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Abstract
Lyme disease, caused by the genospecies complex Borrelia burgdorferi sensu lato, is the
most common tick-borne infection in the Northern Hemisphere and is the most common
arthropod-borne disease in the United States. The disease is particularly endemic in Southeast
Minnesota and West Central Wisconsin. Lyme disease can have a substantial impact on quality
of life as disseminated forms of the disease can affect the heart, joints, and nervous system. It is
therefore important for health care professionals to diagnose and treat patients with Lyme disease
in a timely fashion. To do so, these professionals need to be informed about disease prevalence
in endemic areas. Currently the CDC establishes the prevalence of the Lyme disease using
clinically diagnosed cases. However, doing so may not accurately indicate the true prevalence of
the disease in Ixodes scapularis, the main vector for Lyme disease in endemic regions of the
United States. To determine the prevalence of B. burgdorferi carried by I. scapularis, a realtime PCR protocol was introduced and used to assay ticks collected in 2011. 351 I. scapularis
ticks were collected from the areas of Southeast Minnesota and West Central Wisconsin. Out of
these, 119 ticks have been assayed using the real-time PCR protocol. It was found that 10.5% of
the assayed ticks were carrying B. burgdorferi. This data may indicate the number of ticks
carrying the disease has been decreasing each year since 2005.
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I – Introduction
Lyme disease is a zoonotic infection caused by the genospecies complex Borrelia
burgdorferi sensu lato. The disease is the most common tick-borne infection in the Northern
Hemisphere and is the most common arthropod-borne disease in the United States, where it
causes nearly 20,000 new cases per year [1, 2, 3]. Lyme disease is a multisystem infection,
affecting the skin, joints, nervous system, and heart. Infection occurs when B. burgdorferi s.l.
spirochetes are transferred to an individual via a bite from an infected tick. Early manifestations
of the disease include a rash and flu-like symptoms. Complications such as heart arrhythmias
and neurological problems can occur several weeks to months later [4], making it critical to
diagnose and treat a patient early in the infection. Health care professionals that are informed
about the changing prevalence of a particular disease can better diagnose and treat patients.
Many regions in the United States have seen a dramatic increase in Lyme disease incidence rates
over the last fourteen years, particularly Southeast Minnesota and West Central Wisconsin [1, 5].
To better inform these health care professionals and the public, it is important to monitor the
changing prevalence of Lyme disease in these areas. The usefulness of real-time PCR in
monitoring the prevalence of Lyme disease in Ixodes scapularis ticks from Southeast Minnesota
and West Central Wisconsin is illustrated here.
a) A Brief History of Lyme Disease
The clinical symptoms of Lyme disease had been documented in Europe long before any studies
in the United States had occurred [6]. The first American study wasn’t until 1975, when Steere
and his colleagues began investigating arthritis presented by a group of children near Lyme,
Connecticut [7]. Soon after, Steere published work implicating Ixodes scapularis as the main
vector for the disease [8, 9]. These Ixodid ticks were found to be common on the East side of the
Connecticut River, where the patients from the previous study lived. In comparison, the West
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side of the river, where the incidence of illness was lower, had fewer I. scapularis. At that time
the organism causing the disease could not be isolated and was thought to be a virus. It wasn’t
until 1982 when Willy Burgdorfer observed the disease-causing spirochete bacteria in a sample
he obtained from the midgut of an I. scapularis (dammini) specimen [10, 11]. These spirochete
bacteria would later take his name, becoming known as Borrelia burgdorferi in his honor. In
present times Lyme disease has been found to be endemic to thirteen states in the U.S. [1] as well
as many nations in Europe and Asia. Because of its emergence, a growing niche of researchers
has been studying the pathogenicity of this organism.
b) The Causative Agent of Lyme Disease
The spirochete Burgdorfer observed in 1982 was in fact Borrelia burgdorferi sensu stricto. B.
burgdorferi s.s. belongs to the larger genospecies complex Borrelia burgdorferi sensu lato. This
genospecies group is a broad collection of Borrelia species that have been recognized and
delineated from the original B. burgdorferi species discovered Burgdorfer. The complex
includes B. burgdorferi s.s., Borrelia afzelii, Borrelia andersonii, Borrelia bissettii, Borrelia
californiensis, Borrelia garinii, Borrelia japonica, Borrelia lusitaniae, Borrelia sinica, Borrelia
spielmanii, Borrelia tanukii, Borrelia turdi, Borrelia valaisiana, Borrelia carolinensis, and
Borrelia Americana [12, 13, 14]. Of these organisms, B. burgdorferi s.s., B. afzelii, B. garinii,
and B. spielmanii have been confirmed as causative agents of Lyme disease [12, 15]. The
pathogenicity of the remaining organisms is not certain, and needs to be confirmed in future
studies. Out of the aforementioned organisms, B. burgdorferi s.s. is clinically relevant in the
United States and is the main focus of this study. The disease is also endemic in Europe and
Asia, where B. burgdorferi s.s., B. afzelii, and B. garinii are common [15]. Figure 1 below
shows the geographical distribution of a few of the B. burgdorferi s.l. genospecies.
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Figure 1 – Geographic Distribution of Borrelia burgdorferi sensu lato. The shaded areas indicate places where
clinical cases of Lyme disease have been recorded. Borrelia burgdorferi sensu stricto is the primary cause of Lyme
disease in the United States, and is also found in Europe. B. afzelii and B. garinii are also clinically relevant in
Europe [15]. Note that some of the genospecies in the B. burgdorferi s.l. complex are not shown.

The bacteria that comprise the B. burgdorferi s.l. complex (herein referred to as just B.
burgdorferi for simplicity) are spirochetes. Like other spirochetal bacteria, B. burgdorferi are
helically shaped and therefore highly motile, they have an outer membrane (sheath), and they
have flagella that are located in the periplasmic space [16]. Due to the membrane structure of
spirochetes, they appear slightly gram-negative because they retain only the final dye used in the
procedure. The outer membrane contains 45-62% protein, 23-50% lipid, and 3-4% carbohydrate
[17]. The flagella, which are located between the outer membrane and inner membrane, give rise
3

to the spiral shape characteristic of the spirochetes (Figure 2). They also provide the means for
their efficient motility. The flagella are attached to the inner membrane on each terminal end.
They run the entire length of the cell, which can be roughly 20-30 µm, which vary due to
nutrition and the phase of growth.
Figure 2 – Membrane
Structure of Borrelia
burgdorferi sensu lato. a)
Scanning electron micrograph
(left) showing helical shape of
the bacterium. The crosssectional transmission electron
micrograph (right) shows the
outer membrane, protoplasmic
cylinder, and endoflagellum
components of the bacteria.
b) Cartoon diagram of flagella
bundles along the structure of the
bacterium. These flagella are
inserted in the terminal ends of
the bacteria. c) Diagram
showing flagellum inserted into
the cytoplasmic membrane. The
flagella pass through the peptidoglycan into the periplasmic space
where they run the length of the
bacterium [18].

The outer membrane was found to be quite fluid and dissimilar to the membranes of other gramnegative bacteria [16, 17, 19]. It characteristically lacks any lipopolysaccharides in the outer
4

membrane. This outer membrane also contains several proteins that may be involved in the
pathogenicity of the organism. Some provide elegant methods of obtaining transition metals
from the host [20] while others are involved in diffusion in host tissues [21]. Inside the host the
bacteria are then subject to the host immune system. B. burgdorferi are resistant to many
antimicrobial peptides produced by the innate immune system [22]. Though the exact
mechanisms for this resistance are unknown, one can assume that surface proteins in the outer
membrane play a role. It was shown by Liang et al. that B. burgdorferi changes the expression
of its surface antigens in response to host immune responses [23]. One of these surface
lipoproteins, VlsE, has the ability to undergo antigenic variation, playing a role in the pathogen’s
ability to evade the immune system [24]. Selective gene expression and recombination influence
the expression of many proteins that are found in the outer membrane. This is done through
intricate signal cascades induced by the host’s innate immune system. One of these cascades that
alters gene expression is initiated by Toll-like receptor (TLR) 1 and 2 heterodimers [25]. This
TLR-initiated pathway, and others like the RpoN-RpoS regulatory pathway [26], alters the
expression of a group of important outer surface lipoproteins.
The outer surface (lipo)proteins (osp) have been a major focus for researchers, both in their role
in the pathogenicity of B. burgdorferi as well as potential targets for detection and treatments. B.
burgdorferi possess three major osp proteins: ospA, ospB and ospC. ospA and -B play a role in
adherence to particular cells in the tick and mammalian host [27] while ospC plays a significant
role in spirochete migration to the salivary glands of the tick and colonization of host tissues
[28]. All three of these outer surface proteins are differentially expressed by the previously
mentioned pathways. While in the tick host, ospA is upregulated to help the bacterial cells bind
to the tick midgut [27, 18]. However, when the tick becomes engorged ospA is quickly
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downregulated and the expression of ospC substantially increases [28, 29]. This allows the
bacteria to migrate to the tick’s salivary glands, priming them for infection of the next host. Vast
gene regulation, like in the case of the osp proteins, is a common occurrence for B. burgdorferi
and ensures the survivability and transfer of this pathogen.
The B. burgdorferi genome was the third bacterial genome to ever be sequenced (B. burgdorferi
s.s.; strain B31). The genome was found to contain a large, linear chromosome and many
plasmids, making it unique compared to other spirochetes and bacteria. The linear chromosome
contains 910,725 base pairs and encodes for 853 genes [30, 31]. Roughly 20 plasmids are found
in the bacteria, more than any other genome [18]. The plasmid DNA was also found to be both
linear and circular, with varying stability between plasmids. These plasmids account for nearly
610 kb and encode for nearly 419 predicted functions [18]. This unique and complex genome
ensures the survival of the bacteria.
c) Transmission of Lyme Disease
Hard-bodied Ixodidae ticks are the main vector for B. burgdorferi. Ixodes scapularis and Ixodes
pacificus are the primary vectors in the United States while Ixodes ricinus and Ixodes persulcatus
carry the disease in Europe [6]. I. scapularis was implicated by Steere et al. soon after the first
Lyme disease study conducted in 1975 [9]. This particular tick is common in the regions of
Southeast Minnesota and West Central Wisconsin, making it a prime candidate for studying the
prevalence of Lyme disease in these areas. These ticks complete a three-host life cycle which
starts when larvae hatch from eggs. After overwintering the ticks find a small rodent to serve as
the first host. In the summer nymphs morph from the larvae and find a second small host to feed
on. After dropping off in the summer, the nymphs molt into adults at which stage they will over
winter once again. The adults will then seek a larger host such as a deer. Humans can serve as a
host at the larval, nymph, and adult stages. This life cycle is summarized in Figure 3 below.
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Figure 3 – Life Cycle of the Three-Host Ixodes scapularis Tick. 1. Adults lay eggs which hatch to larvae. The
larvae overwinter and in the spring seek a small rodent host. In the summer they morph into nymphs and find a
second small host. Again they drop off in the fall and molt into adults at which point they will overwinter. In the
spring they will seek a larger host and repeat the life cycle [32].

Lyme disease is the most common arthropod-borne disease in the United States and the most
common tick-borne disease in the Northern Hemisphere. Ticks become infected when feeding
on infected reservoir mammals such as the white-footed mouse, Peromyscus leucopus. This can
occur at the larval, nymphal, and adult stages. As mentioned before, several outer membrane
proteins follow host-dependent differential expression. Ticks play an important role in
expression of these proteins. Without ticks as an intermediate host, B. burgdorferi have a
reduced transmission. This was shown by Pal et al. when they challenged mice with an ospC
knockout strain [28]. These knockouts did not have a reduced pathogenicity, however, without
ospC they were unable to effectively migrate to the salivary glands of the ticks, preventing them
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from infecting the mice. This illustrates the importance of these ticks in the transmission of B.
burgdorferi.
d) The Symptoms, Treatment, and Prevalence of Lyme Disease
Lyme disease is a borreliosis that can affect the skin, joints, heart, and nervous system. The
disease has an incubation period of 3-32 days [2, 33] and consists of a three-phase infection
which consists of the localized infection, disseminated infection, and persistent infection. The
most common symptom of the localized infection is erythema migrans (EM), commonly known
as the ‘bullseye’ rash (Figure 4), which occurs in 70-80% of borreliosis cases [1] [33, 34]. FluFigure 4 – Illustration of
Erythema Migrans (EM) Skin
Rash. EM, or the bullseye rash,
is observed in 70-80% of Lyme
disease patients [1] [33, 34].

like symptoms such as malaise, fatigue, headache, arthralgia,
myalgia, and fever can also occur. The localized infection then
gives way to the disseminated infection—when the bacteria
begin to migrate to other organ systems. During this time B.
burgdorferi utilizes outer surface proteins to both migrate and
evade the immune system. Symptoms of the disseminated
infection depend on the tissues infected, which can include the
heart, nervous system, and joints. Symptoms that usually occur
include secondary annular skin lesions, acute lympocytic

meningitis, cranial neuropathy, radiculoneuritis, atrioventricular nodal block, musculoskeletal
pain in joints, bursae, tendons, muscle, or bone, and rarely eye manifestations [33, 35]. The
disseminated infection can last for weeks. B. burgdorferi can remain sequestered in tissues for
several years. At this point, the infection is persistent and 60% of patients experience
intermittent attacks of arthritis [33, 35]. Because of the systemic complications that can occur
during disseminated and persistent infections, it is important to diagnose and treat patients with
Lyme disease early.
8

Lyme disease is diagnosed based on clinical manifestations and exposure to tick vectors
[2]. People who have had a nymph or adult tick attached for more than 36 hours are informed to
monitor themselves for possible symptoms for up to 30 days [4]. Serological testing using an
enzyme-linked immunosorbent assay (ELISA) can confirm possible cases [6]. Testing ticks that
are possibly infected is rarely done outside of a research study. After a positive diagnosis,
treatment is administered depending if it is an early, disseminated, or persistent infection. The
current antimicrobials effective against Lyme disease are doxycycline, amoxicillin, or
cefuroxime axetil. The current recommended treatment for an early Lyme disease infection is
doxycycline (100 mg twice per day), amoxicillin (500 mg 3 times per day), or cefuroxime axetil
(500 mg twice per day) for 14 days [4]. Cefuroxime axetil is recommended if neurological
manifestations are present otherwise doxycycline is preferred in adults while amoxicillin is
preferred in children and pregnant women. Doxycycline also has the benefit of treating human
granulocytic ehrlichiosis, a common coinfection with B. burgdorferi.
The treatment for late Lyme disease infections is the same as outlined above, however, the
recommended duration is increased to 28 days of treatment. Intravenous ceftriaxone treatment
lasting 2 to 4 weeks is recommended for late Lyme disease presenting with neurological
symptoms [4]. Individuals treated early in the infection usually see a full recovery. Much debate
has taken place over the possibility of post-Lyme disease syndromes. Currently there is no
evidence for these chronic Lyme infections and antibiotic treatment is not recommended.
Rather, these manifestations could be explained by possible coinfections that are commonly
observed with B. burgdorferi infections. Whatever the case may be, it is important for healthcare
professionals to diagnose Lyme disease in its early stages to prevent disseminated and persistent
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B. burgdorferi infections. To do so, healthcare workers need to be informed about the
prevalence of Lyme disease in endemic areas.
Currently, the prevalence of Lyme disease is assessed using the distribution of clinically
diagnosed cases. The Centers for Disease Control made Lyme disease nationally notifiable in
1991 [1]. The last surveillance report, published by the CDC in 2008, indicated that 248,074
cases of Lyme disease were reported in the United States from 1992-2006. The report also stated
there was a 101% increase in the number of cases between those years; 9,908 cases were
reported in 1992 and 19,931 cases were reported in 2006 [2]. The prevalence of Lyme disease is
still increasing, as it has done over the last ten years. In 2002 there were 23,763 reported cases in
the United States, jumped to over 33,000* cases in 2011 [36] (Figures 5 & 6). The majority of
these cases were reported from the East Coast and Midwest, areas which have the highest
incidence rates of the disease.
The Midwest is an endemic area in the United States, particularly the regions of Southeast
Minnesota and West Central Wisconsin, and has seen a dramatic increase in the incidence of
Lyme disease over the last ten years. In 2002 the CDC reported 867 cases in Minnesota and
1,090 cases in Wisconsin [36]. The incidence rates for each state were 17.3 and 20.0 per
100,000 people, respectively [37]. Following the trend of Lyme disease, the number of reported
cases and the incidence of the disease increased. In 2011 there were 2,124* and 3,649* cases
reported in Minnesota and Wisconsin, respectively [36]. The incidence of Lyme disease
increased nearly two-fold in both states in that same year [37]. Comparing Figures 5 & 6
highlights this increase. Both the Minnesota Department of Health and the Wisconsin
Department of Health Services report similar statistics [38, 39].
*Value includes confirmed and probable cases
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Figure 5 – Reported Cases of Lyme Disease, 2002. Each dot was placed randomly within the county it was
reported in [40].

Figure 6 – Reported Cases of Lyme Disease, 2011. Each dot was placed randomly within the county it was
reported in [40].
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The CDC builds their prevalence and incidence reports based upon clinically diagnosed cases of
Lyme disease. However, this does not accurately represent the actual prevalence of Lyme disease in
nature [6]. The abundance of deer and expanding range of I. scapularis may have driven the spread of
Lyme disease [33], especially in Minnesota and Wisconsin. Since B. burgdorferi possesses the ability to
infect a wide range of mammals, the disease has the ability to easily spread independent of human
infections. Establishing the presence of causative bacteria in I. scapularis ticks provides an accurate
prediction of the prevalence of Lyme disease in a particular region. This data provides an overall better
picture of incidence in endemic regions, aiding healthcare workers treating patients in these areas.
e) Detection of Borrelia burgdorferi Using Real-Time Polymerase Chain Reaction
Real-time polymerase chain reaction (qPCR) builds upon traditional PCR by providing the means to
simultaneously amplify and quantify a particular DNA sequence. This provides a faster assay by
eliminating the need for handling the samples after the PCR completes [41]. In addition to reagents used
in conventional PCR, qPCR utilizes DNA probes labeled with fluorescent molecules. These probes
enable rapid quantification of target fragments at the completion of each PCR cycle. Like tradition
nested PCR reactions, qPCR is highly specific and sensitive to target DNA as the labeled probes are
12

complementary to sequences found within the target fragment. qPCR also allows for multiplex
reactions, given that different fluorescent molecules are used to detect each DNA target. This gives
researchers the ability to detect the presence of multiple organisms in a single assay.
Protocols utilizing real-time PCR have been developed for multiple gene targets in B. burgdorferi.
These genes often encode for the outer surface proteins previously mentioned or for intergenic spacer
sequences specific to the bacteria [12, 42, 43, 44, 45, 46]. In recent years, many of these developed
protocols utilized duplex and multiplex real-time PCR to detect both B. burgdorferi and other
organisms. Doing so allows researchers to also quantify and determine the prevalence of multiple
coinfections that frequent Lyme disease infections. Multiplex reactions also give researchers the ability
to detect an internal control target located in the genome of another organism [41]. These internal
controls can be used to monitor the quality of DNA being assayed, allowing the collection of reliable
results. This is particularly useful if samples are possibly degraded from storage or if the DNA was
extracted from samples containing known PCR inhibitors, like blood meals taken from tick midguts
[47]. Thus, qPCR provides a fast, reliable, highly sensitive, and highly specific assay to detect the
presence of B. burgdorferi in I. scapularis ticks.
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II – Materials and Methods
a) Tick Collection
Ticks were collected from legally harvested white-tailed deer brought in for tagging. These deer were
harvested in the regions of Southeast Minnesota and West Central Wisconsin. The primary counties in
focus of this study were Winona County, MN and Buffalo County, WI. Tick specimens were gathered
from other counties including Fillmore, Goodhue, Houston, Olmsted, and Wabasha counties in
Minnesota and Chippewa County in Wisconsin (Figure 7). A maximum of five ticks were obtained
from the heads and necks of the deer. These specimens were then placed in 70% ethanol for short-term
storage. Deer gender and county of origin were noted at this time. After collection tick species were
identified and sorted based on gender. I. scapularis ticks were the main species of interested. After
sorting, individual ticks were placed in new vials containing 70% ethanol.

Figure 7 –
Counties Where
Tick Specimen
Were Gathered.
These ticks were
gathered from the
heads and necks
of legally
harvested deer
from each of the
indicated
counties. Image
courtesy of Steven
Speltz.
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b) DNA Extraction and Quantification
Two extraction methods were utilized to obtain DNA from tick samples. The first, an ammonium
hydroxide extraction [48], was used on ticks collected in the fall of 2005 to the spring of 2011. First
ticks were removed from the storage vials and air dried for 20 minutes. They were then placed in a
screw cap vial containing 100 µL of 0.7 M ammonium hydroxide. The vials were boiled in a water bath
at 100°C for 20 minutes. Vials were removed and allowed to cool for 5 minutes. To evaporate
ammonia from the solutions, caps were removed and the vials were placed in a 96°C sand bath for 10
minutes. Ticks were then discarded and the remaining liquid portion was stored at -20°C until later use.
A Chelex®-100 extraction procedure [49] was used on ticks beginning in the fall of 2011. Ticks were
air dried as in the ammonium hydroxide protocol. 1 mm2 fragments of tick midguts were placed into a
PCR tube containing a 10% Chelex®-100 solution. The tubes were vortexed for 15 seconds to mix the
tissue with the Chelex® beads. They were then incubated in a thermal cycler at 100°C for 5 minutes.
The tubes were then centrifuged for 3 minutes to pellet the Chelex® beads. Supernatant was pipetted
into a new microcentrifuge tube and frozen at

-20°C until further use.

All tick lysate samples were quantified using a NanoDrop© ND-1000 Spectrophotometer. The
NanoDrop was first calibrated with 1 µL of deionized water. 1 µL of lysate samples were then
quantified using the default settings. DNA concentration was recorded in ng/µL. 260/280 and 260/230
readings were recorded as well. To ensure the fidelity of the spectrophotometer readings, the NanoDrop
was re-calibrated every ten samples. Samples containing a high concentration of DNA were diluted to
50 ng/µL.

c) Conventional PCR on Ticks Collected in 2005, 2006, and 2008
Before the utilization of a real-time PCR protocol, conventional PCR was used to assay tick samples for
the presence B. burgdorferi. This PCR protocol, described by Cory Knudson [50], targeted a flagellin
15

gene in the bacteria. Ticks collected in the fall months of 2005 and 2006 were tested using this protocol.
Primers uses were FLA-1 (5’-AGA GCA ACT TAC AGA CGA AAT TTA T-3’) and FLA-2 (5’-CAA
GTC TAT TTT GGA AAG CAC CTA A-3’). Samples were run using GE Healthcare illustraTM
puReTaq Ready-To-Go PCR Beads with primers at concentrations of 100 µM. Cycling conditions
consisted of an initial denaturation step at 94°C for 3 minutes, then 35 cycles of 94°C for 1 minute, 55°C
for 1 minute, and 72°C for 1 minute, and a final 72°C incubation step for 5 minutes. Samples were held
at 4°C until removed from the thermal cycler, at which point they were frozen at -20°C. Amplicons
were visualized using a standard protocol consisting of a 2% agarose gel.
Knudson et al. later began work to revise this protocol to eliminate the need for the Ready-To-Go PCR
Beads [51]. The new protocol used the same FLA-1 and FLA-2 primers. Reagents used were 5X PCR
buffer (Promega), 100 µM forward and reverse primers, 10 mM dNTPs, TE buffer, Promega Go-Taq at
5 units/µL, 35 mM MgCl2, and 5 M betaine. Cycling conditions remained the same, however, the
number of cycles was increased to 43 and the extension step was increased to 75 seconds. This new
protocol was used to test ticks collected from 2008. The new PCR assay was eventually determined to
be ineffective so varying concentrations of MgCl2 and betaine were tested to no avail.
d) Real-Time PCR and Quality Assurance
A real-time PCR protocol was modified and used to remedy the issues with the conventional PCR
protocol. The original protocol, described by Strube et al. [12], features a duplex reaction that
simultaneously detects B. burgdorferi s.l. and ticks in the Ixodes genus. The protocol amplifies a 67 bp
fragment from the 5S-23S intergenic spacer (IGS) in B. burgdorferi s.l. and a 77 bp fragment from the
highly conserved internal transcribed spacer 2 (ITS2) sequence found in Ixodes species. The probes
used were TaqManTM minor groove binder (MGB)-based and complimentary to sequences in each
respective amplicon. Primer and probe sequences are shown in Table 2.1 below. As B. burgdorferi s.s.
and I. scapularis were not the intended targets in the original study, Basic Local Alignment Search Tool
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(BLAST) and Primer-BLAST software were used to check primers and probes against their respective
organisms.
Table 1 – Primer and Probe Sequences Used in the Duplex Real-Time PCR Protocol. The protocol amplifies a
fragment from the 5S-23S intergenic spacer in Borrelia burgdorferi s.l. as well as a fragment from the internal transcribed
spacer-2 in Ixodes species. Sequences are as described by Strube et al. [12].

Primer/Probe
IGS_BOR_F
IGS_BOR_R
IGS_BOR_P

5’ to 3’ Sequence

ITS2_IXO_F
ITS2_IXO_R
ITS2_IXO_P

TGC GTC GTA GCC TTC
AAC GGC ATT CCC CTA C
6-VIC-TCT AAG ACC TTC GCG-MGBNFQ

TCC TAG GCA TTC ACC ATA GAC T
TGG CAA AAT AGA GAT GGA AGA T
6-FAM-ATT ACT TTG ACC ATA TTT-MGBNFQ

Fragment Size
67 bp

77 bp

Reactions had a total volume of 10 µL, which was modified from the original 25 µL reactions
described. Each reaction contained 5 µL of 2X ABsoluteTM Blue QPCR Mix (Thermo Scientific), 0.3
µL of each primer (100 µM), 0.052 µL of both probes (50 µM; Applied Biosystems), and 0.8 µL of
DNA sample (varying concentrations ≤50 ng/µL), positive control (pure DNA extract, 7 ng/µL), or
negative control (deionized water). ROX reference dye was excluded and replaced with water. The
reactions were finalized to the total volume using 2.896 µL of deionized water. Cycling conditions
remained unchanged and consisted 10 minutes at 94°C followed by 40 cycles of 20 seconds at 94°C, 60
seconds at 56°C, and 45 seconds at 72°C. The experiment and data analysis were performed using BioRad CFX ManagerTM software. Fluorescence was measured using a MiniopticonTM Real-Time PCR
Detection System.
Once a working protocol was established a number of quality checks and modifications were
completed to optimize the protocol. The initial assays determined the general effectiveness of the
protocol. Spiked samples were then tested to negate any false-negatives. Varying primer concentrations
were also assessed with no general improvement to the reaction conditions.
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III – Results
a) Tick Collection
A total of 5,167 ticks have been collected since the fall of 2005 (Table 2), averaging about 738 per year.
With the exception of the years 2006 and 2008, Wisconsin has produced the most ticks (Figure 8).
Roughly 60% of the ticks that have been collected have originated from Wisconsin, a total of 3,112
ticks. The total number collected from Minnesota was 2,053 ticks. On average more males were
gathered than females (Figure 9). Female ticks, the main focus of this study, comprise 44% of the total
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ticks found. The ratio of male and female ticks found in Minnesota was nearly 1:1, with a little over one
thousand collected for each. The ratio of males to females for ticks collected in Wisconsin was skewed
in favor of male ticks; nearly 1,900 males were gathered compared to 1,200 females. Note that two ticks
were not identified with either state. Figure 8 and Table 2 break down the number of ticks collected per
state per year.

Table 2 – Totals of Ixodes scapularis Ticks Collected, 2005-2011. A total of 5167 Ixodes scapularis ticks
were collected from 2005-2011. Wisconsin produced the majority of the ticks. The ratio of males to females
was slightly skewed towards the males.

Total

Females

Males

Total

Wisconsin
Minnesota
Unknown

1227
1023
2

1885
1030
0

3112
2053
2

Total

2252

2915

5167

Females

Males

Total

Wisconsin
Minnesota

155
159

375
343

530
502

Total

314

718

1032

Females

Males

Total

Wisconsin
Minnesota
Unknown

56
94
2

63
168
0

119
262
2

Total

152

231

383

Females

Males

Total

Wisconsin
Minnesota

445
252

420
242

865
494

Total

697

662

1359

Females

Males

Total

Wisconsin
Minnesota

152
342

172
33

324
375

Total

494

205

699

Females

Males

Total

Wisconsin
Minnesota

232
109

387
160

619
269

Total

341

547

888

2005

2006

Table 2 Cont.

2007

2008

2009
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2010

Females

Males

Total

Wisconsin
Minnesota

88
10

232
21

320
31

Total

98

253

351

Females

Males

Total

Wisconsin
Minnesota

99
57

236
63

335
120

Total

156

299

455

2011

Figure 8 – Comparison of the Number of Ticks Collected in Minnesota and Wisconsin. In total, nearly 1100
more ticks were gathered from Wisconsin than Minnesota. With the exception of 2006 and 2008, more ticks were
found from Wisconsin per year.

Figure 9 – Female vs. Male Tick Counts from 2005-2011. Typically more male Ixodes scapularis were
collected per year, except in 2007 and 2008. Wisconsin produced a majority of these male ticks.
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b) BLAST and Primer-BLAST
Multiple BLAST and Primer-BLAST searchers were conducted to confirm protocol specificity to B.
burgdorferi s.s. and I. scapularis, organisms that are found in the area of Southeast Minnesota and West
Central Wisconsin. Primer-BLAST indicated that both primer sets were specific to their respective
organisms when tested against each organism as well as against all genomes. A 67 bp fragment was
predicted for all organisms comprising the B. burgdorferi s.l. genospecies. BLAST also confirmed that
each probe was complimentary to fragments produced by the previously mentioned primer sets.
c) Effectiveness of Real-Time PCR Protocol
To test the effectiveness of the new real-time PCR protocol, six samples that were randomly chosen
from ticks collected from 2005-2011 were assayed in the new test. The sample set consisted of four
female and two male I. scapularis DNA extracts; F006, F7, F68, F1106, M528, and W191 were tested.
B. burgdorferi DNA was previously detected in two of the samples, F68 and F1106, using conventional
PCR (data not shown). The duplex real-time PCR assay targeting B. burgdorferi s.s. and I. scapularis
confirmed these positive results (Figure 10a). Positive B. burgdorferi control was also successfully
amplified starting at cycle 18. Note that the negative control also began to show amplification for the B.
burgdorferi specific 5S-23S intergenic spacer starting at cycle 35 (Figure 10b). Except F68, all other
ticks samples showed positive amplification of the internal control (Figure 10c). The positive B.
burgdorferi control and the negative control showed no internal control amplification, as expected.
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Figure 10a – Results of a Duplex Real-Time PCR Assay Specific for Borrelia burgdorferi sensu stricto and Ixodes
scapularis. a) Measurements of FAM-labeled probes (5S-23S IGS) are indicated by the blue lines. Green lines represent
measurements of VIC-labeled probes (ITS2 internal control). Random samples from 2005-2011 were assayed including B.
burgdorferi positive control, a negative control, and samples M528, F7, F006, F1106, W191, and F68. The positive B.
burgdorferi control had a concentration of 7 ng/µL. Note that RFU values for the internal controls are much lower than
FAM-labeled probes.
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Negative Control

Figures 10b & c – Results of a Duplex Real-Time PCR Assay Specific for Borrelia burgdorferi sensu stricto and Ixodes
scapularis cont. b) FAM-labeled probe detection of B. burgdorferi. See previous figure for sample listing. The positive
control, samples F68 and F1106, and the negative control showed amplification. c) VIC-labeled probe detection of I.
scapularis. See previous figure for sample listing. All tick samples besides F68 showed amplification of the internal control.
The B. burgdorferi positive control and negative control showed no internal control amplification as expected.
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d) Spiking Tests
Samples F7, M528, and W191 were chosen to undergo a spiking test to rule out any possible falsenegatives that may have arisen from PCR inhibition. Each sample was spiked with 0.2 µL of the B.
burgdorferi positive control. All of the previously negative samples appeared to have positive results
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when spiked with positive control (Figure 11). All spiked and non-spiked samples amplified the internal
control as expected.

Figure 11 – Results of Spiking Test. Negative samples F7, M528, and W191 were spiked with 0.2 µL of Borrelia
burgdorferi negative control. All spiked samples appeared to show amplification of B. burgdorferi DNA. Ixodes scapularis
amplification occurred in all tick samples.
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e) Prevalence of Lyme Disease
The prevalence of B. burgdorferi in I. scapularis ticks collected from 2005, 2006, and 2008 was
established using conventional PCR (Table 3) [50, 51]. In 2005 it was found that 15.5% of all ticks
analyzed were positive for B. burgdorferi. Minnesota and Wisconsin were found to have a similar
prevalence of 14.5 and 16.8%, respectively. Since 2006, the prevalence of B. burgdorferi in ticks
appears to be declining. In 2006 the overall prevalence of the bacteria in tick samples was found to be
13.0% while in 2008 it was found to be 1.7%. A similar number of ticks from each state were positive
in 2006 when compared with each other. In Wisconsin 11.9% of ticks were positive for B. burgdorferi
and while ticks from Minnesota had a similar percentage of 11.3%. Ticks collected in 2007 have not
been analyzed.
24

Table 3 – Results of Conventional PCR Assays on Ticks Collected in 2005, 2006 and 2008. A
conventional PCR assay targeting a flagellin gene in Borrelia burgdorferi was used to survey the
prevalence of the disease in Ixodes scapularis ticks.

Lyme Disease
Positive

% Positive

Minnesota
Wisconsin

22
24

14.5
16.8

Total

46

15.5

Lyme Disease
Positive

% Positive

Minnesota
Wisconsin

16
7

11.3
11.9

Total

23

13.0

Lyme Disease
Positive

% Positive

Minnesota
Wisconsin

3
0

2.0
0.0

Total

3

1.7

2005

2006

2008

Ticks collected in 2011 were analyzed for B. burgdorferi using the duplex real-time PCR
protocol (Table 4). 10.5% of all ticks analyzed were positive for carrying B. burgdorferi. Wisconsin
had a much higher prevalence with 12.8% of ticks positive for the bacteria. 7.8% of ticks from
Minnesota carried the bacteria. Only 6 out of 119 ticks tested failed to amplify the internal control, none
of which were positive for B. burgdorferi (data not shown).

Table 4 – Results of Real-Time PCR Assay on Ticks Collected in 2011. A duplex real-time PCR assay targeting the 5S23S IGS sequence in Borrelia burgdorferi was used to assess the number of ticks positive for carrying the bacteria. The
reaction also contained an internal control targeting the ITS2 sequence in Ixodes scapularis ticks.

Lyme Disease
Positive

% Positive

Minnesota
Wisconsin

4
9

7.8
12.3

Total

13

10.5

2011
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IV – Discussion
Since it was first described in 1975, Lyme disease has grown to become the most common arthropodborne infection in the United States [1, 2]. The causative agents of the disease are members of the
bacterial genospecies complex Borrelia burgdorferi sensu lato. These spirochete bacteria are transferred
to humans via the bite of an infected Ixodes scapularis tick. In the last ten years, regions such as
Southeast Minnesota and West Central Wisconsin have seen a dramatic increase in the incidence of the
disease. It was previously mentioned that the CDC uses clinically reported cases of Lyme disease to
establish prevalence data for particular areas. However, using reported cases to establish this prevalence
data may not be the most accurate method for determining the true prevalence of Lyme disease in nature
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[6]. Monitoring the number of I. scapularis ticks infected with B. burgdorferi s.l. may provide a more
precise picture of the prevalence for specific areas.
A conventional PCR protocol targeting a flagellin gene in B. burgdorferi was first used to monitor the
prevalence of the bacteria in I. scapularis ticks collected from Southeast Minnesota and West Central
Wisconsin [50]. Ticks from 2005, 2006, and 2008 were first tested using this protocol. The prevalence
of ticks carrying B. burgdorferi bacteria for each year was found to be 15.5%, 13.0%, and 1.7%,
respectively. It should be noted that in 2008 the conventional PCR protocol was switched from using
GE Healthcare illustraTM puReTaq Ready-To-Go PCR Beads to that of a reagent-based reaction. This
non-bead protocol was never completely optimized. Therefore, when used in later years it often yielded
highly variable results when testing tick samples. This may explain the drastically different data
observed in tick samples from 2008. Reaction conditions and concentrations of MgCl2 and betaine were
frequently adjusted to no avail.
After many attempts to successfully improve the fidelity of the existing conventional PCR protocol, it
was decided that switching to a new real-time PCR protocol may be beneficial. Stube et al. described a
highly sensitive and highly specific duplex real-time PCR protocol which they used to detect the
presence of B. burgdorferi s.l. in Ixodes ricinus ticks in Europe [12]. This real-time PCR protocol
utilized a TaqmanTM MGB-based probe system to amplify and detect the 5S-23S IGS sequence in all B.
burgdorferi s.l. species. Designed as a duplex reaction, the protocol also detected the highly conserved
ITS2 sequence found in all Ixodes species, which acts as an internal control.
As described here, the original protocol was adapted to detect B. burgdorferi s.s. in I. scapularis ticks
collected in Minnesota and Wisconsin. The original protocol was modified from a 25 µL reaction to a
10 µL reaction to save on reagents. To ensure the protocol was specific to species endemic in
Minnesota and Wisconsin, BLAST and Primer-BLAST searchers were conducted. It was found that the
5S-23S IGS primers and probe were specific to B. burgdorferi s.s., the causative agent of Lyme disease
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endemic to Southeast Minnesota and West Central Wisconsin. As I. ricinus ticks were originally under
scrutiny by Strube et al., BLAST and Primer-BLAST searchers were also used to confirm the protocol
was sensitive to I. scapularis, the main vector for the disease in the United States.
The DNA samples of many ticks had been collected in the years past. Much of this DNA was extracted
using an ammonium hydroxide extraction protocol and stored in water. This protocol involved many
tedious steps and incubations and allowed high protein contamination of samples. Also, many sets of
hands have come into contact with the samples over the years, so the quality of extracted DNA is in
question. To remedy these potential issues, a Chelex®-100 extraction procedure was introduced in 2011
to provide a much simpler DNA extraction procedure for future use. However, as many older samples
were extracted using the ammonium hydroxide protocol, they could contain PCR inhibitors. This could
potentially explain the failures of the conventional PCR protocol that was originally used to assay tick
samples. Since the new real-time PCR protocol incorporates an internal control, it can be used to
monitor the quality of the DNA being assayed.
To determine if this new real-time PCR protocol was effective, random tick samples collected over the
years were assayed. Two of these samples appeared to be positive for B. burgdorferi according to the
conventional PCR assay. These positive results were confirmed by the new real-time PCR protocol. To
negate the possibility of inhibition occurring in negative samples, some samples that appeared negative
previously were spiked with positive control, which was successfully amplified by real-time PCR.
Therefore, it was determined that the new real-time PCR protocol was an effective replacement for the
faulty conventional PCR protocol.
Using the successful real-time PCR protocol, ticks collected in 2011 were assayed for the presence of B.
burgdorferi. It was found that 10.5% of ticks were positive for the spirochetes. These results are
backed by the fact that 95% of the 119 I. scapularis ticks tested successfully amplified the internal tick
control. This also indicates the success of the new DNA extraction method being used.
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The real-time

PCR results also seem to show a downward trend in the number of ticks carrying the Lyme diseasecausing bacteria. Since 2005, PCR assays have indicated a smaller percentage of ticks carrying the
bacteria each year. However, to get a better understanding of the actual trend of B. burgdorferi
prevalence, tick samples from each year will need to be re-tested using the new real-time PCR protocol.
Monitoring the prevalence of Lyme disease in a particular area aids health care officials in better treating
their patients. Currently Lyme disease prevalence is established using clinically diagnosed cases.
However, these cases may not accurately reflect the actual number of ticks carrying the causative B.
burgdorferi bacteria in a particular area. To better inform the public in the area, the prevalence of Lyme
disease in I. scapularis ticks collected in Southeast Minnesota and West Central Wisconsin is being
monitored. Discussed here was an effective real-time PCR protocol that was introduced in order to
efficiently test ticks dating from 2005 to the present. In doing so the trending prevalence of B.
burgdorferi in the area will be established, better informing health care workers that treat patients in this
Lyme disease endemic area.
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Development of a Real-Time PCR Protocol to Detect Lyme Disease and Babesiosis
Michael Lehrke & Dr. Kimberly Bates

Lyme disease is a zoonotic infection that is caused by the gramnegative spirochete bacteria Borrelia burgdorferi [Figure 1]. In the
Midwest, the primary vector for Lyme disease is the black-legged
deer tick, Ixodes scapularis [Figure 2]. I. scapularis plays an
important role in the transfer of B. burgdorferi from its reservoir
host, the white-footed mouse (Peromyscus leucopus), to larger hosts
such as humans or deer. Thus, the life cycle of B. burgdorferi closely
follows that of I. scapularis [Figure 3].

Reported Cases of Lyme Disease in
Minnesota and Wisconsin from 2000-2010
Number of Reported Cases

Introduction

The CDC stated that in 2010 Minnesota had 1,293 reported cases of Lyme
disease while Wisconsin had 2,505 reported cases (2). These values
significantly increased over the last 10 years. Similarly, the number of
Babesiosis cases has also been on the rise in recent years. It is the goal of
this research to analyze the increase in prevalence of both diseases in the
regions of Southeast Minnesota and west central Wisconsin.
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conventional PCR, testing each set against their respective positive
controls. All of the B. burgdorferi primer sets and the B. microti set
were successful. The custom designed set for I. scapularis was found
to be unspecific, while the other two were successful. [Figure 7]
shows the results of one of the primer tests. Gradient PCR was used
to optimize the annealing temperature for the custom designed
primer sets for B. burgdorferi and I. scapularis. The former set was
successful and gradient PCR results can be seen in [Figure 8]. The
latter was not successful in any trials.
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2010*
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Figure 6 - Distribution of Lyme disease cases in the U.S. in 2010.
Each dot represents a case per county (2).

Figure 1 – Dark field microscopic image of Borrelia burgdorferi
spirochetes, the pathogen that causes Lyme disease. (2).

Figure 2 – Three-host Ixodid tick life cycle (4). By feeding on
smaller animals first, then larger ones in adulthood, the ticks
easily spread the pathogens from reservoir to host.

Figure 2 – Ixodes scapularis, the black-legged deer tick, acts as
the primary vector for Lyme disease. Adults are the size of poppy
seeds (4).

Figure 4 – Life cycle of Babesia microti. Note how it
compares to the life cycle of I. scapularis(3). B. burgdorferi
shares a similar transfer between hosts.

[Figure 5] shows Babesia
microti, a protozoan blood parasite
which causes Babesiosis. It is often
said to be malaria-like and uses I.
scapularis as its primary vector
[Figure 4]. The tick also acts as the
definitive host and the natural
reservoir for B. microti is also the
5 – Babesia microti, the malaria-like blood parasite
white-footed mouse. Though the Figure
that causes Babesiosis (3).
disease is usually asymptomatic and
self clears in a couple weeks, it can be very deadly to immunocompromised individuals.
Lyme disease and Babesiosis are geographically distributed in
the Northeast and Midwest United States, which is due to the range
of I. scapularis ticks [Figure 6]. It has become particularly prevalent
in the regions of Southeast Minnesota and west central Wisconsin.
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Chart 1 – Number of reported Lyme disease cases from 20002010. *The 2010 values include both reported and unverified
probable cases (2).

Methods
To develop an efficient qPCR protocol, primer candidates were first
tested using conventional PCR. A total of seven primer sets were tested;
three for each B. burgdorferi and I. scapularis and one for B. microti. Of
the sets for B. burgdorferi and I. scapularis, two were obtained from
previously published literature (5, 7) and one was custom designed using
GenScript’s online primer-design tool (6). The set for B. microti was also
obtained from published material (8). Sequence alignments were
checked using the National Center for Biotechnology’s BLAST and PrimerBLAST tools (1).
To test each set, conventional PCR reactions were created testing
each primer set against their respective positive controls. Each set was
also tested against non-target positive controls to ensure they do not
amplify DNA from the other organisms. The positive controls DNA
samples for B. burgdorferi and B. microti were both extracted from their
respective organisms. Tick lysate samples, extracted from ticks obtained
on legally harvested white-tailed deer, were used for the positive control
for I. scapularis. The primers designed with the GenScript tool were also
subjected to gradient PCR to determine an optimal annealing
temperature for each set.

Figure 7 – Conventional PCR results testing previously published
primers for B. burgdorferi, B. microti, and I. scapularis (7, 8). 100
bp DNA ladders flank both sides of the samples. Lanes A & B
contain B. burgdorferi primers against positive control while
Lanes C & D are against water. Lanes E & F contain B. microti
primers against positive control while Lanes G & H are against
water. And lanes I & J contain I. scapularis primers against tick
lysates while Lanes K & J are against water. The cycling
conditions were as follows: 94°C for 10 min, 40 cycles of 94°C for
20 sec, 56°C for 60 sec, and 72°C for 45 sec and a final elongation
at 72°C for 5 min.

Figure 8 – Results of gradient PCR test on the custom B.
burgdorferi primer set. The first row of lanes show the results of
the primers against positive control. The second row shows the
primer versus water as a negative control. 100bp ladders flank
each side of the test samples. The gradient conditions are as
follows: Lanes A=68.0°C, Lanes B=67.3°C, Lanes C=66.1°C, Lanes
D=64.2°C, Lanes E=62.0°C, Lanes F=60.3°C, Lanes G=59.1°C,
Lanes H=58.5°C.

Future Research
After concluding the primer tests, previously published sets were
chosen for B. burgdorferi and I. scapularis after they proved to work
(7). A previously published set was also chosen for B. microti (8).
qPCR testing will now begin using the chosen primer sets. A multiplex
reaction will be designed to simultaneously detect either pathogen
along with I. scapularis, which will act as an internal control to
monitor DNA and reaction quality.
One the multiplex reaction is designed and working, it will be
used to test tick lysate samples dating from 2005-2011 to detect the
possible presence of either pathogen. These results will be compared
to conventional PCR results previously obtained to determine the
specificity and sensitivity of the new qPCR reaction.
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