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Genome sequencing projects on two relapsing fever spirochetes, Borrelia hermsii and Borrelia turicatae,
revealed differences in genes involved in purine metabolism and salvage compared to those in the Lyme
disease spirochete Borrelia burgdorferi. The relapsing fever spirochetes contained six open reading frames
that are absent from the B. burgdorferi genome. These genes included those for hypoxanthine-guanine
phosphoribosyltransferase (hpt), adenylosuccinate synthase (purA), adenylosuccinate lyase (purB), auxil-
iary protein (nrdI), the ribonucleotide-diphosphate reductase alpha subunit (nrdE), and the ribonucle-
otide-diphosphate reductase beta subunit (nrdF). Southern blot assays with multiple Borrelia species and
isolates confirmed the presence of these genes in the relapsing fever group of spirochetes but not in B.
burgdorferi and related species. TaqMan real-time reverse transcription-PCR demonstrated that the
chromosomal genes (hpt, purA, and purB) were transcribed in vitro and in mice. Phosphoribosyltrans-
ferase assays revealed that, in general, B. hermsii exhibited significantly higher activity than did the B.
burgdorferi cell lysate, and enzymatic activity was observed with adenine, hypoxanthine, and guanine as
substrates. B. burgdorferi showed low but detectable phosphoribosyltransferase activity with hypoxanthine
even though the genome lacks a discernible ortholog to the hpt gene in the relapsing fever spirochetes. B.
hermsii incorporated radiolabeled hypoxanthine into RNA and DNA to a much greater extent than did B.
burgdorferi. This complete pathway for purine salvage in the relapsing fever spirochetes may contribute,
in part, to these spirochetes achieving high cell densities in blood.

The genus Borrelia consists of many species of spirochetes
that are important human pathogens transmitted by ticks. The
exception to the group is Borrelia recurrentis, which is trans-
mitted by the human body louse (19). One phylogenetic sub-
group includes those species that cause relapsing fever, an
infection characterized by recurrent febrile episodes associated
with high densities of spirochetes in the blood. In addition to
the recurrent fever, the illness includes nonspecific symptoms
such as headache, muscle and joint pain, chills, and vomiting
(17). Borrelia hermsii and Borrelia turicatae are the primary
agents of tick-borne relapsing fever in North America (17).
These spirochetes are transmitted by the fast-feeding soft ticks
Ornithodoros hermsi and Ornithodoros turicata, respectively
(16).

A more prevalent tick-borne borreliosis in North America is
Lyme disease caused by Borrelia burgdorferi (10, 47). Lyme
disease spirochetes are transmitted by slow-feeding hard ticks,
with Ixodes scapularis and Ixodes pacificus being the primary
vectors (30). Early symptoms of Lyme disease include ery-
thema migrans, low-grade fever, and a variety of nonspecific
symptoms. Without antibiotic treatment, the disease may

progress to more serious and persistent manifestations, includ-
ing arthritis, carditis, and various neuropathies (46).

DNA-DNA hybridization studies with B. burgdorferi, B.
hermsii, and B. turicatae revealed that these three spirochetes
are closely related (25), despite major differences in pathoge-
nicity. In mammals, the density of B. hermsii in the blood may
reach 107 spirochetes per ml or more (14), whereas densities
reported for B. burgdorferi in mouse plasma range from 1 � 103

to 4 � 105 spirochetes per ml (49). The long feeding time and
large blood meal ingested by I. scapularis result in tick infection
despite the relatively low number of spirochetes in the blood or
skin of the host. The high concentration of relapsing fever
spirochetes in the mammalian blood facilitates their efficient
acquisition by Ornithodoros ticks, which feed in only 90 min or
less. These differences suggest the coevolution of each tick and
spirochete to maximize transmission in nature. Most of the
mechanisms responsible for the differences in pathogenicity
and vector specificity remain unknown.

DNA sequencing of B. hermsii DAH and B. turicatae 91E135
identified six open reading frames (ORFs) involved in purine
metabolism in the relapsing fever spirochetes that are absent
from the genome of B. burgdorferi (13, 20). Purine nucleotides
can be generated via de novo synthesis or through the salvage
of preformed purine bases (4, 48). Several pathways for purine
salvage have been found in species of Spirochaeta, Treponema,
and Leptospira (12, 26). Borrelia species apparently lack genes
encoding enzymes required for the de novo synthesis of pu-
rines (20). Therefore, these spirochetes must utilize enzymes in
the salvage pathway for the acquisition and incorporation of
these bases into purine nucleotides. The goal of this study was
to further characterize the genes involved in purine salvage
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and to identify the potential differences in purine metabolism
between relapsing fever and Lyme disease spirochetes.

MATERIALS AND METHODS

Bacterial isolates and growth conditions. The isolates of borreliae used in this
study were cultured in modified Kelly’s medium (2, 29) (complete BSK-H)
(Sigma-Aldrich, St. Louis, MO) or BSK-II (2), both supplemented with rabbit
serum to 12% (Table 1). Spirochetes were grown routinely at 34°C, but some
experiments included cultures grown at 24°C.

DNA sequencing. Genomic DNA samples of B. hermsii DAH and B. turicatae
91E135 were purified from 500-ml stationary-phase cultures as previously de-
scribed (44). The library was constructed with DNA that had been sheared by
nebulization as described in detail online at http://www.genome.ou.edu/protocol
_book/protocol_partII.html. In brief, 25 �g of DNA was suspended in 500 �l
Tris-EDTA and 25% glycerol. The mixture was forced by pressurized nitrogen
gas through a plastic nebulizer (no. 4101; IPI Medical Products, Chicago, IL) to
create DNA fragments of between 2 and 3 kb. The sheared DNA was gel
purified, concentrated, and treated with Klenow and T4 DNA polymerase, and
ligated into the vector pCR4Blunt-TOPO. The ligation mixture was transformed
into Escherichia coli Top10 F�, and inserts were amplified by PCR and se-
quenced. DNA sequences were determined as described elsewhere (42).

Annotations. Putative identifications of ORFs in the Borrelia genomes were
made with the ERGO Genome Analysis and Discovery System (34). This bioin-
formatics suite is licensed from Integrated Genomics, Inc., Chicago, IL, for use
at the Rocky Mountain Laboratories and incorporates public and proprietary
algorithms with a minimum length cutoff of 40 amino acids when identifying
ORFs. A detailed description and the greater predictive power of this package
over publicly available annotation programs is presented elsewhere (34).

Southern blot assays. Genomic DNA samples from borreliae were examined
by Southern blot assays (45) as described previously (40). Briefly, EcoRI-digested
DNA samples were separated by agarose gel electrophoresis. The DNA was
visualized with ethidium bromide stain and UV transillumination. After depuri-
nation, denaturation, and neutralization, the DNA was transferred overnight by
capillary action onto MagnaGraph nylon membranes (Micron Separations Inc.,
Westborough, MA). Hybridization probes were produced with the PCR digoxi-
genin probe synthesis kit (Roche Applied Science, Indianapolis, IN) as specified
by the manufacturer. Genomic DNA of B. hermsii DAH was used as the template
to produce probes using primers for hpt, purA, purB, nrdI, nrdE, nrdF, and ade
(Tables 2 and 3). These primers amplified DNA fragments of 355, 452, 693, 343,
403, 406, and 320 bp, respectively. Genomic DNA of B. turicatae 91E135 was
used as the template to produce a second ade probe that was 278 bp. The
digoxigenin-labeled probes were denatured at 98°C for 10 min, added to 6 ml of
fresh hybridization buffer with the membrane, and incubated at 55°C for 18 h.
The membranes were washed with 2� SSC (1� SSC is 0.15 M NaCl plus 0.015
M sodium citrate)–0.1% sodium dodecyl sulfate for 10 min at room temperature

and with 0.3� SSC–0.1% sodium dodecyl sulfate for 30 min at 65°C, which
lowered the stringency suggested by the manufacturer. The blots were incubated
with antidigoxigenin antibody conjugated to alkaline phosphatase and developed
with the CDP-Star chemiluminescent substrate (both from Roche Applied Sci-
ence). Hyperfilm ECL high-performance chemiluminescence film (Amersham
Biosciences Inc., Piscataway, NJ) was exposed to membranes and developed to
display the pattern of hybridization.

RNA isolation. RNA was isolated from blood of two infected mice and spiro-
chetes grown in BSK-H at 24°C and 34°C. The erythrocytes in the infected mouse
blood were removed by centrifugation (100 � g for 5 min). Spirochetes in
cultures and serum were harvested by centrifugation (14,000 � g for 15 min). The
pellets were suspended in 100 �l Tris-EDTA containing 2 mg/ml lysozyme
(Sigma-Aldrich) and incubated on ice for 3 min. Bacterial cell lysis and RNA
isolation were performed with the RNeasy kit (QIAGEN, Valencia, CA) follow-
ing the manufacturer’s protocol. Contaminating DNA was removed with DNA-
free (Ambion, Inc., Austin, TX). RNA quality was assessed by spectrophotom-
etry and the RNA 6000 Nano assay kit (Agilent Technologies, Palo Alto, CA).

Real-time reverse transcription-PCR (RT-PCR). Primers and probes were
designed with Primer Express version 2.0 software (Applied Biosystems) and
purchased from Applied Biosystems and MegaBases (Evanston, IL) (Table 4).
TaqMan assays were performed as previously described (23). Assays were per-
formed in triplicate with RNA samples isolated from at least two independent
cultures of B. hermsii DAH, and standard curves were made with B. hermsii DAH
genomic DNA. Triplicate assays using three independent RNAs confirmed that
transcript levels of flaB were high and nearly identical at 24°C compared with
34°C (data not shown); therefore, 49 ng of flaB transcripts was used for each
assay to normalize the data. TaqMan assays were also performed to determine
transcription during infection in mice.

PRT activity assays. Phosphoribosyltransferase (PRT) assays were performed
as previously described (38). Briefly, borreliae were grown in 100 ml of BSK-H
medium to a cell density of 1 � 108/ml as determined by microscopy. Spirochetes
were pelleted by centrifugation at 14,300 � g for 20 min, suspended in phos-
phate-buffered saline, pelleted again, and suspended in cold assay buffer (47 mM
Tris [pH 7.5], 2.1 mM dithiothreitol, 3.8 mM MgCl2, 0.21 mg/ml bovine serum
albumin). The cells were sonicated on ice with a Branson Sonifier-cell disrupter
185 (VWR Scientific, San Francisco, CA). Cell fractions were centrifuged at
20,400 � g for 30 min to separate soluble and insoluble fractions. Each assay was
done at 37°C in a 60-�l reaction mixture of the cold assay buffer supplemented
with 2.1 mM 5-phosphoribosyl-pyrophosphate and various concentrations of
borrelia-soluble lysates. The reaction was initiated with 12 or 24 �Ci [3H]ade-
nine, [3H]hypoxanthine, [3H]xanthine, or [3H]guanine (Moravek Biochemicals
Inc., Brea, CA). At 0, 5, 10, 15, 30, and 45 min after initiation, 5 �l was
transferred to a new tube on ice and the reaction was terminated with 1 �l 0.3 M
EDTA. The purine substrate was separated from products using thin-layer chro-

TABLE 1. Borrelia species and isolates used in this study

Species Isolate Source

B. hermsii DAH Human
HS1 Ornithodoros hermsi
FRO Human
CON Human
BRO Human
YOR Human
RUM Human
CMC Human
HAN Human

B. turicatae 91E135 Ornithodoros turicata
RML Ornithodoros turicata
TCB-2 Domestic dog

B. parkeri RML Ornithodoros parkeri
B. crocidurae CR2A Ornithodoros erraticus
B. anserina BA2 Chicken
B. coriaceae Co53 Ornithodoros coriaceus
B. recurrentis 132 Human
B. miyamotoi FR 64b Apodemus argenteus
B. burgdorferi B31 Ixodes scapularis
B. afzelii VS461 Ixodes ricinis
B. bissettii DN127 Ixodes pacificus
B. valaisiana VS116 Ixodes ricinis
B. garinii G2 Human
B. japonica HO14 Ixodes ovatus

TABLE 2. Primers and sequences for PCR amplification of
hybridization probes

Gene Primer Sequence (5� to 3�)

hpt hpt 5� CAAGAGAAATTGGATTAAACG
hpt 3� GCTACATTCTTTAAAGTTCTGTG

purA purA 5� ATCGGAACTACAAAACGAGG
purA 3� GGTCCTGAACCAACTCTTGATG

purB purB 5� GGCACATCTTTATGCTTATGC
purB 3� CCACCACTTGATTGTAGGCTC

nrdI nrdI 5� GCTTCAAAAACAGGAAATATAGAGC
nrdI 3� GTGCCTCATTTTTAATCCTTTCTAC

nrdE nrdE 5� GGATGGATTTTACAGATTAG
nrdE 3� TAAAAATGTAGGAGTTGCAG

nrdF nrdF 5� TTAGATGGTGAGGAGCGGGA
nrdF 3� CCATCTTACCTTGACCTGCA

ade, intact ade 5� CACAAAGTAAAACTATACCAAC
ade 3� GCACATAAGCCCCCTTTATTCTC

ade, deletion ade-del 5� GGTATTGATGGTATTAATTTCATGAT
AAACAACTCC

ade-del 3� GGTGCATGTCCGTCGACAAC
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matography on Baker-flex polyethyleneimine cellulose thin-layer chromatogra-
phy sheets (J.T. Baker Inc., Phillipsburg, NJ) and visualized with UV light. Lanes
were cut from the sheet, and activity was quantified with a Beckman Coulter
LS6500 scintillation counter (Beckman Coulter, Fullerton, CA).

Nucleotide incorporation assays. B. hermsii DAH and B. burgdorferi B31 cells
were inoculated into BSK-II medium at a density of �5 � 105 cells/ml with 20
�Ci (1 nmol) [3H]hypoxanthine (Moravek Biochemicals Inc.) and grown to a
density of �8 � 107 cells/ml. Nucleic acids were purified from the 100-ml
cultures using the QIAGEN RNA/DNA maxi kit following the manufacturer’s
protocol (QIAGEN). Purity was verified by agarose gel electrophoresis and an
absorbance ratio at 260/280 nm. Incorporation of labeled nucleotides was quan-
tified by counts per minute with a scintillation counter and normalized to the
concentration of nucleic acids. To demonstrate the absence of RNA contamina-
tion, DNA samples were treated with DNase-free RNase A and purified again,
and they showed no appreciable loss of radioactivity.

Nucleotide sequence accession numbers. The 34 nucleotide sequences deter-
mined for B. hermsii and B. turicatae in this study have been deposited in the
GenBank database under accession numbers DQ355750 to DQ355783.

RESULTS

DNA sequence analysis of Borrelia genes involved in purine
metabolism. Sequence analysis of the B. hermsii and B. turica-
tae genomes revealed three adjacent ORFs located between
homologs of the B. burgdorferi chromosomal genes BB0421
and BB0422 (20) (Fig. 1A). These genes were homologous to
genes in other organisms involved in purine salvage: hpt (hy-

poxanthine-guanine PRT), purA (adenylosuccinate synthase),
and purB (adenylosuccinate lyase). Additionally, three plas-
mid-encoded genes involved in purine metabolism that are also
absent in B. burgdorferi were identified in B. hermsii and B.
turicatae: nrdI (auxiliary protein), nrdE (ribonucleotide-diphos-
phate reductase alpha subunit) and nrdF (ribonucleotide-
diphosphate reductase beta subunit) (Fig. 1B). Additional
genes involved in purine salvage that are present in B. burg-
dorferi were also found in B. hermsii and B. turicatae (Table 3)
(13, 20, 21, 32). None of these spirochetes have genes encoding
enzymes for the de novo synthesis of purines or pyrimidines;
however, both B. hermsii and B. turicatae have a complete
purine salvage pathway that is incomplete in B. burgdorferi.

Southern blot analysis. Genomic DNA samples from 17
borreliae were analyzed for the six genes that by sequence
analysis were specific to B. hermsii and B. turicatae. DNA from
the relapsing fever group bound all probes (Fig. 2 and data not
shown). hpt, purA, and purB were located on the same-size
EcoRI restriction fragment in B. hermsii DAH. Probes to these
three genes also bound to restriction fragments of similar size
in all relapsing fever isolates. In Borrelia coriaceae and Borrelia
miyamotoi, the purB probe bound to a restriction fragment of

TABLE 3. Borrelia purine metabolism genes and ORF designations

Gene product Gene
ORF designation in:

B. burgdorferi B31 B. hermsii DAH B. turicatae 91E135

Hypoxanthine-guanine PRT hpt BH0421-A BT0421-A
Adenylosuccinate synthase purA BH0421-B BT0421-B
Adenylosuccinate lyase purB BH0421-C BT0421-C
Auxiliary (NrdI) protein nrdI BHP76-A BTP76-A
Ribonucleotide-diphosphate reductase alpha subunit nrdE BHP76-B BTP76-B
Ribonucleotide-diphosphate reductase beta subunit nrdF BHP76-C BTP76-C
Adenine PRT apt BB0777 BH0777 BT0777
PRT prt BB0103 BH0103 BT0103
GMP synthase guaA BBB18 BHP-B18 BTP-B18
IMP dehydrogenase guaB BBB17 BHP-B17 BTP-B17
Adenine deaminase ade BBK17 (BBH33) Pseudogene BTP-K17
Guanine-hypoxanthine permease pbuG BBB22, BBB23 BHP-B22 BTP-B22
Adenylate kinase adk BB0417 BH0417 BT0417
Nucleoside-diphosphate kinase ndk BB0463 BH0463 BT0463

TABLE 4. Primer and fluorescent probe sequences for
real-time RT-PCR

Gene
Primers

and
probe

Sequence (5� to 3�)

hpt Forward AAGAATTAGCCCAAAAGATTAGAAACTACT
Probe CACTTCTTAAAGGCTCTTTCATGTTT
Reverse CGTTTAATCCAATCTCTCTTGTAATATCTG

purA Forward TCAAGAGTTGGTTCAGGACCTTTT
Probe TCTTATCTCCAATAGGTTCTAGGATTTCAGTT
Reverse GCCATATTCCTGCCCCTTTT

purB Forward GGCGGATTTATAGCTGCAACTC
Probe TGCAAAAGACTAAACATTCCTCAAGCAT
Reverse TCAGGGCAGCATCAGTAGCTAAG

flaB Forward AAGTCAGCTGCTCAAAATGTAAAAAC
Probe TTTGCGGGTTGCATTCCAAGCTCTT
Reverse CAGCTAGTGATGCTGGTGTGTTAAT

FIG. 1. Graphical representation of the ORFs in B. hermsii.
(A) Chromosomal genes hpt, purA and purB; (B) plasmid-encoded
genes nrdI, nrdE, and nrdF. In B. hermsii hpt, purA, and purB are
located between orthologous genes BB0421 and BB0422 in B. burg-
dorferi. The ERGO bioinformatics suite (Integrated Genomics, Chi-
cago, IL) (34) was used to produce these genetic maps. The scale bars
indicate size in base pairs.
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a different size, indicating an additional EcoRI site between
the sequences recognized by the purA and purB probes. The
results were similar with probes to nrdI, nrdE, and nrdF (data
not shown). These probes all hybridized to an EcoRI fragment

of the same size in all species except Borrelia parkeri and B.
turicatae, in which the nrdF probe bound to a restriction frag-
ment of a different size. None of the DNA samples from the six
isolates of B. burgdorferi sensu lato hybridized with these
probes. Southern blot assays with undigested genomic DNAs
from seven isolates of B. hermsii mapped the ribonucleotide-
diphosphate reductase genes nrdI, nrdE, and nrdF to the larg-
est linear plasmid of �200 kb (data not shown).

Quantitative RT-PCR analysis of hpt, purA, and purB tran-
scripts. Transcription of hpt, purA, and purB in B. hermsii
DAH grown in vitro and in vivo was examined by TaqMan
real-time RT-PCR. Specific RNAs were detected for each
gene from spirochetes isolated from culture and mice, and
there was a slight decrease in the amount of transcripts from
spirochetes grown at the lower temperature (Table 5). How-
ever, the transcripts for the purine salvage genes were all much
less abundant than the transcripts for flaB.

We attempted to generate antibodies to the proteins en-
coded by these three genes to examine their presence in B.
hermsii. Initial efforts to express the native genes in E. coli were
unsuccessful. Examination of the codon usage revealed many
rare codons, and such bias might explain the lack of expression
in E. coli (data not shown). Therefore, we purchased a syn-
thetic hpt gene (GenScript Corp., Piscataway, NJ) with codons
optimized for expression in E. coli, as was done for B. burg-
dorferi BB0728 (9). We expressed this gene and purified the
recombinant His-tagged Hpt. However, when rabbits were im-
munized with this material, the titer of the resulting antiserum
was very poor, which suggested that Hpt was not immunogenic.
Similar results were obtained when rabbits were immunized
with synthetic Hpt peptides; therefore, the details of these
efforts are not presented.

PRT activity. PRT activity was examined with cell lysates of
B. hermsii and B. burgdorferi (Fig. 3). The enzymatic activity of
B. hermsii was generally greater than that of B. burgdorferi.
Both species exhibited the most PRT activity with adenine,
while no PRT activity was detected with xanthine. The B.
hermsii lysate exhibited similar activities with hypoxanthine
and guanine, while the B. burgdorferi lysate had no activity with
guanine. However, B. burgdorferi had a small but reproducible
PRT activity with hypoxanthine, in spite of the lack an hpt
ortholog in this spirochete’s genome (20).

Nucleotide incorporation assays. The results of the assays
for PRT activity and the genomic differences in purine salvage

TABLE 5. Transcription of B. hermsii purine salvage genes in vitro
and in vivo

Gene

Transcript amounts of hpt, purA and purB
(ng, mean � SD) compared to flaBa Ratio

(34°C/24°C)
34°C culture 24°C culture In vivo

hpt 12.54 � 7.04 7.43 � 2.64 2.64 � 0.72 1.69
purA 4.88 � 0.16 2.74 � 0.20 0.53 � 0.21 1.78
purB 3.57 � 0.31 2.54 � 1.13 1.38 � 0.39 1.41

a Relative amounts of mRNA from B. hermsii DAH grown at two culture
temperatures or isolated from mouse blood were determined by real-time RT-
PCR with flaB as the standard. flaB transcripts were normalized to 49 ng in each
assay for comparison with the other genes.

FIG. 2. Southern blot analysis for the presence of purB and nrdF
among Borrelia species. (A) Ethidium bromide-stained agarose gel of
EcoRI-digested genomic DNA. (B) Hybridization pattern with the
purB probe. (C) Hybridization pattern with the nrdF probe. Molecular
size standards are shown on the left.

FIG. 3. PRT activities of B. burgdorferi and B. hermsii cell lysates
with different purines as substrate. Activity was measured in femto-
moles of purine base converted to ribonucleotide per milligram of
lysate per minute. Error bars indicate standard deviations.
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pathways between B. hermsii and B. burgdorferi led us to ex-
amine the incorporation of 3H-labeled hypoxanthine into
DNA and RNA by these spirochetes. Duplicate samples from
three independent cultures of each species were examined.
The results were consistent and therefore were combined for
presentation (Fig. 4). B. hermsii incorporated labeled hypoxan-
thine equally into both DNA and RNA, with nearly ninefold-
greater counts per minute than in B. burgdorferi. Unexpectedly,
B. burgdorferi also incorporated a low but detectable level of
hypoxanthine into DNA, suggesting that another, less efficient
pathway was present. The labeled hypoxanthine used in these
assays was 99.9% pure; therefore, the activity detected in B.
burgdorferi was not due to the incorporation of other labeled
bases.

Examination of the ade locus. Our sequencing efforts iden-
tified another ORF in the purine salvage pathway that coded
for adenine deaminase (ade gene). B. turicatae 91E135 con-
tained an intact ade gene, while the ortholog in B. hermsii
DAH appeared to be a pseudogene with many premature stop
codons and deletions. Therefore, we PCR amplified and se-
quenced this region in four additional isolates of B. hermsii to
determine if the ade gene was also disrupted in these isolates.
Multilocus sequence typing of 37 B. hermsii isolates recently
identified two genomic groups in this species (35, 43). We
sequenced the ade regions in two additional isolates from
genomic group I (GGI) (HS1 and CON), two isolates from
GGII (RUM and YOR), and two additional isolates of B.
turicatae (RML and TCB-2). The DNA sequences of the two
additional GGI isolates were identical to the DAH sequence
and contained the same deletions and premature stop
codons. However, the ade sequences in the two GGII iso-
lates and the two additional isolates of B. turicatae con-
tained an intact gene.

The ade pseudogene in the B. hermsii GGI isolates con-
tained a 279-bp deletion that represented 17% of the coding
sequence of the intact gene in the B. hermsii GGII isolates and
B. turicatae. Therefore, two probes were made, one based on
the region shared by all isolates and one based on the region
present only in GGII isolates. Southern blot assays with four
isolates in each genomic group confirmed the absence of an
intact ade gene in the genomes of GGI isolates (Fig. 5).

DISCUSSION

Three chromosomal ORFs (hpt, purA, and purB) and three
plasmid ORFs (nrdI, nrdE, and nrdF) that are involved in
purine salvage and that are absent in the genomes of B. burg-
dorferi, Borrelia garinii, and Borrelia afzelii (20–22) were found
in B. hermsii and B. turicatae. Another group has recently
identified these loci in B. hermsii (3, 50). Southern blot assays
confirmed that these genes (or highly related sequences) were
present in all relapsing fever spirochetes examined but not in
the Lyme disease group of bacteria. In general, the enzymes
involved in purine salvage include PRTs, which catalyze the
transfer of a phosphoribosyl group from phosphoribosyl-pyro-
phosphate to a purine base (e.g., adenine, hypoxanthine, xan-
thine, or guanine) that yields the corresponding nucleoside
5�-monophospate (e.g., AMP, IMP, XMP, or GMP) (Fig. 6).
IMP is a central molecule in this process that can be used to
generate both AMP and GMP via two pathways with adeny-
losuccinate synthase (PurA) and adenylosuccinate lyase
(PurB) or with GMP synthase (GuaA) and IMP dehydroge-
nase (GuaB), respectively.

Barbour and coworkers recently identified the hpt-purA-
purB locus in B. hermsii HS1 and Borrelia miyamotoi and a
partial sequence in Borrelia crocidurae (3). These investigators
complemented an E. coli purA mutant with the B. hermsii purA
gene, which restored the ability of the mutant to grow without
adenine supplemented to the medium. They also performed a
phylogenetic analysis with B. hermsii purA, purB, and orthologs
from other organisms. The results suggested that these genes
had a different evolutionary history from their orthologs in
other spirochetes, and that the relapsing fever spirochetes
likely acquired this locus via horizontal transfer from another
bacterium after the division of the Lyme disease and relapsing
fever groups of spirochetes. Zhong and coworkers recently
identified the nrdIEF locus in B. hermsii HS1 and concluded
that these genes were also likely acquired by horizontal trans-
fer (50).

The B. burgdorferi genome lacks an obvious ribonucleotide-
diphosphate reductase (20). These enzymes make deoxyribo-
nucleotides from ribonucleotides, and their presence has been
considered essential for all organisms to provide the deoxyri-
bonucleotide pool required for DNA synthesis (27). Ribonu-
cleotide-diphosphate reductases fall into three classes based, in

FIG. 4. [3H]hypoxanthine incorporation into nucleic acids. The val-
ues are based on two measurements from each of three independent
assays. The counts per minute per microgram of nucleic acid are
represented by the mean and one standard deviation.

FIG. 5. Southern blot analysis for the adenine deaminase gene
(ade) in B. hermsii. (A) Agarose gel with genomic DNA digested with
EcoRI and stained with ethidium bromide. (B) Hybridization with the
probe containing the sequence present in both the intact gene and
pseudogene. (C) Hybridization with the probe with the sequence
present only in the intact gene. Isolate designations are indicated
above each lane. Molecular size standards are shown on the left.
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part, on their cofactors and oxygen requirements (37). Class I
ribonucleotide-diphosphate reductase (subgroups 1A and 1B)
generate a tyrosyl radical with an iron-oxygen center and di-
oxygen. This process requires oxygen, and therefore class I
ribonucleotide-diphosphate reductase can function only under
aerobic or microaerophilic conditions (27).

Based on sequence comparisons, we agree with Zhong et al.
(50) that the B. hermsii NrdE and NrdF proteins are likely class
Ib ribonucleoside-diphosphate reductases. Zhong and cowork-
ers (50) discussed the nrdIEF locus in B. hermsii only in the
context of its role in the salvage of pyrimidines. However, these
ribonucleoside-diphosphate reductases are also required to
convert GDP and ADP to dGDP and dADP, respectively (33),
and therefore play a critical role in the salvage of purines and
the synthesis of purine nucleotides. Interestingly, the presence
of a potential Fe-containing class 1b ribonucleoside-diphos-
phate reductase in the relapsing fever spirochetes may indicate
a fundamental difference in metal utilization and/or metabo-
lism compared to the Lyme disease spirochetes (36).

In general, B. hermsii exhibited greater PRT activity than did
B. burgdorferi. We detected the highest PRT activity with ad-
enine as the substrate but no activity with xanthine. One major
difference between the two species was that B. hermsii exhib-
ited similar activities with hypoxanthine and guanine whereas
B. burgdorferi had no activity with guanine and only a small yet
detectable activity with hypoxanthine. Also, B. hermsii incor-
porated much more labeled hypoxanthine than did B. burgdor-
feri. However, B. burgdorferi did incorporate some labeled hy-
poxanthine into DNA as well as into RNA. Since B.
burgdorferi, B. garinii, and B. afzelii lack the hpt-purA-purB and
nrdIEF loci (20–22), these findings were unexpected. The B.
burgdorferi genome contains two genes encoding PRTs, apt
(adenine PRT, BB0777) and prt (PRT, BB0103), with the latter
the likely candidate responsible for the observed activity with
hypoxanthine. Another possibility involves nucleoside deoxyri-
bosyltransferases in B. burgdorferi (20), which our ERGO da-
tabase assigns to BB0426 but which we have not found in

relapsing fever spirochetes. These enzymes catalyze the trans-
fer of the deoxyribosyl group from a nucleoside to another
base (1, 28). What we interpreted as hypoxanthine PRT activity
may have been the transfer of a deoxyribosyl group to hypo-
xanthine catalyzed by this enzyme. These results indicate some
fundamental differences between the relapsing fever and the
Lyme disease spirochetes in the salvage of purines. With the
one exception noted below, the relapsing fever spirochetes
have a complete purine salvage pathway while the Lyme dis-
ease spirochetes do not.

B. burgdorferi B31 has two copies of ade (adenine deami-
nase), each on a different plasmid: the full-length BBK17,
consisting of 1,644 bp on lp36, and the severely truncated
BBH33, which contains only 273 bp on lp28-3 (13, 20). An
intact ade of 1,644 bp was also found in three isolates of B.
turicatae and two isolates of B. hermsii in GGII. However, this
gene was disrupted in the B. hermsii GGI isolates, with no
evidence of another intact copy. Three of the GGI isolates
examined came from clinically ill patients, and other clinical
isolates in this genomic group are transmissible by ticks (35,
41). Thus, we conclude that spirochetes in GGI of B. hermsii
lack one of the pathways for purine salvage, with no apparent
loss of virulence or in their ability to persist in ticks. The
inability to convert adenine to hypoxanthine in GGI isolates is
probably compensated for by the ability of these spirochetes to
take up hypoxanthine directly and convert it to IMP by hypo-
xanthine PRT.

The ability of the relapsing fever spirochetes to achieve such
high cell densities in the blood is unique among the pathogenic
spirochetes. Also, unlike the Lyme disease spirochetes, the
relapsing fever spirochetes have a complete pathway for purine
salvage. B. hermsii exhibited sevenfold more PRT activity with
hypoxanthine than did B. burgdorferi, and B. hermsii incorpo-
rated ninefold more hypoxanthine into RNA and DNA than
did B. burgdorferi. Hypoxanthine is the most abundant purine
in human plasma (with hypoxanthine at 8.2 � 1.3 �M, xanthine
at 2.5 � 0.6 �M, adenine at 0.3 � 0.15 �M, and adenosine at

FIG. 6. Schematic representation of purine metabolism pathways identified in B. burgdorferi, B. hermsii, and B. turicatae. Solid arrows represent
enzymatic steps associated with their corresponding gene designation identified in Table 3. Genes present only in B. hermsii and B. turicatae are
in a box, while those present in all three species are not enclosed. The dashed arrow represents a pathway with no gene yet identified. This figure
was modified from reference 39.
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0.6 � 0.2 �M) (24), is the primary product of purine catabo-
lism within red blood cells (5, 8), is transported across the red
blood cell membrane (31), and is effluxed to the outer surface
of red blood cells (6). A common phenotype of relapsing fever
spirochetes is their adherence to red blood cells during infec-
tion in humans and mice (11, 15, 23). We believe that this
specific interaction of spirochetes with erythrocytes could pro-
vide a mechanism for the direct uptake of hypoxanthine, which
is utilized for the synthesis of both RNA and DNA nucleotides.
The human malarial parasite Plasmodium falciparum is also
unable to synthesize purines de novo and relies on the salvage
of intraerythrocytic hypoxanthine for its purine source to syn-
thesize nucleotides (7, 18). The direct uptake of hypoxanthine
by the relapsing fever spirochetes from the outer surface of red
blood cells could account, in part, for the ability of these
spirochetes to achieve such high cell densities in the blood, and
efforts to test this hypothesis are under way.
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