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Relapsing fever (RF) is caused by tick- and louse-borne Borrelia spp., is characterized by recurrent fever, and
is often misdiagnosed as malaria. Because of submicroscopic bacteremia, microscopy can be insensitive
between febrile bouts. We designed a multiplex quantitative PCR (qPCR) assay to distinguish RF Borrelia from
Plasmodium falciparum and P. vivax. The assay specifically (100%) amplified pathogenic RF Borrelia (1
copy/reaction). We then tested blood from participants within a Tanzanian cohort assessed at scheduled
intervals and with fever. Among 8,617 blood samples from 2,057 participants surveyed routinely, 7 (0.08%)
samples and 7 (0.3%) participants had RF DNA (median, 4.4 X 10> copies/ml). Of 382 samples from 310 febrile
persons, 15 (3.9%) samples from 13 (4.2%) participants had RF DNA (median, 7.9 x 10> copies/ml). Five
(1.3%) samples from 4 (1.3%) participants were found to harbor Borrelia by microscopy. We conclude that
multiplex gPCR holds promise for improved clinical diagnosis and epidemiologic assessment of RF.

Relapsing fever (RF) is an acute febrile illness caused by
multiple Borrelia species, which differ by geographic location
and are transmitted either by argasid (soft body) ticks or by
human body lice. Fever recurs over weeks or months as Bor-
relia alters surface antigens, immune system escape occurs, and
new waves of bacteremia with =10° bacteria/ml ensue (2, 7,
26). The sensitivity of Giemsa-stained peripheral blood smear
analysis is limited for low-level bacteremia, and the technique
is not useful during asymptomatic intervals. Microscopy is im-
practical for large studies and cannot accurately assess disease
burden. Therefore, we developed a high-throughput, real-time
multiplex quantitative PCR (qPCR) assay to detect RF Borre-
lia, Plasmodium falciparum, and P. vivax to support a large
clinical trial in Tanzania. Herein we report diagnostic and
epidemiological findings related to identification of RF Borre-
lia among trial participants.

MATERIALS AND METHODS

Participants. (i) Setting. We sought to identify incidents of symptomatic and
asymptomatic relapsing fever as an ancillary study to that of mass treatment with
azithromycin for trachoma (Partnership for the Rapid Elimination of Trachoma
[PRET+]). In the parent study, four villages in the Kongwa district in the central
Dodoma region of Tanzania were selected for WHO-recommended single-dose
mass treatment with azithromycin (20 mg/kg of body weight, up to 1 g) for highly
prevalent (=10%) active (trachomatous follicular or intense) trachoma (17, 21,
25). Within villages, 130 households per village (intervention group) were ran-
domly selected. Within households, children <7 years of age, caregivers, and
pregnant women were eligible; one child and one caregiver were randomly
selected in addition to pregnant women. Four otherwise similar villages in the
same geographic area with less-prevalent active trachoma (<10%) were chosen
as controls. Enrollment was per the intervention group.
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(ii) Routine surveillance. Young children (0 months to 7 years of age) and
adults (=18 years of age) were assessed at baseline (before treatment in cases in
which the participant was a member of an intervention group) and at 4, 12, 16,
and 20 weeks. Children were also evaluated at 2, 6, or 8 weeks (1/3 at each
interval). During routine surveillance visits, finger-prick capillary blood samples
were spotted on Whatman 903 Protein Saver filter paper (Whatman Inc., Flo-
rham Park, NJ). In addition, blood smears were obtained.

(iii) Evaluation of fever. Field workers visited participants twice weekly to
obtain thick and thin blood smears from febrile (>101°F) participants to detect
RF and malaria at the Amani Medical Research Centre in Muheza, Tanzania.
Blood spots and duplicate smears were also obtained for qPCR and smear
verification at the Johns Hopkins University (JHU).

Real-time quantitative PCR. (i) Samples for assay validation. Borrelia posi-
tive-control DNA samples from B. hermisii, B. parkeri, B. recurrentis, B. crocidu-
rae, B. turicatae, and B. miyamotoi and heat-killed cultures of B. crocidurae were
provided (courtesy Tom Schwann, NIAID, Rocky Mountain Laboratories, Ham-
ilton, MT). DNA was prepared from B. burgdorferi, strain 297, propagated in
vitro. Heat-killed RF spirochetes from culture were counted using dark field
microscopy and spiked into EDTA-anticoagulated blood from a healthy volun-
teer at 10° bacteria/ml. Negative-control EDTA-anticoagulated blood samples
were obtained from the Johns Hopkins Hospital laboratories. DNA was pre-
pared using 200 wl of all blood samples and a Qiagen DNeasy blood and tissue
kit (Qiagen Inc., Valencia, CA) and was resuspended in 200 pl of water.

(ii) Clinical samples. Five 3-mm-diameter punches (~25 ul of blood) from
blood-impregnated Whatman 903 Protein Saver filter cards were used to prepare
DNA with a Promega Wizard DNA purification (96-well) kit (Promega Corpo-
ration, Madison, WI). DNA was eluted into 200 .l of water, concentrated by
precipitation with sodium acetate (pH 5), glycogen, and absolute ethanol, dried,
and resuspended in 30 pl of water. Each 96-well DNA preparation from blood
on filter paper included a negative control.

(iii) Development of multiplex qPCR assay. By the use of AlleleID version 6.1
software (Premier Biosoft International, Palo Alto, CA), primers and probes
targeting the RF Borrelia conserved glpQ gene, P. falciparum 18S rRNA gene,
and P. vivax AMAI (apical membrane antigen 1) gene were designed for use in
a multiplex assay. To quantitate RF Borrelia, the amplicon product from B.
crocidurae glpQ was cloned into a plasmid vector to enable a standard curve
determined using dilutions (10°, 103, 10', and 10° copies/pl) of plasmid B.
crocidurae DNA.

The forward and reverse primers for gipQ were AAGCACCAACAGATTAT
GAATAC and ATTTGCCCATTAATAATGATTTGG, respectively, and the
probe for gipQ was FAM-TCCAAGGTCCAATTCCGTCAGCAT-BHQI,
where FAM represents 6-carboxyfluorescein and BHQ1 represents Black Hole
Quencher 1. Similarly, the forward and reverse primers for P. falciparum 18S
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TABLE 1. Blood smear and qPCR testing of samples from participants evaluated for febrile illness and for routine surveillance”

No. of participants with indicated results/ total

Patient category no. of participants (%)

No. of blood smears

with indicated No. of qPCR-positive blood

samples/ total no. of blood Median no. of

results/ total no. of . copies/ml

qPCR positive Blood smear positive blood smears (%) samples (%)
Febrile illness 13/310 (4.2%) 4/310 (1.3%) 5/382 (1.1%) 15/382 (3.9%) 7.9 X 107
Routine surveillance 7/2,057 (0.3%) 0/29° (0%) 0/29° (0%) 7/8,617 (0.008%) 4.4 x10°

“ No participant with an RF Borrelia DNA- or Borrelia-positive blood smear result had Plasmodium DNA in blood or detected by blood smear analysis.
® Data include results representing smears from 7 qPCR-positive and 22 qPCR-negative age- and sex-matched samples.

rRNA were CCACATCTAAGGAAGGCAGCAG and CCTCCAATTGTTAC
TCTGGGAAGG, respectively, and the probe for P. falciparum 18S rRNA was
Cy5-CCCACCATTCCAATTACAA-BHQI. The forward and reverse primers
for P. vivax AMAI were ACGCCAAGTTCGGATTATGG and CCGTCATTT
CTTCTTCATACTGAG, respectively, and the probe for P. vivax AMAI was
TET-TTGATCTGAGGCACTCGCTCCG-BHQI.

We used a Bio-Rad CFX 384 real-time PCR detection system thermocycler
(Bio-Rad, Hercules, CA) with 384-well plates. Each reaction included 2X iQ
Multiplex Powermix (Bio-Rad) with 200 nM primers and probes, 1 wl of DNA
for validation samples and controls, and 5 wl of DNA from filter paper blood
(equivalent to DNA from 3.1 ul of blood).

Each PCR run included a standard curve, a positive genomic RF Borrelia
control, and a no-template control sample in duplicate reactions. Standard two-
step qPCR was performed with initial denaturation at 95° for 10 min followed by
40 cycles of denaturation at 95°C for 10 s and annealing/extension at 55°C for
30 s. Results were automatically analyzed using a single threshold for each
probe-fluor pair and baseline-subtract curve fit to normalize each run. Results
were manually inspected for quality, with baseline correction when needed.
Endpoint analysis was conducted using Bio-Rad CFX 384 system software,
where cutoffs were calculated as a fraction of the difference between maximum
and minimum values of relative fluorescence for the fluor and plate and the
average relative fluorescence for negatives over the last 5 cycles.

RF Borrelia in the Tanzanian cohort. We used the qPCR to test control blood
and blood from febrile and nonfebrile participants for RF Borrelia. Endpoints
from duplicate samples were analyzed, and the samples were considered to
contain Borrelia DNA only when both values were above the cutoff. In such cases,
individual quantities were determined by standard curve comparisons and aver-
aged to obtain a single quantification result for each sample (expressed as the
number of glpQ copies per milliliter of blood DNA).

Molecular confirmation and phylogenetic analysis of RF Borrelia. Residual
DNA from qPCR (usually <1 pl) was resuspended in 30 pl of PCR-grade water
and amplified by targeting a larger fragment of glpQ as well as a second target,
flaB, common to RF Borrelia and B. burgdorferi. B. hermsii, B. parkeri, B. recur-
rentis, B. crocidurae, B. turicatae, B. miyamotoi, and B. burgdorferi DNA from
control samples and all clinical samples containing RF Borrelia DNA as deter-
mined by qPCR were separately amplified using a volume of 2 ul of the original
or diluted DNA with primers targeting an ~950-bp flaB fragment and a 1,500-bp
glpQ fragment. The forward and reverse primers for flaB were AGAATTAAT
MGHGCWTCTGATGATG and TGCYACAAYHTCATCTGTCATT (24) and
for gipQ were GGTATGCTTATTGGTCTTC and TTGTATCCTCTTGTA
ATTG (1), respectively. Samples were amplified at 94°C for 3 min followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and extension
at 72°C for 3 min. After the 35th cycle, an additional 7-min extension at 72°C was
used. Agarose gel electrophoresis identified a single band of the appropriate
molecular size for sequencing; when no band was observed initially, 1 ul of the
amplicon was used as the template for a second round of amplification using the
same primers and amplification conditions (24). The PCR products were used
directly, derived sequences were aligned using ClustalX, version 1.81 (27), and
clade separation was achieved using neighbor-joining trees and 1,000 bootstrap
iterations, with visualization performed using TreeView version 1.6.1 software.

Correlation of qPCR with blood smears. All blood smears with PCR-detected
RF Borrelia and an equivalent number without were examined at JHU by 3
different microscopists. Results of smears obtained from patients with fever and
read in Tanzania were reviewed at JHU, and a subset was reread. All smears
were interpreted in a blinded manner with respect to qPCR results.

Ethics. The study was approved by the ethics committees of the Johns Hopkins
School of Medicine and School of Public Health (Bloomberg) and by the Na-
tional Institute for Medical Research in Tanzania. Informed consent was ob-
tained from all adult participants and from guardians of pediatric participants.

Nucleotide sequence accession numbers. All flaB partial sequences were de-
posited in GenBank with the following accession numbers: for RF4, JF910155;
for RF6, JF910154; for RF8, JF910156; for RF16, JF910153; for RF19,
JF910152; for RF20, JF910150; and for RF23, JF910151.

RESULTS

Participants. The age ranges of the participants were from 0
months to 7 years for children and from 18 to 98 years for
adults. The median age of the participants in the treatment
group was 4 years (intraquartile range [IQR], 25 years) and in
the control group was 4 years (IQR, 26 years). We assessed
samples from 1,049 persons in 554 households in the interven-
tion group and 1,008 persons in 539 households in the control
group for RF Borrelia by qPCR. We tested 1,751 samples from
912 young children, 829 adults, and 10 subjects for whom age
was not recorded at baseline and 6,866 samples obtained sub-
sequently during 20 weeks of follow-up. We also tested 382
blood samples from 310 participants evaluated for fever.

Real-time quantitative PCR assay. (i) Analytical sensitivity
and specificity. The glpQ assay for RF Borrelia detected 10° to
10° copies of B. crocidurae glpQ linearly and efficiently (>85%
to <115% efficiency). The assay did not detect glpQ when
DNA was used from B. miyamotoi, B. burgdorferi, Rickettsia
parkeri, R. rickettsii, Neorickettsia helminthoeca, Anaplasma
phagocytophilum, Ehrlichia chaffeensis, or cultured Trypano-
soma brucei rhodesiense.

(i) Clinical specificity. glpQ was not detected by qPCR
using blood from patients infected with P. falciparum (17 pa-
tients), P. vivax (7 patients), P. ovale (3 patients), or P. malariae
(2 patients) or with bacteremia due to Escherichia coli (2
patients), Staphylococcus aureus (2 patients), Pseudomonas
aeruginosa (1 patient), or Enterococcus species (1 patient).

RF Borrelia in the Tanzanian cohort (Table 1). Of 8,617
blood samples obtained from 2,057 participants during routine
surveillance, 7 (0.08%) samples from 7 (0.3%) participants
gave qPCR-positive results for RF Borrelia. Six of the qPCR-
positive samples were from participants in the control group (5
from village 8 and 1 from village 2); the 1 treated participant
was from village 1. Six were <5 years of age; 3 were male. Four
were obtained at baseline and 3 during subsequent routine
surveillance (at 6 weeks, 8 weeks, and 4 months).

Among participants evaluated for fever, 15 (3.9%) of 382
samples from 13 (4.2%) of 310 subjects gave qPCR-positive
results. Twelve of the qPCR-positive samples were from par-
ticipants in the control group, and 3 were from treated partic-
ipants (2 from village 4 and 1 from village 3). The age range of
febrile qPCR-positive participants evaluated for fever was 0 to
4 years. qPCR results suggested that the level of RF spirochet-
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FIG. 1. Quantitation of relapsing fever Borrelia by quantitative

PCR among participants evaluated with febrile illness versus routine
surveillance.

emia was higher in patients with fever, but the difference was
not statistically significant (P = 0.37) (Fig. 1). Three partici-
pants had RF Borrelia detected by qPCR twice, including 2
participants febrile on dates separated by 27 and 70 days. For
one of the two patients, the RF spirochetemia results were
similar both times; for the other, the second sample had 10°
more DNA copies than the first. For the third participant,
300-fold more RF spirochetal DNA was detected with fever
than without 40 days later.

Molecular confirmation of RF Borrelia results and phyloge-
netic analysis. Resuspension and reamplification of DNA iden-
tified bands for glpQ of ~1,500 bp in 4 of 25 samples and bands
for flaB of ~950 bp in 7 of 25 samples. For unknown reasons,
none of the glpQ amplicons created for sequencing yielded good-
quality sequence data. All 7 flaB amplicons yielded clear se-
quences in at least one direction for phylogenetic analysis. To
ensure that the comparisons were of similar regions, the resulting
assembled sequences were aligned, trimmed to compare homol-
ogous fragments, and realigned for dendrogram construction
(Fig. 2). Between 579 and 607 bp of good-quality sequence
data were used. Samples RF4 (JF910155), RF6 (JF910154),
RF8 (JF910156), RF16 (JF910153), RF19 (JF910152), RF20
(JF910150), and RF23 (JF910151) all were at least 98.5% to
100% identical to the flaB sequences in the complete genomes of
B. recurrentis A1 (GenBank accession no. CP000993.11) and B.
duttonii Ly (GenBank accession no. CP000976.1).

Correlation of qPCR with blood smear analysis. Of 382
samples obtained from patients with fever, both PCR and
smear analysis gave positive results for 4 (representing 3 par-
ticipants, of whom 1 had positive results on two occasions 1
month apart), smear-positive and PCR-negative results for 1,
smear-negative and PCR-positive results for 11, and smear-
negative and PCR-negative results for 366. Hence, with qPCR
as the gold standard, the sensitivity of smear analysis for de-
tecting RF in samples from febrile participants was 26.7% and
the specificity was 99.7%. None of 7 RF Borrelia PCR-positive
or 22 Borrelia PCR-negative samples obtained at a routine
surveillance visit gave smear-positive results for Borrelia.

Although 47 samples were qPCR positive for P. falciparum
and/or P. vivax (41 for P. falciparum, 6 for P. vivax, and 1 for
both), none was positive for both Borrelia and P. falciparum or
P. vivax. Similarly, of the 20 samples that gave smear-positive
results for P. falciparum, none was also positive for Borrelia.
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FIG. 2. Alignment and phylogenetic analysis of flaB amplified from
the blood of 7 Tanzanian patients with relapsing fever caused by
Borrelia, represented by RF4, RF6, RF8, RF16, RF19, RF20, and
RF23, with GenBank accession numbers in parentheses. Borrelia miy-
amotoi is included to represent the outgroup. The data represent the
numbers of bootstrap replicates out of 1,000 iterations for each branch.
The inset scale represents the number of base pair substitutions per
1,000 nucleotides.
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Hence, no participant sample that gave a qPCR- or smear-
positive result for Borrelia was positive for malaria by qPCR or
smear analysis.

DISCUSSION

East African tick-borne RF causes significant morbidity and
mortality in pregnant women, infants, and young children. The
estimated annual incidence of RF is 384/1,000 in children in
the Mvumi district of Tanzania, including 163/1,000 in those
<5 years of age (prevalence, 5%), and the perinatal mortality
rate is 436/1,000 (prevalence, 7.5% in pregnant women) (19,
20). However, limitations in diagnosis have hampered assess-
ment of the burden and distribution of RF in Tanzania and
elsewhere.

Although historically considered the gold standard, blood
smear analysis is insensitive, especially between relapses, for
detection of infection with RF Borrelia. Evaluation of therapies
and disease burden requires detection of both symptomatic
and asymptomatic (subpatent) infection. Further, blood smear
analysis is laborious and not practical for large studies. Given
that RF mimics malaria, that both are endemic in Africa, and
that misdiagnosis occurs (23), an ideal diagnostic tool would
also differentiate RF from malaria.

This is the first report to describe a multiplex, quantitative,
high-throughput real-time assay for RF and malaria and to
apply it to assess a large cohort with possible RF Borrelia
infection and/or malaria. We chose glpQ to broadly detect RF
Borrelia but not B. burgdorferi (8); Halperin et al. showed that
this target shares 98% identity with B. persica (11). We found
that ~0.08% of blood samples obtained for surveillance gave



3248 RELLER ET AL.

PCR-positive results for RF Borrelia and that 3.2% of the
samples obtained from patients with fever gave positive results.
We identified subclinical and clinical infections predominantly
in young children, with no sex predomination. In contrast,
Makwabe reported a male/female ratio of 1.4:1 among 94
smear-positive samples from children with RF (18).

We also documented the specific presence of B. duttonii and
B. recurrentis RF Borrelia infection in central Tanzania. Flagel-
lin gene-based nested PCR performed on argasid ticks and 3
persons suggested the presence of B. duttonii strain Ly in
central Tanzania (9) Historically, East African RF is found
only in humans and reservoir Ornithodoros ticks, but McCall
and colleagues recently used PCR and flagellin-based sequenc-
ing to suggest that RF Borrelia infections occur in domestic
animals (chicken and pigs) in central Tanzania (19, 20) Our
high-throughput assay could support further epidemiologic
study.

Our assay detected all but 1 blood smear-identified case of
RF. This may have represented infection with a new RF Bor-
relia strain distinct from B. duttonii (9), although our assay
broadly detects B. hermsii, the most closely related New World
RF Borrelia species. Our assay was also 100% specific, differ-
entiating RF Borrelia infection from malaria and bacteremia
during validation and from malaria in the prospective clinical
evaluation.

The assay detected RF Borrelia DNA in samples from
smear-negative febrile and nonfebrile participants. Kisinza
and colleagues similarly identified RF Borrelia infections by
PCR more frequently in febrile children (6/54, or 11%) than
in nonfebrile children (13/307, or 4%) (13) and found PCR
to be more sensitive than microscopy; blood smears were
positive for 3 (6%) febrile children and 7 (2%) nonfebrile
children (13) We suggest that positive qPCR results for
nonfebrile participants likely represent subpatent RF Bor-
relia infection. Biologic studies suggest that 10° to >10°
spirochetes per ml are present with fever, but smears are
negative between relapses (2, 26). However, species-level
variations in spirochetemia and illness also occur; B. croci-
durae is associated with lower levels of spirochetemia per
milliliter and lower rates of mortality than B. duttonii (6).
Repeated detection of RF Borrelia over time in one individ-
ual may represent relapsing infection or repeated infection
due to ongoing exposure in tick-infested dwellings (29). We
had limited power to detect an association between clinical
illness and spirochetemia; however, infections of greater
severity and with higher spirochetemia levels have been
reported in cases of smear-defined RF (22). Although Halp-
erin et al. found that PCR results were negative before the
onset of fever for 52 tick-bitten participants (10 of whom
developed RF) (11), RF DNA might be absent during the
incubation period but present between relapses in infected
individuals. Further longitudinal studies could confirm that
positive qPCR results for smear-negative asymptomatic per-
sons represent subpatent RF rather than false-positive re-
sults. We used a second Borrelia-specific target (flaB) and
performed sequencing to confirm and further characterize
these cases.

We found that a positive blood smear result was more likely
for febrile participants, but most gPCR-positive cases did not
give blood smear-positive results. van Dam and colleagues
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suggested that quantitative buffy coat analysis may be 100-fold
more sensitive than thick-blood smear analysis (28). In Togo,
Nordstrand and colleagues found that 10% of febrile partici-
pants with RF gave PCR-positive results and that 13% had
corresponding antibodies despite negative blood smears (23).
In contrast, Halperin et al. found of 19 of 21 participants with
RF gave positive results by both PCR and blood smear analysis
(11). Participants with positive PCR results and negative blood
smear results could have low-concentration spirochetemia, but
this would be unlikely if the estimate of 10° to >10° spiro-
chetes per milliliter of blood during symptomatic disease were
accurate. In our small febrile cohort, the median spirochetemia
level was equivalent to only 800 spirochetes, much lower than
anticipated. Participants could also have had another acute
febrile illness and subpatent RF. We excluded malaria by
smear and qPCR analysis, which is important since malaria-RF
coinfections occur and may increase mortality rates due to RF
(16, 23, 29). However, coinfection with another cause of fever
is possible.

Despite enrolling a large cohort in an area of RT endemicity
(12), we found that the baseline prevalence and incidence of
subclinical and clinical RF were low. Optimally, we would have
studied an untreated population. Azithromycin could have
lowered the incidence of RF, since similar agents—doxycycline
and erythromycin—are used to prevent (4) and treat (5) RF
and azithromycin is an effective alternative treatment for treat-
ment-susceptible early syphilis (10, 15). Participants may have
had other undiagnosed febrile illnesses or may not have re-
ported mild febrile illness. Therefore, RF Borrelia infection
may be more common than our study results suggest. Our assay
might be more sensitive if performed on the buffy coat (11),
since Borrelia can be concentrated in this fraction of blood (3,
28). However, given the size of the clinical trial and the field
conditions, we collected blood by finger prick onto filter paper
for room-temperature storage and transport instead of collect-
ing whole blood by venipuncture for transport on dry ice. Our
collection methodology performed using the finger-prick tech-
nique supports proof of principle for our ultimate goal of
point-of-care diagnosis.

We conclude that the high-throughput, quantitative mul-
tiplex real-time PCR assay described shows promise for
specific detection of RF Borrelia, quantitation of spirochet-
emia in symptomatic and asymptomatic infection, and as-
sessment of the burden of RF versus other causes of fever.
We affirm that RF causes febrile illness in Tanzania, espe-
cially in children, and suggest that qPCR may effectively
support further epidemiologic studies to delineate risk fac-
tors for RF, including exposure to tick vectors, and to eval-
uate control measures. Another platform, such as loop-me-
diated isothermal amplification, may be more practical for
clinical diagnosis of RF in resource-poor settings (14). Com-
prehensive, longitudinal studies of acute febrile illness are
required for confirmation of the sensitivity and specificity of
qPCR versus blood smear analysis for RF and of the ulti-
mate utility of qPCR to better assess the global burden of
RF Borrelia infection.
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