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Scant attention has been paid to Lyme disease, Borrelia burgdorferi, Ixodes scapularis, or reservoirs in eastern North Dakota
despite the fact that it borders high-risk counties in Minnesota. Recent reports of B. burgdorferi and I. scapularis in North Da-
kota, however, prompted a more detailed examination. Spirochetes cultured from the hearts of five rodents trapped in Grand
Forks County, ND, were identified as B. burgdorferi sensu lato through sequence analyses of the 16S rRNA gene, the 16S rRNA
gene-ileT intergenic spacer region, flaB, ospA, ospC, and p66. OspC typing revealed the presence of groups A, B, E, F, L, and I.
Two rodents were concurrently carrying multiple OspC types. Multilocus sequence typing suggested the eastern North Dakota
strains are most closely related to those found in neighboring regions of the upper Midwest and Canada. BALB/c mice were in-
fected with B. burgdorferi isolate M3 (OspC group B) by needle inoculation or tick bite. Tibiotarsal joints and ear pinnae were
culture positive, and B. burgdorferi M3 was detected by quantitative PCR (qPCR) in the tibiotarsal joints, hearts, and ear pinnae
of infected mice. Uninfected larval I. scapularis ticks were able to acquire B. burgdorferi M3 from infected mice; M3 was main-
tained in I. scapularis during the molt from larva to nymph; and further, M3 was transmitted from infected I. scapularis nymphs
to naive mice, as evidenced by cultures and qPCR analyses. These results demonstrate that isolate M3 is capable of disseminated
infection by both artificial and natural routes of infection. This study confirms the presence of unique (nonclonal) and infectious
B. burgdorferi populations in eastern North Dakota.

Eastern North Dakota borders some Minnesota counties (i.e.,
Kittson, Marshall, Polk, and Norman) where the risk of con-

tracting the tick-borne diseases Lyme disease and human granu-
locytic anaplasmosis is moderate to high based on confirmed hu-
man cases (1, 2), the abundance of Borrelia burgdorferi-positive
Ixodes scapularis ticks (3), and the density of nymphal I. scapularis
(1). Despite this close geographical proximity, there has been a
paucity of studies on the migration of I. scapularis or B. burgdorferi
into North Dakota (4). Eastern North Dakota is classified as a
transition zone for Lyme disease based on studies investigating the
expansion of I. scapularis and B. burgdorferi in the Midwest (3).
However, in 2011, the North Dakota Department of Health re-
ported the results of a 2010 survey showing established I. scapu-
laris populations in six eastern North Dakota counties, including
Grand Forks County (5). In addition, the pathogens Anaplasma
phagocytophilum, Babesia sp., and B. burgdorferi were detected in
I. scapularis via PCR (5).

Surveillance of I. scapularis has shown an increase in its geo-
graphic distribution (6–8), which has been accompanied by a con-
comitant increase in the distribution of confirmed Lyme disease
cases (9). The primary causative agents of Lyme disease differ be-
tween the United States and Europe, with B. burgdorferi sensu
stricto being the primary agent in the United States and Borrelia
afzelii and Borrelia garinii being the primary agents in Europe (10,
11). While it is generally accepted that B. burgdorferi sensu stricto is
the sole cause of Lyme disease in the United States, there is increas-
ing evidence that other members of the B. burgdorferi sensu lato
complex, a group consisting of approximately 18 closely related
species, could also cause Lyme disease in the United States (12).
For example, Borrelia bissettii has been identified in DNA isolated
from human serum samples in California residents by sequence

analysis of p66; however, it has not been clearly associated with
Lyme disease in the United States because many of the samples
that were positive for B. bissettii were also positive for B. burgdor-
feri (13). It has been demonstrated, however, to be associated with
Lyme disease in Europe (10, 14) and has been shown to be infec-
tious and pathogenic in a mouse model (15). Borrelia americana,
found in Ixodes pacificus and Ixodes minor, is predominantly
found in California and South Carolina and has not yet been as-
sociated with Lyme disease in humans (10), but antibodies to B.
americana have reportedly been detected in blood from Lyme dis-
ease patients (16). These data underscore the need to correctly
identify newly isolated Borrelia species in order to assess their po-
tential contributions to human disease.

Several schemes have emerged to classify presumptive Lyme
disease Borrelia. One is based on outer surface protein C (OspC),
a protein expressed only during transmission from vector to host
(17, 18) that is required for B. burgdorferi to infect mammals (19,
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20). While ospC is highly polymorphic, many groups or types have
been described (21, 22). OspC types are commonly used to deter-
mine a strain’s ability to cause disseminated infections in humans
(21, 23, 24). OspC groups A to U have been identified (21, 22),
with A to O, T, and U found in North America (21, 23, 25). Groups
A, B, I, K, and N have been found most commonly associated with
disseminated infections in humans (21, 26, 27). Groups C, D, E, F,
G, H, and M have also been found to be capable of causing dis-
seminated infection in humans, although the occurrence of infec-
tion with these types is much lower (27, 28). B. burgdorferi small-
mammal reservoirs have been found to carry specific OspC types
(29). For example, it has previously been shown that Peromyscus
leucopus (the white-footed mouse) tested positive for groups A, B,
D, F, G, I, and K, while Tamias striatus (the eastern chipmunk)
tested positive for groups A, D, F, G, I, K, T, and U (29).

Antigenic outer surface proteins (e.g., OspC) are highly vari-
able, and there are indications they are subject to horizontal gene
transfer (30–32), which makes them less than ideal candidates for
evaluating the evolutionary history and geographical relation-
ships of B. burgdorferi strains. Multilocus sequence typing (MLST)
schemes have been developed that have proven to be the most
reliable method for determining the histories of and relationships
within many bacterial genera and species, including B. burgdorferi
sensu lato strains (33, 34). MLST is based on the analysis of house-
keeping genes, which are under strong pressure to minimize large-
scale mutation events, such as the events seen in outer surface
proteins. The B. burgdorferi MLST scheme utilizes eight house-
keeping genes: clpA, clpX, nifS, pepX, pyrG, rplB, recG, and uvrA
(34). Each gene is assigned an allele number based on the sequence
identity to previously submitted alleles. The profiles produced
from all eight loci correspond to a sequence type (ST), which can
be used to compare strains to determine the evolutionary history
and relationships.

With the discovery of I. scapularis and B. burgdorferi in eastern
North Dakota, we sought to characterize previously unidentified
spirochete cultures obtained from five hearts of Peromyscus spp.
(deer mice) and Myodes gapperi (Southern red-backed vole)
trapped in the Turtle River and Forest River areas of eastern North
Dakota. All five small mammals harbored unique or nonclonal
populations of spirochetes determined to be B. burgdorferi sensu
lato. The presence of nonclonal populations is significant, as it
indicates the B. burgdorferi populations present in eastern North
Dakota are not the result of a recent or single migration event.
Two of the five small mammals were carrying at least two different
OspC types. OspC typing showed that the infectious B. burgdorferi
types A, B, E, F, and I are disproportionately represented in our
samples. However, one isolate typed to the noninfectious group L
and one typed to none of the previously described groups. B. burg-
dorferi M3 (ospC group B) was obtained from M. gapperi at Forest
River and was predicted to be a highly infectious isolate. Using this
isolate, we determined that B. burgdorferi M3 is infectious in lab-
oratory mice via both artificial and natural routes of exposure, is
culturable from mouse tissues, and survives I. scapularis molting.
These data confirm B. burgdorferi is present in eastern North Da-
kota and is infectious and transmissible in a laboratory model.

MATERIALS AND METHODS
Animal care and use. Infection experiments were performed according to
a University of North Dakota Institutional Animal Care and Use Com-
mittee (UND IACUC)-approved protocol (1101-2) at the University of

North Dakota Center for Biomedical Research. Four- to 6-week-old
BALB/c mice (Harlan, Madison, WI) were cared for in accordance with
the Association for Assessment and Accreditation of Laboratory Animal
Care guidelines (Animal Welfare Assurance A3917-01) and the National
Research Council of the National Academies Guide for the Care and Use of
Laboratory Animals, 8th ed. Wild rodents were collected, euthanized, and
necropsied in the field as described in the UND IACUC-approved proto-
col 1304-3. All efforts were made to minimize animal suffering.

Sample collection and culturing of spirochetes. Live trapping of ro-
dents was conducted during June and July 2012 in the two largest forested
areas within an otherwise agricultural landscape in Grand Forks County,
i.e., Turtle River State Park (lat 47.94, long �97.50; ca. 254 ha) and Forest
River Biological Station and Wildlife Management Area (lat 48.17, long
�97.66; ca 349 ha). Sherman live traps (H. B. Sherman Traps, Tallahassee,
FL) were baited with peanut butter and oatmeal, supplied with cotton
bedding, set in the evening, and recovered in the morning. Captured
mammals were identified as M. gapperi and Peromyscus spp. based on
morphological characteristics. This method makes it difficult to identify
Peromyscus spp. in the field; thus, Peromyscus mice were identified only to
the genus level. However, all of the Peromyscus mice in this study were
trapped deep in deciduous forests, a preferred habitat for Peromyscus leu-
copus, while Peromyscus maniculatus prefers more open terrain and/or
coniferous forest, strongly suggesting the captured Peromyscus mice were
P. leucopus (35; Robert Seabloom, personal communication). Peromyscus
spp. and M. gapperi were euthanized with isoflurane and necropsied, and
the hearts were immediately inoculated into modified Barbour-Stoenner-
Kelly II (BSK-II) medium containing 6% rabbit serum and 50 �g/ml rifam-
pin (36). Surgical tools were sterilized with 95 to 99% ethanol prior to each
necropsy to prevent possible cross-contamination between animals. Three
days later, uncontaminated cultures were blind passed into modified BSK-II
with 6% rabbit serum without rifampin, incubated for three additional days,
and then examined for spirochetes via dark-field microscopy.

Amplification and sequencing of ospA, ospC, flaB, the 16S rRNA
gene, the 16S rRNA gene-ile tRNA IGS, and p66. ospA, ospC, p66, and the
16S rRNA gene-ile tRNA intergenic spacer region (IGS) were obtained
under amplification conditions previously described (37), except that the
annealing temperature was adjusted to 48°C (Table 1 lists the primers
used). The 16S rRNA gene and flaB were amplified under the following
conditions: 1 cycle of 94°C for 5 min; 40 cycles of 94°C for 30 s, 50°C for
30 s, and 68°C for 1 min; and 1 cycle of 72°C for 5 min. Sequencing was
performed at Davis Sequencing (Davis, CA). The chromatograms were
visually inspected, and then the forward (coding) and reverse (template)
strand sequences were aligned to obtain a double-stranded consensus
sequence. 16S rRNA gene sequences were queried using the Ribosomal
Database Project’s Sequence Match (Seqmatch) program (38) and the
Nucleotide Collection (nr/nt) BLAST database (blast.ncbi.nlm.nih.gov)
to obtain genus and species identifications. flaB, ospA, ospC, p66, and the
IGS nucleotide sequences were queried using BLAST.

NCBI Nuccore and BLAST database searches. Sequences were ob-
tained by searching the NCBI Nuccore database (http://www.ncbi.nlm
.nih.gov/nuccore) using the following terms: Borrelia plus p66, Borrelia
plus ospC, Borrelia plus “outer surface protein C,” Borrelia plus ospA,
Borrelia plus “outer surface protein A,” Borrelia plus “intergenic spacer
region,” Borrelia plus IGS, Borrelia plus 16S plus 23S plus IGS, and Bor-
relia plus 16S plus 23S plus “intergenic spacer region.” A search was per-
formed in the nonredundant protein sequence (nr) BLAST database using
the complete B. burgdorferi B31 protein sequences for p66 (chromosome
accession no., NC_001318.1), OspC (cp26 accession no., NC_001903.1),
and OspA (lp54 accession no., NC_001857.2).

Alignments and phylogeny. Sequences for ospA, ospC, p66, and the
IGSs from eastern North Dakota isolates were aligned, along with BLAST
and NCBI database sequences, in ClustalW2 (http://www.ebi.ac.uk/Tools
/msa/clustalw2/). The shaded alignment was generated using BoxShade
(ExPASy [http://www.ch.embnet.org/software/BOX_form.html]). Du-
plicate sequences (identified as the same species and found to be 100%
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identical) were represented in the analyses by a single sequence. Sequences
obtained from BLAST were included in analyses if the query coverage was
greater than 90%. The obtained sequences were manually trimmed to
conserved regions aligning with the shortest sequence obtained for the
eastern North Dakota isolates. Trimmed sequences meeting the above
criteria were then used in phylogenetic analyses. For OspA and OspC, a
subset of sequences from each clade was chosen to create representative
phylogenetic trees. Final phylogenetic analyses for OspA, OspC, and p66
were performed using the PHYLIP programs SeqBoot, Proml, and Consense
(version 3.695 [http://evolution.genetics.washington.edu/phylip/]). Briefly,
sequence files were put into SeqBoot and analyzed with 1,000 bootstrap
replicates. The SeqBoot output file was analyzed in Proml using the Jones-
Taylor-Thornton model (48) with multiple data sets, slower analysis, a
random number seed of 9, data sets jumbled 5 times, and an outgroup
root when appropriate. The resulting file was input into Consense to
obtain a single consensus tree using the majority rule (extended) consen-
sus type, and the tree was treated as rooted when appropriate. DNA trees
were created using Dnaml in PHYLIP. The trees were visualized using
FigTree (version 1.4 [http://tree.bio.ed.ac.uk/software/figtree]) and la-
beled using Adobe (San Jose, CA) Illustrator CS3.

OspC typing. To sequence ospC from mixed populations, PCR prod-
ucts for ospC from samples M6, M7, and M9 were gel purified and cloned
into Escherichia coli using the pCR2.1 TOPO TA cloning kit according to
the manufacturer’s instructions (Life Technologies, Carlsbad, CA). Plas-
mids were purified using the Qiagen (Valencia, CA) Plasmid Mini Prep kit
and sequenced at Davis Sequencing. OspC amino acid sequences for pre-
viously typed isolates (21, 25) were obtained from NCBI. Nucleotide se-
quences from the eastern North Dakota isolates were translated (ExPASy
[http://web.expasy.org/translate/]) and aligned with the previously typed
isolates in ClustalW2. A percent identity matrix (PIM) was obtained, and
an OspC type group was assigned to each eastern North Dakota isolate if
the sequence did not diverge more than 2% from a particular group (25).

MLST. MLST was performed for each eastern North Dakota sample
(34). Primer sequences for the eight housekeeping genes used (clpA, clpX,
nifS, pepX, pyrG, recG, rplB, and uvrA) were obtained from the Imperial
College London’s B. burgdorferi MLST website (http://borrelia.mlst.net).
For amplification and sequencing, the outer forward and outer reverse
primers for each gene were used. For each gene, a 50-�l reaction was set up
using the HotStarTaq Plus master mix (Qiagen) according to the manu-
facturer’s instructions. Primers were added to a final concentration of 1

TABLE 1 Primer sequences used in this study and predicted amplicon sizes

Primer name Sequence (5=–3=)
Predicted amplicon
size (nt)a

16S For GGT CAA GAC TGA CGC TGA GTC A 136
16S Rev GGC GGC ACA CTT AAC ACG TTA G
flaB For GGG TCT CAA GCG TCT TGG 139
flaB Rev GAA CCG GTG CAG CCT GAG
ospA For ATG AAA AAA TAT TTA TTG GGA ATA GG 829
ospA Rev ATT CTC CTT ATT TTA AAG CG
ospC Forb ATG AAA AAG AAT ACA TTA AGT GC 638
ospC Rev CTT AAT TAA GGT TTT TTT GG
p66 For GAT TTT TCT ATA TTT GGA CAC AT 755
p66 Rev TGT AAA TCT TAT TAG TTT TTC AAG
16S IGS For AGT GCG GCT GGA TCA CCT CC 950
ileT IGS Revb GTC TGA TAA ACC TGA GGT CGG A
nid1 For CCA GCC ACA GAA TAC CAT CC 153
nid1 Rev GGA CAT ACT CTG CTG CCA TC
recA For GTG GAT CTA TTG TAT TAG ATG AGG CT 171
recA Rev GCC AAA GTT CTG CAA CAT TAA CAC CT
I. scap 16S For CGG TCT GAA CTC AGA TCA AG 300
I. scap 16S Rev GGG ACA AGA AGA CCC TAT C

MLST primers for amplification and sequencingc

clpA For AAA GAT AGA TTT CTT CCA GAC 982
clpA Rev GAA TTT CAT CTA TTA AAA GCT TTC
clpX For GCT GCA GAG ATG AAT GTG CC 884
clpX Rev GAT TGA TTT CAT ATA ACT CTT TTG
nifS For ATG GAT TTC AAA CAA ATA AAA AG 1,049
nifS Rev GAT ATT ATT GAA TTT CTT TTA AG
pepX For ACA GAG ACT TAA GCT TAG CAG 811
pepX Rev GTT CCA ATG TCA ATA GTT TC
pyrG For GAT TGC AAG TTC TGA GAA TA 801
pyrG Rec CAA ACA TTA CGA GCA AAT TC
recG For CCC TTG TTG CCT TGC TTT C 805
recG Rev GAA AGT CCA AAA CGC TCA G
rplB For TGG GTA TTA AGA CTT ATA AGC 760
rplB Rev GCT GTC CCC AAG GAG ACA
uvrA For GAA ATT TTA AAG GAA ATT AAA AGT AG 911
uvrA Rev CAA GGA ACA AAA ACA TCT GG

a The predicted amplicon sizes were determined using the following accession versions: B. burgdorferi B31, AE000783.1 (chromosome), AE000790.2 (lp54), and AE000792.1 (cp26);
mouse, NC_000079.6 (nid1). nt, nucleotides.
b Primers ospC For and ileT IGS Rev were obtained from reference 36.
c From borrelia.mlst.net/misc/info.asp.
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�M, and 1 �l of purified genomic DNA was added. Previously described
amplification conditions were used (34) with the following modifications:
(i) the initial denaturing step was decreased to 5 min according to the
HotStarTaq Plus master mix instructions, and (ii) the annealing temper-
ature for recG was decreased to 48°C. Sequencing was performed at Eton
BioSciences, Inc. (San Diego, CA). Chromatograms were inspected for
double peaks, which indicated a mixed population. Chromatograms in-
dicating mixed populations were omitted from further analyses. Single-
locus queries were performed for each sequence to obtain an allele num-
ber. An allelic-profile query was performed with the available loci for each
eastern North Dakota sample using the B. burgdorferi MLST website.
When data for eight loci were available, the query type chosen was “exact
or nearest match.” When fewer loci were available, the query type chosen
was n � 1, where n is the number of available loci.

Infectivity of B. burgdorferi M3. Six female 4- to 6-week-old BALB/c
mice were each subcutaneously injected with 106 spirochetes/ml. Two
weeks postinjection, infection was preliminarily determined by assaying
pre- and postinfection sera by enzyme-linked immunosorbent assay
(ELISA). Larval I. scapularis ticks were allowed to feed on infected mice as
previously described (39). Briefly, approximately 200 to 300 uninfected
larval I. scapularis ticks (Oklahoma State University—Stillwater) were
placed on infected BALB/c mice and allowed to attach and feed. Four to 7
days after attachment, engorged larval I. scapularis ticks dropped off and
were collected and placed in a humidified chamber until they molted to
nymphs. The mice were euthanized 24 h after all I. scapularis ticks de-
tached (i.e., day 8). One tibiotarsal joint and ear pinna and the heart were
collected for quantitative PCR (qPCR) analysis. The second tibiotarsal
joint and ear pinna were cultured in BSK-II medium with 6% rabbit
serum and 50 �g/ml rifampin, blind passed, and examined by dark-field
microscopy as described above. After molting, approximately 15 infected
nymphal I. scapularis ticks were placed on 6 naive female 4- to 6-week-old
BALB/c mice. Engorged I. scapularis ticks, mouse tissues, and cultures
were treated as described above.

ELISA. Anti-B. burgdorferi IgG in sera from inoculated mice was de-
tected as previously described (39). Briefly, 96-well plates were coated with 10
�g/ml B. burgdorferi lysate in a carbonate coating buffer and incubated
overnight at 4°C. All washes were performed with phosphate-buffered
saline (PBS)-Tween. Serum samples were diluted 1:100 in PBS. Anti-
mouse IgG was diluted 1:5,000 in PBS. Each serum sample was analyzed in
triplicate.

DNA extraction. DNA from bacterial cultures was extracted with a
25:24:1 phenol-chloroform-isoamyl alcohol extraction. The DNA was
further purified with two consecutive ethanol precipitations. Total
(mouse and spirochete) DNA for use in qPCR was extracted from tibio-
tarsal joints using a phenol-chloroform-isoamyl alcohol protocol and fur-
ther purified with the Qiagen DNeasy blood and tissue kit according to the
manufacturer’s specifications. Total DNA from hearts and ear pinnae was
extracted using a modified DNeasy blood and tissue kit protocol. Briefly,
minced tissues were suspended in buffer ATL (Qiagen) with proteinase K
and incubated overnight at 56°C. Samples were further purified according
to the manufacturer’s specifications and as previously described (39).

qPCR. The primers used in qPCR are listed in Table 1. Reactions were
performed using Bio-Rad (Hercules, CA) iQ SYBR green Supermix. Mouse
DNA was detected using primers for nidogen (nid1) and quantified against
500-, 50-, 5-, 0.5-, 0.05-, and 0.005-ng mouse DNA standards. The amplifi-
cation conditions were as follows: 95°C for 3 min; 40 cycles of 95°C for 30 s,
49°C for 1 min, 1 cycle of 95°C for 1 min, and 50°C for 1 min; and 1 cycle of
49°C for 1 min and 49 to 95°C at 0.5°C for 10 s for each step. B. burgdorferi
DNA was detected using primers for recA and quantified against six B.
burgdorferi DNA standards ranging in concentration from 10�6 to 10�1

copy number. The amplification conditions were as follows: 95°C for 3
min; 40 cycles of 95°C for 30 s and 50°C for 1 min; 1 cycle of 95°C for 1 min
and 50°C for 1 min; 1 cycle of 50°C for 1 min and 50 to 95°C at 0.5°C for
10 s for each step. Each sample and a no-template control were run in
triplicate.

Detection of B. burgdorferi DNA in nymphal I. scapularis. Total
DNA was extracted from I. scapularis larvae allowed to molt to nymphs
after feeding as larvae using a modified Qiagen DNeasy blood and tissue
kit protocol. Ten molted I. scapularis nymphs per mouse were homoge-
nized in buffer ATL (600 �l) with proteinase K (20 �l) and incubated
overnight at 56°C. Buffer AL (200 �l; Qiagen) was added, and the tubes
were vortexed and incubated at 70°C for 10 min. Wheat germ tRNA, type
V (1 �l; 10-mg/ml; R-7876; Sigma-Aldrich, St. Louis, MO) was added, and
the tubes were vortexed. Ethanol (230 �l; 95%) was added, and the tubes
were vortexed, transferred to DNeasy spin columns, and centrifuged for 1
min at 8,000 rpm. Buffer AW1 (500 �l; Qiagen) was added, and the tubes
were centrifuged for 1 min at 8,000 rpm. Buffer AW2 (500 �l; Qiagen) was
then added, and the tubes were centrifuged at 14,000 rpm for 3 min. DNA
was eluted from the spin column with 100 �l nuclease-free water twice.
PCR was performed using primers for the I. scapularis 16S rRNA gene, the
B. burgdorferi 16S rRNA gene, and B. burgdorferi flaB (Table 1) under the
following amplification conditions: initial denaturation at 94°C for 3
min; 40 cycles of 94°C for 30 s, 50°C for 30 s, and 65°C for 30 s; and final
elongation at 65°C for 5 min. The reactions were run on a 2.5%
NuSieve gel.

Nucleotide sequence accession numbers. The sequences obtained in
this study have been deposited in GenBank with the following accession
numbers: KM676013, KM676014, KM676015, KM676016, KM676017,
KM676018, KM676019, KM676020, KM676021, KM676022, KM676023,
KM676024, KM676025, KM676026, KM676027, KM676028, KM676029,
KM676030, KM676031, KM676032, KM676033, KM676034, KM676035,
KM676036, KM676037, KM676038, KM676039, KM676040, KM676041,
KM676042, KM676043, KM676044, KM676045, KM676046, KM676047,
KM676048, KM676049, KM676050, KM676051, KM676052, KM676053,
KM676054, KM676055, KM676056, KM676057, KM676058, KM676059,
KM676060, KM676061, KM676062, KM676063, KM676064, KM676065,
KM676066, KM676067, KM676068, KM676069, and KM676070.

RESULTS
Sequence and phylogeny confirm spirochetes are B. burgdorferi
and represent nonclonal populations. To confirm that the east-
ern North Dakota samples were B. burgdorferi sensu lato, we se-
quenced 136 and 139 nucleotides of the 16S rRNA gene and flaB,
respectively. The 16S rRNA gene sequences were queried against
the Ribosomal Database Project database. The sequences for each
of the five samples returned hits for various Borrelia species (data
not shown). A BLAST search of the flaB sequences obtained from
all five samples showed 100% sequence identity matches to B.
burgdorferi (data not shown). These data confirmed that the spi-
rochetes were members of the B. burgdorferi sensu lato group.

To determine whether the samples represented multiple B.
burgdorferi populations or a single population, sequencing and
phylogenetic analyses were performed for ospA, ospC, p66, and the
16S rRNA gene-ile tRNA IGS. For comparison, various B. burg-
dorferi sensu lato and Borrelia hermsii sequences were obtained
from the NCBI and BLAST databases. A BLAST search using the
16S rRNA gene-ile tRNA DNA sequence from B. burgdorferi B31
returned results for B. burgdorferi sensu lato (data not shown).
There were no differences in the sequences of ospA and p66 for the
five samples. Protein maximum-likelihood analyses of OspA (Fig.
1) and p66 (Fig. 2) grouped the eastern North Dakota samples
with B. burgdorferi sensu stricto.

Unlike OspA and p66, OspC showed variation among the east-
ern North Dakota samples, sharing between 66 and 100% identity
(Fig. 3 and 4). In two of the small mammals sampled (M7 and
M9), multiple B. burgdorferi strains were detected. With the ex-
ception of B. burgdorferi M7 clone 7, which grouped with a clade
consisting of both North American and Eurasian Borrelia spp., the

Infectious B. burgdorferi in Eastern North Dakota

January 2015 Volume 81 Number 1 aem.asm.org 51Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=KM676013
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676014
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676015
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676016
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676017
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676018
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676019
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676020
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676021
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676022
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676023
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676024
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676025
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676026
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676027
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676028
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676029
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676030
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676031
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676032
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676033
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676034
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676035
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676036
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676037
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676038
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676039
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676040
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676041
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676042
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676043
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676044
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676045
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676046
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676047
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676048
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676049
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676050
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676051
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676052
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676053
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676054
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676055
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676056
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676057
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676058
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676059
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676060
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676061
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676062
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676063
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676064
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676065
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676066
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676067
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676068
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676069
http://www.ncbi.nlm.nih.gov/nuccore?term=KM676070
http://aem.asm.org


eastern North Dakota populations grouped most closely with B.
burgdorferi sensu lato (Fig. 4). B. burgdorferi M9 clones 1 and 6
were 100% identical across the region used for OspC analyses but
showed variation outside the region, particularly at 4 residues im-
mediately downstream. Further sequencing would be required to
determine whether clones 1 and 6 are indeed different strains.
OspC typing revealed a diverse group of spirochetes (Table 2).
Interestingly, one of the isolates identified, B. burgdorferi M7 clone
8, belongs to one of the rarer groups (L) to be identified in reser-
voir animals (40). One isolate, B. burgdorferi M7 clone 7, did not
group with OspC groups A to U. This is not surprising, given that
it did not clearly group with North American B. burgdorferi sensu
lato. Taken together, these data confirm that nonclonal, invasive
populations of B. burgdorferi are present in eastern North Dakota.

The eastern North Dakota populations are most closely re-
lated to B. burgdorferi found in the upper Midwest. MLST anal-
ysis was performed to determine the regional source of the eastern
North Dakota populations. A locus was omitted from further
analysis if the chromatograms suggested a mixed population for
that locus (i.e., a double peak at a single nucleotide location)
(Tables 3 and 4). Sequences for all eight loci could be obtained
only for one sample (B. burgdorferi M9), and thus, single-locus
analyses were performed for the remaining samples. The database

profiles that most closely matched the incomplete eastern North
Dakota sample profiles were obtained (Tables 3 and 4). B. burg-
dorferi M3 most closely matched ST30 strains for all loci except
nifS, which was unavailable. The available locus information for B.
burgdorferi M4 matched ST56 strains. B. burgdorferi M6 matched
ST31 and ST229 at five loci but had a different recG locus than
ST31 or ST229. B. burgdorferi M7 differed at clpA from ST225
strains. B. burgdorferi M9 matched ST56 strains at all eight loci.
Each database strain that was the closest match to the eastern
North Dakota samples was initially identified in the upper Mid-
west (Illinois, Wisconsin, and Minnesota and Manitoba, Canada)
(Fig. 5 and Table 4). These data suggest the eastern North Dakota
samples are most closely related to upper Midwest strains, and
thus, the upper Midwest is the most probable source of the eastern
North Dakota samples.

Needle-injected B. burgdorferi M3 infects and survives in
BALB/c mice and is acquired by larval I. scapularis during feed-
ing. To determine whether infectious and transmissible popula-
tions were present in eastern North Dakota, an infection-and-
transmission study was performed using B. burgdorferi M3. M3
was the only sample obtained from M. gapperi, whose reservoir
status is unknown. Further, the OspC data suggested M3 was a
clonal population belonging to the infectious B group. An ELISA

FIG 1 Unrooted protein maximum-likelihood analysis of OspA showing that the eastern North Dakota isolates group with North American B. burgdorferi. The
sequences included (approximately) residues 41 to 236. The node values represent bootstrap values from 1,000 replicates. Red, eastern North Dakota isolates;
purple, North American Lyme disease-associated Borrelia; blue, Eurasian Lyme disease-associated Borrelia; black, unknown species.
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of pre- and postinfection sera from mice subcutaneously injected
with 106 B. burgdorferi M3 spirochetes/ml showed increased anti-
Borrelia antibodies 2 weeks postinjection. Tibiotarsal joints and
ear pinnae were culture positive, except for one mouse for which
culture data were unavailable due to contamination. B. burgdorferi
flaB was detected in molted nymphs fed on five of the six needle-
injected mice. Neither the B. burgdorferi 16S rRNA gene nor flaB
could be positively identified in molted nymphs fed on mouse 6. B.
burgdorferi recA was detected in one of three hearts, six of six
tibiotarsal joints, and three of six ear pinnae. The mouse nidogen
gene, nid1, was detected in all tissues. These data demonstrate B.
burgdorferi M3 is infectious to mice, able to disseminate to multi-
ple tissues, and capable of being acquired by I. scapularis during a
blood meal.

B. burgdorferi M3 survives the I. scapularis larval molt and is
subsequently transmitted to naive BALB/c mice during a blood
meal. To determine whether B. burgdorferi M3 was transtadially
maintained during the I. scapularis larval molt and capable of
transmission to naive mice, I. scapularis nymphs were fed on naive

BALB/c mice. Infection was confirmed by ELISA, which showed
an increase in absorbance postfeeding. Tibiotarsal joints and ear
pinnae were all culture positive. nid1 and recA were detected in all
six hearts, tibiotarsal joints, and ear pinnae. These data show B.
burgdorferi M3 is transtadially maintained in I. scapularis and ca-
pable of dissemination in naive hosts.

DISCUSSION

Studies on the prevalence and spread of B. burgdorferi, I. scapu-
laris, and Lyme disease in the Upper Midwest typically focus on
Minnesota and Wisconsin (8, 41, 42). The vast majority of Lyme
disease cases, and thus B. burgdorferi and I. scapularis, reported in
the upper Midwest are found in Minnesota and Wisconsin. How-
ever, there were numerous factors that demanded a detailed in-
vestigation of B. burgdorferi in eastern North Dakota (e.g., the
close proximity to high-risk Minnesota counties with a history of
Lyme disease, B. burgdorferi, and I. scapularis; the presence of
known small-mammal reservoirs; and recent studies [5, 43] iden-
tifying stable I. scapularis populations and B. burgdorferi in North

FIG 2 Rooted protein maximum-likelihood analysis of p66 showing that the eastern North Dakota isolates group with North American B. burgdorferi. The sequences
included (approximately) residues 364 to 548. The node values represent bootstrap values from 1,000 replicates. Red, eastern North Dakota isolates; purple,
North American Lyme disease-associated Borrelia; blue, Eurasian Lyme disease-associated Borrelia; black, unknown species; pink, relapsing fever outgroup.
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FIG 3 Alignment of OspC suggesting the eastern North Dakota isolates are genetically distinct strains of B. burgdorferi. Samples M7 and M9 contain a mixture
of clones. The sequences included (approximately) residues 25 to 198. B. burgdorferi B31 (AE000792.1), N40 (DQ437463.1), A (a non-type strain, ABQ42987.1),
B (a non-type strain, ABK41066.1), ZS7 (AF500204.1), and JD1 (DQ437462.1), as well as Vsp3, an OspC ortholog found in B. hermsii (relapsing fever;
AAA22967.1), were included for comparison. Alignment was performed in ClustalW2, and shading was performed using ExPASy’s BoxShade (black indicates
identical residues, gray indicates residues with biochemical properties similar to those of the majority of the residues in the same position, and white indicates
unrelated residues). Symbols: dashes indicate gaps, dots in the consensus line indicate moderate to high conservation, gaps indicate no conservation, and asterisks
indicate fully conserved residues.

Stone et al.

54 aem.asm.org January 2015 Volume 81 Number 1Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=AE000792.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ437463.1
http://www.ncbi.nlm.nih.gov/nuccore?term=ABQ42987.1
http://www.ncbi.nlm.nih.gov/nuccore?term=ABK41066.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AF500204.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ437462.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AAA22967.1
http://aem.asm.org


Dakota, further confirming the expansion of I. scapularis de-
scribed in other U.S. regions and Canada [3, 6, 7, 44, 45]).

The data presented here demonstrate that the spirochetes iso-
lated in eastern North Dakota from Peromyscus spp. and M. gap-
peri hearts are members of the B. burgdorferi sensu lato complex.
While OspA and p66 are identical among all of the eastern North
Dakota populations, OspC typing shows they are distinctly non-
clonal populations. The M9 population consisted of at least two
OspC types, A and F; M7 consisted of at least two types, I and L

TABLE 2 OspC groups for eastern North Dakota isolatesa

Eastern ND B. burgdorferi isolate(s) OspC group

M9 clones 1 and 6 A
M3 B
M6 E
M4 and M9 clone 2 F
M7 clone 5 I
M7 clone 8 L
M7 clone 7 None
a Using Wang et al. (25) and Seinost et al. (21) groupings.

FIG 4 Rooted protein maximum-likelihood analysis of OspC showing that the eastern North Dakota isolates group with North American B. burgdorferi. OspC
groups are indicated by a vertical black line and a single-letter code. The sequences included (approximately) residues 25 to 198. The node values represent
bootstrap values from 1,000 replicates. Red, eastern North Dakota isolates; purple, North American Lyme disease-associated Borrelia; blue, Eurasian Lyme
disease-associated Borrelia; black, unknown species; pink, relapsing fever outgroup.
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(Table 2 and Fig. 4). B. burgdorferi M7 clone 7 does not appear to
belong to any of the previously defined OspC groups. In phyloge-
netic analyses, clone 7 also does not appear to group clearly with
either North American B. burgdorferi sensu lato or Eurasian Lyme
disease Borrelia (Fig. 4). A BLAST analysis with the sequence from
clone 7 returns results for B. burgdorferi sensu lato OspC but with
a maximum identity score of 87% (data not shown). It is clear
clone 7 is a member of the B. burgdorferi sensu lato complex, but its
OspC type and infectivity remain unknown. Despite obtaining
sequence data for a single clone, the M6 population may consist of
multiple OspC types due to difficulties in obtaining ospC sequence
prior to cloning ospC. Since less than five ospC clones were ob-
tained and sequenced from three of the five eastern North Dakota
samples, it is not possible to determine the proportion of OspC
types in each sample. It is clear at least three of the most common
OspC types known to cause disseminated infection in humans (A,
B, and I) (21, 25) are present in eastern North Dakota (Table 2 and
Fig. 4). A more comprehensive survey is required to determine the
presence and distribution of OspC types.

The MLST data, though limited, suggest the eastern North Da-
kota populations are derived from the upper Midwest populations
and are not a recent transplant from another region. Specifically,
the eastern North Dakota populations appear to be most closely
related to strains found in Minnesota, Wisconsin, Illinois, and
southeastern Manitoba on the Minnesota-Canada border. A
number of the housekeeping genes appeared to be identical in the
populations that the OspC data showed were mixed populations.
Likewise, a number of housekeeping genes appeared to indicate
mixed populations in a single sample when the OspC data sug-
gested that the populations in each sample were clonal. This was
surprising, because the ospC gene is highly polymorphic, while the
housekeeping genes are generally more conserved. Viewing the
OspC and MLST data together suggests that, in addition to small-
scale random mutation events, large-scale mutation events have
also occurred with OspC. The sequence analyses, taken as a whole,
suggest a regional population structure larger and more complex
than was captured by the five samples partially characterized here.

The results of the infection study show B. burgdorferi M3 is
infectious through both an artificial and a natural route of infec-
tion. B. burgdorferi M3 is capable of disseminating from the site of
inoculation to the heart, tibiotarsal joints, and ear pinnae, indicat-
ing it is highly infectious (46). The ability to disseminate is not
surprising, since B. burgdorferi M3 belongs to the ospC group
B, a group associated with disseminated disease in humans (21,
26, 27).

In the United States, Lyme disease remains a significant public
health issue. From 2001 to 2011, the number of confirmed cases

reported to the CDC averaged 24,000, making it the most reported
tick-borne disease in the United States. In 2013, the CDC released
revised yearly estimates based on continuing studies, including
analysis of data from tests conducted by seven participating com-
mercial laboratories in 2008 (47). Based on these analyses, the
estimated number of individuals infected with B. burgdorferi in
the United States was revised to approximately 288,000 per year,
about 10 times more than the average yearly number of reported
and confirmed Lyme disease cases. North Dakota is not the Lyme
disease hot spot Minnesota is, but Lyme disease is poised to be a
significant public health issue in North Dakota. The number of
Lyme disease cases reported yearly in North Dakota is low (126
reported cases between 1996 and 2012 [North Dakota Depart-
ment of Health]) compared to the number of cases reported in
neighboring Minnesota (nearly 13,000 confirmed cases between
1996 and 2012 [Minnesota Department of Health]). However,
just as the national cases are underestimated, there are a number
of factors that make a reasonable argument for cases in North
Dakota being underestimated: the classification of eastern North
Dakota as a transition zone (3), the conventional opinion that B.
burgdorferi and I. scapularis are not found in North Dakota, the
evolving criteria for reporting and confirming Lyme disease, the
increasing number of Lyme disease cases in North Dakota, and
the rural nature of North Dakota.

TABLE 3 Allele scores for clpA, clpX, nifS, pepX, pyrG, recG, rplB, and
uvrA and closest matching database STs

Eastern ND
B. burgdorferi
isolate

Allele score

STclpA clpX nifS pepX pyrG recG rplB uvrA

M3 19 1 �a 1 2 1 1 10 30
M4 24 � � 18 � 19 1 � 56, 231
M6 20 4 � 3 3 1 3 � 31, 229
M7 18 2 � � 2 8 1 � 225
M9 24 14 4 18 11 19 1 12 56, 231
a �, chromatogram indicated a mixed population.

TABLE 4 Allelic profiles and STs for the eastern North Dakota samples
and the most closely matching MLST database strains

Sample/strain ST

Allelea

clpA clpX nifS pepX pyrG recG rplB uvrA

B. burgdorferi M3 19 1 � 1 2 1 1 10
51405b 30 19 1 5 1 2 1 1 10
MC132 30 19 1 5 1 2 1 1 10
MC108 30 19 1 5 1 2 1 1 10

B. burgdorferi M4 24 � � 18 � 19 1 �
1469205 56 24 14 4 18 11 19 1 12
MC73 56 24 14 4 18 11 19 1 12
MC78 56 24 14 4 18 11 19 1 12
Mid761 56 24 14 4 18 11 19 1 12
MC150 231 24 14 4 18 11 90 1 12

B. burgdorferi M6 20 4 � 3 3 1 3 �
48102 31 20 4 3 3 3 3 3 3
50302 31 20 4 3 3 3 3 3 3
Mid471 31 20 4 3 3 3 3 3 3
MC101 229 20 4 3 3 3 18 3 3
MC92 229 20 4 3 3 3 18 3 3

B. burgdorferi M7 18 2 � � 2 8 1 �
MC110 225 8 2 5 93 2 8 1 84
MC120 225 8 2 5 93 2 8 1 84
BP-2 225 8 2 5 93 2 8 1 84

B. burgdorferi M9 24 14 4 18 11 19 1 12
1469205 56 24 14 4 18 11 19 1 12
MC73 56 24 14 4 18 11 19 1 12
MC78 56 24 14 4 18 11 19 1 12
Mid761 56 24 14 4 18 11 19 1 12
MC150 231 24 14 4 18 11 90 1 12

a Alleles that differ from the respective eastern North Dakota allele are shaded. �,
chromatogram indicated a mixed populations.
b Database strain identifications.
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To develop comprehensive, informed public health policies in
both the United States and Canada, it is imperative to understand
whether I. scapularis, and subsequently B. burgdorferi, are expand-
ing outside the previously identified geographical regions. While
changes in habitat, and the reasons for those changes, are outside
the scope of this study, it is clear that B. burgdorferi and I. scapu-
laris have migrated westward in the upper Midwest. This informa-
tion is relevant to North Dakota residents, visitors, and medical
professionals, who should be aware of the risk of contracting Lyme
disease in eastern North Dakota. This information is also impor-
tant beyond the borders of North Dakota, as it provides additional
data on the ever-evolving state of Lyme disease.
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