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Members of the genus Borrelia are among the most common infectious agents causing tick-borne disease in
humans worldwide. Here, we developed a Light Upon eXtension (LUX) real-time PCR assay that can detect and
quantify Borrelia species in ticks that have fed on humans, and we applied the assay to 399 such ticks. Borrelia
PCR-positive ticks were identified to species level by sequencing the products of conventional PCR performed
using Borrelia group-specific primers. There was a 19% prevalence of Borrelia spp. in the detached ticks, and
the number of spirochetes per Borrelia PCR-positive tick ranged from 2.0 X 10> to 4.9 x 10°, with a median
of 7.8 x 10° spirochetes. Adult ticks had a significantly larger number of spirochetes, with a median of 8.4 X
10* compared to the median of nymphs of 4.4 x 10*. Adult ticks also exhibited a higher prevalence of Borrelia
(33%) than nymphs (14%). Among the identified species, Borrelia afzelii was found to predominate (61%) and
was followed by B. garinii (23%), B. valaisiana (13%), B. burgdorferi sensu stricto (1%), B. lusitaniae (1%), and
B. miyamotoi-like (1%). Also, 3% of the ticks were coinfected with multiple strains of B. afzelii. Notably, this is
the first report of B. lusitaniae being detected in ticks in Sweden. Our LUX real-time PCR assay proved to be
more sensitive than a corresponding TagMan assay. In conclusion, the novel LUX real-time PCR method is a

rapid and sensitive tool for detection and quantification of Borrelia spp. in ticks.

Lyme borreliosis (LB) is the most common tick-borne dis-
ease in humans in Europe (26), and it is caused by spirochetes
belonging to the Borrelia burgdorferi sensu lato complex. That
group comprises the species B. burgdorferi sensu stricto, B.
afzelii, and B. garinii, which are usually transmitted by the
vector Ixodes ricinus. Furthermore, there have been reports of
B. valaisiana, B. lusitaniae, and B. spielmanii being detected in
samples of human skin and cerebrospinal fluid (5, 7, 30), which
suggests that those three species can also give rise to LB. It is
often hard to distinguish the clinical symptoms of LB from
those of other diseases (10), and hence, it can be difficult to
establish a correct diagnosis, especially if the patient is unable
to recall having a tick bite.

Today, diagnosis is based mainly on serological tests, al-
though some PCR-based approaches, such as the TagMan
real-time PCR assay (3, 12), have been developed to detect
Borrelia species in clinical samples. Even if real-time PCR is
not yet considered to be a routine method in clinical practice,
it can nonetheless provide valuable information about Borrelia
infections, with regard to species type and the number of spi-
rochetes present. Additional major advantages of PCR in this
context are its simplicity, sensitivity, robustness, and speed.
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Other assays besides the TagMan assay include a method
based on SYBR green dye chemistry (37) and another using
Light Upon eXtension (LUX) (Invitrogen Corporation). Com-
pared to the SYBR green real-time PCR assay, the LUX assay
offers the benefit of using a self-quenched primer with a hair-
pin loop structure, which makes it more specific; that is, it
entails less unspecific binding and primer-dimer formation.
Furthermore, the fluorophore is attached to the hairpin loop in
the LUX setup, and thus, in contrast to the TagMan assay, this
PCR technique does not need an internal probe and is there-
fore a better choice if broader specificity is required. The LUX
assay also has the capacity for melting curve analysis, which
offers the possibility of discriminating between PCR products
with different base pair compositions (23) and thereby reveal-
ing false-positive samples.

Ixodes ricinus has been found in 23 of the 25 provinces in
Sweden (9), but it is most common in the southern and central
parts of the country and along the northeastern coast (14).
Various investigators have described the prevalence and diver-
sity of Borrelia in ticks collected in the field in Sweden (4, §, 9,
14), and to date, five species of these bacteria have been re-
corded: B. afzelii, B. garinii, B. valaisiana, B. burgdorferi sensu
stricto, and also one that is closely related to B. miyamotoi,
which is known to be associated with relapsing fever. Accord-
ing to the cited studies, the prevalence of Borrelia spp. in
Sweden varies between 3% and 23%. However, detection was
not achieved by real-time PCR in those investigations, and
thus, no attempts were made to quantify the Borrelia spiro-
chetes in the ticks. To our knowledge, no quantification of
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Borrelia spirochetes in ticks detached from humans has ever
been performed.

Our aim was to study the prevalence of Borrelia and to
quantify Borrelia cells in ticks that had fed on humans, and we
developed a LUX real-time PCR assay for that purpose. In
addition, we examined possible geographical differences in
prevalence, and we also studied the temporal and spatial dis-
tribution of Borrelia species.

MATERIALS AND METHODS

Study sites and collection of ticks. The ticks analyzed in the present study were
also used in an investigation focused on the clinical outcome in the humans
involved (L. Fryland, P. Wilhelmsson, P.-E. Lindgren, D. Nyman, C. Ekerfelt,
and P. Forsberg, submitted for publication), and more detailed information
about collection of the specimens is to be published by the group conducting the
latter investigation. In short, we used a total of 399 ticks that had been attached
to humans in nine areas in Ostergétland County, Sweden, between June 2007
and January 2008. The specimens were obtained from eight primary health care
centers (PHCs) located in the towns/communities of Ekholmen, Johannelund,
Linghem, Kisa, Skérblacka, Soderkoping, Valdemarsvik, and Atvidaberg, and
some were also acquired from the Department of Infectious Diseases at Linko-
ping University Hospital. The ticks were available at those facilities because
people had been asked to bring detached ticks to their local PHCs. The subjects
also completed a health questionnaire and provided a blood sample during the
initial visit made to donate the ticks. A second blood sample was obtained 3
months later, and both samples were analyzed for anti-Borrelia antibodies to
determine seroconversion or increase in antibody titer. The ticks that people
provided were kept in plastic tubes at room temperature and were transported to
the Division of Medical Microbiology, Linkoéping University, within 3 days. They
were photographed to determine species type and developmental stage, based on
size and color of the dorsal shield. This study was approved by the Ethics
Committee of the Faculty of Medicine, Linkoping University (no. M132-06).

DNA extraction from ticks. The ticks were washed in 70% ethanol and then in
phosphate-buffered saline (PBS), and they were subsequently sectioned longitu-
dinally into two equal parts using a sterile scalpel. One half of each tick was
subjected to DNA extraction using a DNeasy blood and tissue kit (Qiagen,
Hilden, Germany) and the supplementary protocol designated “purification of
total DNA from ticks,” according to the manufacturer’s instructions, which gave
50 pl of DNA in the supplied elution buffer. The DNA concentration in each
sample was determined using a spectrophotometer (NanoDrop ND-1000;
Thermo Fisher Scientific, Wilmington, DE). The extracted DNA was stored at
—20°C pending further analysis.

Reference bacterial strains and samples used to develop the real-time PCR
assay. A panel comprising DNA from 16 bacterial species, three human blood
samples, and one human skin surface sample was used to develop a real-time
PCR assay as described below. DNA from one strain of each of the following
reference Borrelia species served as positive controls: B. burgdorferi sensu stricto
B31 ATCC 35210, B. afzelii ACA-1 (2), B. garinii IP90 (18), B. valaisiana VS116
(35), B. japonica H014 (16), B. duttonii 1120 (obtained from the strain collection
of Guy Baranton, Institut Pasteur), B. hispanica CR1 (obtained from the strain
collection of Guy Baranton, Institut Pasteur), B. persica (obtained from the strain
collection of Eduard Korenberg, Gamaleya Research Institute, Moscow, Russia),
B. coriaceae (obtained from the strain collection of Alan G. Barbour, UC Irvine),
B. anserina (obtained from the strain collection of Alan G. Barbour, UC Irvine),
and B. turicatae (obtained from the strain collection of Alan G. Barbour, UC
Irvine). These strains were cultivated for 12 days at 35°C in 8 ml of Barbour-
Stoenner-Kelly (BSK) medium supplemented with 9% rabbit serum (Sigma-
Aldrich Sweden, Stockholm, Sweden) and then harvested by centrifugation at
8,000 X g for 10 min at 20°C. DNA was extracted from the bacterial pellets using
a DNeasy blood and tissue kit (Qiagen) according to the instructions of the
manufacturer. DNA from one strain of each of the five bacterial species that can
be members of human skin flora (i.e., Escherichia coli C-1467, Staphylococcus
aureus ATCC 3359, Staphylococcus epidermidis CCUG 21989, Streptococcus pyo-
genes CCUG 33061, and Propionibacterium acnes CCUG 1794) was used as a
negative control. These strains were cultivated on blood agar plates at 37°C
overnight. One colony of each strain was then transferred to LB medium and
incubated overnight at 37°C, after which bacterial DNA was isolated using a
DNeasy blood and tissue kit (Qiagen) according to the manufacturer’s protocol.
DNA from human blood and skin surface samples was used as additional neg-
ative controls. The human blood and skin surface samples were collected from
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staff at the Division of Medical Microbiology, Linkdping University. A skin
surface sample was taken by gently scraping a scalpel on the lower arm. An
aliquot (200 wl) of each blood sample and 5 mg of the skin surface sample were
used for DNA extraction, which was also done with the DNeasy blood and tissue
kit (Qiagen) according to the manufacturer’s protocol.

Design of Borrelia primers for real-time PCR and for conventional PCR. All
sequences of the 16S rRNA gene available for different strains of Borrelia spp. in
GenBank were obtained from the National Center for Biotechnology Informa-
tion (www.ncbi.nlm.nih.gov), and these sequences were aligned using BioEdit
software (Tom Hall, Ibis Therapeutics, Carlsbad, CA). The forward primer
B16S_FL, 5'-GAC TCG TCA AGA CTG ACG CTA AGT C-3', and reverse
primer B16S_R, 5'-GCA CAC TTA ACA CGT TAG CTT CGG TAC TAA
C-3', were designed to target a conserved, 131-bp-long Borrelia-specific region of
the 16S rRNA gene (bases in bold at the 5" end of the B16S_FL primer corre-
spond to additional bases added to create the hairpin loop structure). According
to the BLAST search (1), the designed primers matched 100% with the se-
quences of strains of the following species: B. burgdorferi sensu stricto, B. garinii,
B. afzelii, B. valaisiana, B. lusitaniae, B. spielmanii, B. andersonii, B. hispanica,
B. miyamotoi, B. turdi, B. parkeri, B. crocidurae, B. tanukii, B. duttonii, B. hermsii,
B. theileri, B. persica, B. anserina, B. turicatae, B. turcica, B. japonica, B. coriaceae,
B. recurrentis, and B. lonestari. The LUX primer pair was designed and evaluated
using OligoAnalyzer 3.0 (Integrated DNA Technologies, Coralville, TA). The
forward primer B16S_FL was labeled with the reporter dye 6-carboxyfluorescein
(FAM) at the first thymine base from the 3’ end (Invitrogen Corporation,
Paisley, United Kingdom).

PCR primers for species identification were based on the 5S-23S rRNA inter-
genic spacer (IGS). We used the same set of primers as that reported by Postic
etal. (28): 5'-CTG CGA GTT CGC GGG AGA-3' and 5'-TCC TAG GCATTC
ACC ATA-3', which amplify a genetically diverse region within the IGS in a
conventional PCR assay. To increase the sensitivity of the assay, we applied a
nested PCR approach with an additional set of primers designed to target the
PCR product obtained from the first amplification: B5S-23S_Fn, 5'-GAG TTC
GCG GGA GAG TAA G-3', and B5S-23S_Rn, 5'-TAG GCA TTC ACC ATA
GAC TCT T-3'. According to the BLAST search, the designed primers for the
5S-23S IGS matched 100% with sequences of strains belonging to the following
Borrelia species, all of which are present in Europe (26, 29): B. burgdorferi sensu
stricto, B. afzelii, B. garinii, B. valaisiana, B. spielmanii, and B. lusitaniae. How-
ever, it is not known whether the primers targeting the 5S-23S rRNA IGS can
detect the B. miyamotoi-like species, which has previously been found in Sweden
(8). All tick samples positive for Borrelia in the LUX real-time PCR assay, which
failed to produce PCR products with primers targeting the 5S-23S IGS, were
instead analyzed with primers targeting the 16S-23S IGS (4): F, 5'-GTA TGT
TTA GTG AGG GGG GTG-3'; R, 5'-GGA TCA TAG CTC AGG TGG TTA
G-3'; Fn, 5'-AGG GGG GTG AAG TCG TAA CAA G-3'; and Rn, 5'-GTC
TGA TAA ACC TGA GGT CGG A-3'. These primers were employed to detect
the B. miyamotoi-like spirochete (4), and, according to the BLAST search, they
matched 100% with sequences belonging to the following species: B. miyamotoi,
B. burgdorferi sensu stricto, B. afzelii, B. garinii, B. recurrentis, B. duttonii, B.
turicatae, B. hermsii, and B. japonica.

Optimization of primers designed for detection and quantification of Borrelia
spp. by conventional PCR. Optimization and evaluation of assay specificity were
performed using the designed primers B16S_FL (without a fluorophore) and
B16S_R in a conventional PCR assay with DNA templates from the reference
panel, as described above. Different annealing temperatures (55 to 60°C) were
tested. The reaction mixture in the optimized assay (final volume of 50 pl)
contained 5 pl of 10X PCR buffer (Amersham Biosciences, Uppsala, Sweden),
1 pl of deoxynucleoside triphosphate (ANTP) (10 mM), 1 pl of each primer (10
M), 0.25 pl of Tag DNA polymerase (5 U pl™'; Amersham Biosciences), 5 .l
of template DNA (2 to 4 ng pl™'), and 36.75 pl of RNase-free water. The
amplification program comprised 95°C for 2 min, followed by 95°C for 15 s, 58°C
for 30 s, 72°C for 30 s in 40 cycles, and finally 72°C for 7 min. The reactions were
performed in a PTC-100TM programmable thermal controller (M. J. Research,
Inc., Waltham, MA), and products were analyzed by agarose gel electrophoresis.

Conventional PCR assays used for species identification. A nested PCR assay
was performed to amplify the 5S-23S rRNA IGS for species identification.
Specificity of the assay was determined using the same reference panel as that
employed to develop the LUX assay described above. The reaction mixture (final
volume of 50 pl) contained the following: 5 pl of 10X PCR buffer (Amersham
Biosciences), 1 wl of ANTP (10 mM), 1 pl each of the primers targeting the
5S8-23S IGS (28) (10 pM), 0.38 ul of high-fidelity polymerase (3.5 U pl™};
Amersham Biosciences), 5 pl of template DNA (2 to 4 ng pl™ 1), and 36.62 pl of
RNase-free water. The amplification program comprised 95°C for 5 min, fol-
lowed by 95°C for 15 s, 57°C for 30 s, 39 cycles of 72°C for 30 s, and finally 72°C
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for 7 min. An aliquot (5 wl) of the PCR product obtained in this assay was added
to the second PCR mixture, which was prepared using the same volumes, con-
centrations, and amplification program as those used for the first mixture, except
with a different primer pair (B5S-23S_Fn and B5S-23S_Rn), and the number of
cycles was increased to 42. The nested PCR assay used to amplify the 16S-23S
rRNA IGS for B. miyamotoi-like identification was performed as described by
Bunikis et al. (4).

All reactions were conducted in a PTC-100TM programmable thermal con-
troller (M. J. Research, Inc., Waltham, MA), and PCR products were analyzed
by agarose gel electrophoresis.

LUX real-time PCR assay. Each PCR amplification was carried out in a
96-well reaction plate (Applied Biosystems, Warrington, United Kingdom), us-
ing a 20-pl aliquot of reaction mixture containing the following: 10 pl of Plati-
num qPCR SuperMix uracil-p-glycosylase (UDG) (Invitrogen), 0.04 pl of Rox
reference (Invitrogen), 0.4 pl of LUX B16S_FL primer (10 uM), 0.4 pl of
B16S_R primer (10 wM; Invitrogen), 4.16 wl RNase-free water, and 5 pl of
template DNA. Thereafter, the plate was centrifuged at 900 X g for 5 min.

The reactions were performed on an ABI PRISM 7500 fast real-time PCR
system (Applied Biosystems). The reaction mixture was preheated at 50°C for 2
min (carry-over prevention step, activation of the enzyme UDG) and 95°C for 2
min (denaturation of UDG and activation of Platinum Tag DNA polymerase)
and then subjected to 45 cycles of 95°C for 15 s, 58°C for 30 s, and 72°C for 30 s.
Immediately after completion of PCR, melting curve analyses were performed by
heating to 95°C for 15 s, followed by cooling to 60°C for 1 min, and subsequent
heating to 95°C at 0.8°C min~' with continuous fluorescence recording. The
real-time PCR and melting curve results were analyzed using Sequence Detec-
tion Software version 1.3.1 (Applied Biosystems).

Determination of the detection/quantification limit and efficiency of the LUX
real-time PCR assay. A 10-fold serial dilution ranging from 10' to 107 gene
copies of the B. burgdorferi B31 was used as a standard to determine the detec-
tion limit and efficiency of the real-time PCR assay. The gene copy numbers were
calculated by converting the concentration of total double-stranded DNA
(dsDNA) of B. burgdorferi B31 (measured spectrophotometrically) to the num-
ber of genome copies based on the molecular weight of the genome. According
to Ornstein and Barbour (25), there is a mean of 10 genomes per B. burgdorferi
B31 cell and one 16S rRNA gene copy per genome. Therefore, calculations
included the assumption that all Borrelia species have 10 16S rRNA gene copies
per cell.

To check for possible inhibition, we used five ticks in different developmental
stages (i.e., five larvae, five nymphs, and five adults), which were collected in the
field and kindly provided by Jan Landin, Department of Physics, Chemistry and
Biology, Linkoping University. These specimens were processed as described
above. B. burgdorferi B31 cells cultivated in BSK medium were washed with PBS
and counted in a phase-contrast microscope. One half of each tick was spiked
with a known number of B. burgdorferi B31 cells, and the other half served as a
negative control for Borrelia. A serial dilution was prepared in PBS to represent
Borrelia concentrations of 10%, 10%, 10, 10', and 10° spirochetes per tick sample
and then incubated for 30 min at 37°C. The tick samples were subsequently used
for DNA extraction as described above. Real-time PCR amplification was per-
formed using LUX primer pairs targeting the 16S rRNA gene to verify the
efficiency and the quantification limit of the assay.

Validation of the LUX real-time PCR assay. Considering the aspects of sen-
sitivity and specificity, we compared the LUX assay with the TagMan-based
real-time PCR method reported by Ornstein and Barbour (25). The primer pair
and probe in the TagMan assay are designed to target the same 136-bp region of
the 16S rRNA gene as the primer pair designed for the LUX assay. We also
applied an internal control to all extracted tick samples to check for PCR
inhibition and thereby prevent false-negative results. A modified real-time PCR
assay for the mitochondrial tick housekeeping gene 16S Ixodes DNA was run as
previously described by Schwaiger and Cassinotti (32). The same primers (F-
16sIxodes and R-16sIxodes), but no TagMan probe, were employed in a SYBR
green assay. The PCR amplification was carried out in 96-well reaction plates
(Applied Biosystems), and the reaction mixture (20 pl) contained 10 pl of
FastStart Universal SYBR green Master (ROX) (Roche, Mannheim, Germany),
0.4 pl of each primer (10 pM) (Sigma-Aldrich Sweden AB, Stockholm, Sweden),
7.2 ul of RNase-free water, and 2 pl of template DNA. The reactions were
performed in an ABI Prism 7500 fast real-time PCR system (Applied Biosys-
tems) using the same reaction conditions as those described by Schwaiger and
Cassinotti (32). Melting analyses of all reactions were performed as reported
above.

Nucleotide sequencing of the PCR products and species identification by
sequence analysis. Macrogen, Inc. (Seoul, South Korea), performed nucleotide
sequencing of the PCR products that we obtained from primers targeting the
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following: the 16S rRNA gene, 5S-23S rRNA IGS, 16S-23S rRNA IGS, and the
16S Ixodes DNA. The sequencing reactions were based on BigDye chemistry.

In addition to the 5S-23S IGS sequences acquired in this study, IGS sequences
from Borrelia spp. in GenBank were used in the phylogenetic analysis (n = 41).
By including a representative selection of IGS sequences from Borrelia spp. that
are common in and around Europe (i.e., B. afzelii, B. garinii, B. valaisiana, B.
burgdorferi sensu stricto, and B. lusitaniae), we were able to identify the species
found in our investigation. Sequence alignment was performed using Clustal W2
(European Bioinformatics Institute, Cambridge, United Kingdom). Phylogenetic
analyses were conducted using MEGA version 4 (17, 31), and the phylogenetic
tree was constructed by applying neighbor-joining and Kimura-2-parameter
methods with pairwise deletion. The significance of the relationship was ascer-
tained by bootstrap analysis (500 replicates).

Cloning of PCR products of 55-23S IGS from ticks carrying more than one
Borrelia strain. PCR products containing different Borrelia sequences, deter-
mined as dual peaks in the sequences analysis, were separated by cloning of the
PCR products from amplification of the 5S-23S IGS. The PCR products were
purified using a GeneJET PCR purification kit (Fermentas, Glen Burnie, MD)
according to the manufacturer’s protocol. For bacterial transformation and clon-
ing procedures, a TransformAid bacterial transformation kit and a CloneJET
PCR cloning kit (both from Fermentas) were used as stipulated in the protocols
provided by the manufacturer. DNA was extracted from transformants with
plasmids containing PCR products as inserts and purified using a GeneJET
plasmid miniprep kit (Fermentas) according to the manufacturer’s instructions.
Sequencing of the inserted PCR products was performed by Macrogen, Inc.
(Seoul, South Korea).

Statistical analysis. Fisher’s exact test and chi-square test were applied to
compare the distribution of Borrelia PCR-positive ticks and Borrelia species
among the different PHCs (i.e., geographic sampling locations). The Mann-
Whitney test was used to compare adults and nymphs, as well as different
months, regarding the number of Borrelia spirochetes per tick. Median values
and 95% confidence intervals were determined. Statistical analyses were per-
formed, and graphs were drawn using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, CA). All P values of <0.05 were considered
significant.

Nucleotide sequence accession number. Sequences obtained in this investiga-
tion have been deposited in GenBank with accession numbers HM173532 to
HM173598.

RESULTS

Development of a broad-range and sensitive LUX real-time
PCR assay. We designed a LUX real-time PCR primer pair to
target a highly conserved 131-bp region of the 16S rRNA gene.
Without a fluorophore and at a primer annealing temperature
of 58°C, this pair could detect all of the tested Borrelia refer-
ence strains, as indicated by conventional PCR followed by
sequence analysis of the PCR products (data not shown). As
expected, when analyzing the DNA samples that served as
negative controls, human blood, human skin surface, E. coli, S.
aureus, S. epidermidis, S. pyogenes, and P. acnes, no PCR prod-
ucts were detected.

Five independent LUX real-time PCR runs, including a
10-fold serial dilution of gene copies from B. burgdorferi B31,
were performed, exhibiting a dynamic range in the interval of
10" to 107 gene copies per reaction. The slope as a mean of the
standard curves was —3.64 = 0.08 (©* = 0.99). The melting
temperature of the PCR products was 80.3 * 0.2°C. Using the
known copy numbers of reference DNA, the lower quantifica-
tion limit was 10! gene copies per PCR. However, it was pos-
sible to detect, but not to accurately quantify, fewer than 10*
gene copies. Ten gene copies of the 16S rRNA is equivalent to
the number of copies that exists in one Borrelia cell (25). The
lower quantification limit was similar in the PCR assay using
the Borrelia spiked tick samples; thus, no inhibition of the PCR
amplification was detected. The assay did not show any unspe-
cific binding or primer-dimer formation. The primers targeting
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TABLE 1. Prevalence of Borrelia species in 1. ricinus ticks that had been removed from humans and obtained at primary
health care centers in Ostergdtland County, Sweden
Total no. . No. of ticks containing indicated Borrelia species”
of ticks No. of Borrelia-
Stage examined positive ticks bured . . .
by the (%) B. afzelii B. garinii B. valaisiana B. burgdorferi B. lusitaniae B. mzf{zll(motm— uT
LUX assay sensu stricto ike
Nymph 296 42 (14) 27 6 2 1 6
Adult 101 33(33) 13* 9 6 1 1 3
Larva 2 0 (0)
Total 399 75 (19) 40 15 8 1 1 1 9

“ Abbreviations: UT, untypeable; *, includes the coinfected ticks.

the 5S-23S IGS were able to amplify PCR products from all the
Borrelia strains used as references.

Borrelia in every fifth tick detected with a novel, sensitive
LUX real-time PCR assay. All 399 ticks that we analyzed were
identified as I ricinus; 101 (25.3%) were adult females, 296
(74.2%) were nymphs, and two (0.5%) were in the larval stage
(Table 1). The LUX-based real-time PCR assay showed the
presence of Borrelia spp. in 75 ticks (19%; Table 1), whereas
the TagMan assay detected Borrelia in only 72 of those 75 and
in no other ticks (data not shown). No obvious seasonal trend
in the number of Borrelia-positive ticks was detected during the
collection period.

The SYBR green real-time PCR assay detected the tick-
specific extraction control 16S Ixodes DNA in all samples (data
not shown). The threshold cycle (C;) value range for this DNA
was 11 to 23 (median of 16) for adult ticks and 14 to 26
(median of 18) for nymph ticks.

Higher number of Borrelia cells in adults than in nymphs.
According to the LUX real-time PCR assay, the number of
Borrelia cells per Borrelia PCR-positive tick ranged from 2.0 X
10% to 4.9 X 10° (Fig. 1), with a median of 7.8 X 10°. The
number of Borrelia cells in adults ranged from 6.0 X 107 to
4.9 X 10° and in nymphs from 2.0 X 10% to 7.0 X 10* The

number of Borrelia cells was significantly higher in adult ticks
than in nymphs (median per tick of 8.4 X 10° versus 4.4 X 10?).
Furthermore, the prevalence of Borrelia was greater in adult
ticks than in nymphs, and no Borrelia was detected in larvae.
The prevalence varied from 11% to 33% in the ticks obtained
at the PHCs in Ostergdtland County (data not shown). Com-
parison of the PCR-positive ticks from all collection sites in-
dicated that the prevalence of Borrelia was significantly lower
in those from one PHC (Kisa) than in those from the other
PHCs. However, no seasonal trend in Borrelia cell number was
observed over the collection period. Moreover, no significant
seasonal difference could be detected for the number of de-
velopmental stages of the ticks provided over the study period.

Six different Borrelia species detected in the detached ticks.
It was possible to determine the Borrelia species in 66 of the 75
ticks that were positive for Borrelia in the LUX real-time PCR
(Table 1) using the primer pairs targeting the 5S-23S IGS and
16S-23S IGS regions. Six different species were recorded (Ta-
ble 1), among which B. afzelii (n = 40) predominated and was
followed by B. garinii (n = 15), B. valaisiana (n = 8), B.
burgdorferi sensu stricto (n = 1), B. lusitaniae (n = 1), and B.
miyamotoi-like (n = 1). Notably, B. lusitaniae was identified for
the first time in Sweden. B. afzelii dominated at both the adult
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b —xegex ole xX
& x x
@ Xx ": * X
T 1044 X  XOX [ xx ] x
o X . x
3
5 xXF® x v
g 0212 —84— x1%
8 .§ : * - .... —:_x -
103- X xX
Xox* ° X, %
x x
X x
x
102 T T T
Total Borrelia postive ticks  Borrelia positive adults ~ Borrelia positive nymphs
(n=75) (n=233) (n=42)

FIG. 1. Total number of ticks, adult ticks (®), and nymphs (X) PCR positive for Borrelia plotted against the number of Borrelia cells per tick.
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VoL. 48, 2010

(39%) and the nymph (64%) stages. Considering the diversity
of Borrelia species in relation to the developmental stages of
the ticks, we found that B. afzelii occurred more often in
nymphs than in adults, whereas the opposite pattern was ob-
served for B. garinii. Three times more adult ticks (n = 6) than
nymphs (n = 2) were positive for B. valaisiana. Two adult ticks
were coinfected with different strains of B. afzelii (Table 1), and
both of those specimens were obtained at the same PHC
(Atvidaberg). B. afzelii and B. garinii were also found in ticks
from all of the collection sites.

Nine LUX real-time PCR-positive samples contained spe-
cies that were not typeable, possibly because the primers
targeting the 5S-23S and 16S-23S IGS do not amplify these
Borrelia sequences. However, both the LUX and TagMan real-
time PCR assays successfully amplified the correct length of
PCR products from these nine samples, as confirmed by elec-
trophoresis. Nucleotide sequencing also verified that the LUX
PCR products originated from Borrelia.

Neighbor-joining was used to construct a phylogenetic tree
based on the 5S-23S rRNA IGS sequences of Borrelia species
(Fig. 2). Sixty-seven sequences from the current study (i.e.,
from the coinfected ticks included) and 41 reference sequences
retrieved from GenBank were gathered into clusters. A cluster
represented a group of sequences within the same Borrelia
species that displayed more than 93% sequence similarity, and
we found that some sequences within the same cluster showed
100% similarity, even though they had disparate origins (e.g.,
the ticks came from different sampling sites). The B. afzelii
sequences of the two coinfected ticks included in Fig. 2 are
denoted At26A, At26B, At50A, and At50B.

DISCUSSION

Using our new LUX real-time PCR assay, we found that
19% of ticks removed from humans in Ostergétland County,
Sweden, were positive for Borrelia. This prevalence is similar to
that observed in a study conducted in the Netherlands (13)
showing that 20.4% of ticks detached from humans were Bor-
relia positive, whereas it is twice as high as the proportion
detected in an investigation performed in Switzerland (24).
Another study, conducted in Texas (38), found only 1% Bor-
relia prevalence in ticks removed from humans. In the latter
investigation, analyzed ticks were provided by individuals that
had been bitten in areas where the associated Lyme borreliosis
was considered to be nonendemic. Additionally, in the United
States, only three species of the B. burgdorferi sensu lato com-
plex have been described and only one of them is known to be
human pathogenic (36). It should be mentioned that Borrelia
spirochetes were not quantified in these three studies, because
real-time PCR assays were not used. Furthermore, Borrelia
species were not determined in the Swiss investigation.

Using indirect immunofluorescence to detect Borrelia in
field-collected ticks, Gustafson et al. (9) found positive speci-
mens in 20 of the 23 Swedish provinces where I ricinus was
encountered, with an average prevalence of 10% in nymphs
and 15% in adults. However, the prevalence of Borrelia varied
greatly between the provinces, as exemplified by 0% and 13%
found in nymph and adult ticks, respectively, in Ostergdtland.
It is plausible that the higher prevalences that we observed
were due to the increased occurrence of Borrelia in ticks since
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1995. The Borrelia prevalence in adults that we recorded (33%)
is also three times higher than that noted by Fraenkel et al. (8)
in a study of field-collected adult ticks from the south and east
coasts of Sweden. This discrepancy might be the result of
dissimilarities in climate and ecosystem conditions, but it may
also be explained by the use of different PCR assays. When a
Borrelia-positive tick bites a host, dramatic changes occur in
the expression pattern of the Borrelia population, seen as rapid
multiplication of the spirochetes in the tick midgut, leading to
the overall higher density of Borrelia cells in the tick (27). If the
PCR assay applied is not sensitive enough, a lower density of
Borrelia spirochetes in field-collected ticks may give false-neg-
ative results.

In our study, the prevalence of Borrelia was significantly
higher in adult ticks than in nymphs. This was probably the
case because adult ticks require an extra blood meal from a
host that may be infected with the bacteria, an assumption that
is supported by the results of an investigation of field-collected
ticks conducted in Switzerland in 2004 (15). We observed geo-
graphical differences in Borrelia prevalence in Ostergdtland
County, and these local disparities may be related to factors
such as the presence/density of reservoir hosts, forest structure,
and types of biotope.

Considering both adult and nymph ticks, we found that B.
afzelii was the dominating species in Ostergétland County,
followed by B. garinii, B, valaisiana, B. burgdorferi sensu stricto,
B. lusitaniae, and B. miyamotoi-like (Table 1). Furthermore, B.
afzelii and B. garinii were identified at all collecting sites. Those
two species have also been described to predominate among
ticks detached from humans in the Netherlands (13), and the
same pattern has been seen in field-collected ticks from the
south and east coasts of Sweden (8). Moreover, B. afzelii and B.
garinii are the most abundant Borrelia species in Europe (11).
The diversity of reservoir hosts is likely to have an impact on
the geographic distribution of Borrelia species. It is well known
that small mammals (e.g., rodents) frequently serve as inter-
mediate hosts for strains of B. afzelii and that strains of B.
garinii and B. valaisiana are associated with a variety of bird
species (19). The fact that we also identified B. lusitaniae for
the first time in Sweden may be important, because it is pos-
sible that some strains of this species give rise to human LB (6).
In addition, there is evidence that B. lusitaniae is becoming
established in the northern part of Europe (33).

In our investigation, two adult ticks coinfected with two
different strains of B. afzelii were obtained from the same PHC.
In comparison, other studies have shown various prevalences
of coinfections in field-collected ticks: 3% among adult ticks in
England (21), 4% in both adults and nymphs in Switzerland
(15), 14% in nymphs in the United States (34), 64% in nymphs
in Denmark (33), and 16% among adults and nymphs in Slo-
vakia and Poland (22). In the study conducted in Slovakia and
Poland, 5% of all the positive ticks were coinfected with dif-
ferent strains of one particular species (i.e., B. garinii or B.
valaisiana). The discrepancies in the prevalences of coinfec-
tions between our investigation and other studies might be
explained by differences in the transmission pathway, that is,
whether there was host-tick or tick-tick (cofeeding) transmis-
sion (20). Notably, all the coinfected ticks that we found came
from the same area, and there was high sequence similarity
between the Borrelia strains that they carried (Fig. 2), which
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seems to suggest closely related transmission pathways (e.g.,
these strains may cocirculate among intermediate hosts in the
area).

The number of Borrelia cells ranged from 2.0 X 10? to 4.9 X
10° per tick in our study (Fig. 1), which agrees with the range
and medians found in field-collected nymph and adult ticks in
the northeastern United States (34). We also observed a sig-
nificantly higher number of Borrelia cells in adults than in
nymphs. Adults have a larger body volume than nymphs and
can thus be engorged with more host blood, which should allow
faster replication of Borrelia, resulting in the detection of
higher numbers of the spirochetes.

Our LUX real-time PCR assay was able to reveal a wide
variety of Borrelia species at a detection limit of less than 10
gene copies, which is equivalent to the number of copies that
exists in one Borrelia cell (25). Furthermore, compared to a
TagMan real-time PCR assay (25), our method showed greater
sensitivity, which was seen as detection of more Borrelia-posi-
tive ticks. Inasmuch as all these samples were determined to
species level, the possibility of false-positive results due to
carryover contamination of PCR products can probably be
excluded. We also noted that the mean amplification efficiency
was higher for the LUX assay than the results previously re-
ported for the TagMan assay (25), which is important because
such efficiency is a crucial marker of the success of gene quan-
tification. In addition, again compared to the TagMan assay
(25), our assay gave a lower standard deviation, as calculated
from a set of independent real-time PCR runs. Constant am-
plification efficiency is an important criterion for reliable com-
parison between samples and between real-time PCR runs, as
well as for assay reproducibility.

In summary, we found that approximately 20% of 399 ticks
that had fed on humans in Ostergétland, Sweden, were positive
for Borrelia. Six Borrelia species were detected, and B. lus-
itaniae was identified for the first time in Sweden. These ob-
servations suggest that the novel LUX real-time PCR assay
provides a rapid and sensitive tool for detection and quantifi-
cation of Borrelia in ticks. It is also plausible that this assay can
be a valuable tool in clinical diagnostics as a complement to
serological tests.
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