OspB are exposed at the surface and can bind R. Zsigray and A. Klein and two anonymous re- 
protective antibodies. Regions 4b-6b of the OspB protein viewers provided helpful comments on the manuscript. 
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