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Tickborne relapsing fever caused by Borrelia species is
rarely reported in travelers returning from Africa. We report
a case of a 71-year-old woman who sought treatment at
University Medical Center in Freiburg, Germany, in 2015
with recurrent fever after traveling to southern Africa. We
detected spirochetes in Giemsa-stained blood smears.
Treatment with doxycycline for suspected tickborne relaps-
ing fever was successful. Sequence analyses of several loci
(16S rRNA, flagellin, uvrA) showed high similarity to the re-
cently described Candidatus Borrelia kalaharica, which was
found in a traveler returning from the same region earlier
that year. We provide additional information regarding the
genetic relationship of Candidatus B. kalaharica. Sequence
information for an additional 6 housekeeping genes enables
improved comparability to other borrelial species that cause
relapsing fever. Our report underlines the importance and
possible emergence of the only recently delineated patho-
gen in southern Africa.

n infection with Borrelia species bacteria causes re-

lapsing fever (RF). It is transmitted by several arthro-
pods, and dependent on the transmitting vector; louseborne
relapsing fever (LBRF) is different from tickborne relaps-
ing fever (TBRF) (/,2). The clinical picture of RF includes
recurrent fever episodes accompanied by headache, hepa-
tomegaly, splenomegaly, vomiting, conjunctivitis, myalgia,
and arthralgia. It may be difficult to differentiate RF from
other febrile illnesses, especially malaria. RF can be diag-
nosed by detection of spirochetes in blood smears or by
PCR of EDTA-blood, and treatment is typically with peni-
cillins or tetracyclines (7, 3).

Whereas B. recurrentis is the cause of LBRF, which
occurs mainly in the Horn of Africa, several Borrelia
species may cause TBRF, which is found in many areas
of the world. The endemic Borrelia species differ across
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geographic regions, and they have traditionally been di-
vided into Old World and New World Borrelia. So far, =15
Borrelia species have been described to cause TBRF in hu-
mans worldwide (/). In Africa, TBRF has been traditionally
attributed to B. crocidurae in western Africa, B. hispanica
in northern Africa, and B. duttonii in eastern Africa (/,4).

Because microscopy is currently the standard method
for diagnosis of TBRF in most countries in Africa, diagno-
sis does not usually include differentiation of species. With
the advent of molecular diagnostic methods, scientists can
identify species by sequencing different loci of Borrelia
DNA from blood, such as the 16S rRNA gene, the flagel-
lin gene (flaB), or the glpQ gene (5,6). Sequence analysis
has challenged the assumption of strict division of species
across Aftrica not only by the detection of geographic over-
lap of several Borrelia species, but also by detection of
previously unknown species (6). Moreover, a Borrelia spe-
cies found in ticks and in human blood in Tanzania showed
more homology to New World Borrelia species than to the
species known to be present in Africa (7—9). These find-
ings were based on 16S rRNA and flaB partial sequences,
which were deposited in GenBank as B. duttonii (acces-
sion nos. AB113315, AB105169, AB105132, AB057547,
and AB105118). In 2015, a case of RF was described in a
German tourist after traveling to the Kalahari Desert. The
strain also showed greater genetic homology to New World
Borrelia spp. and was proposed as a new species Candida-
tus B. kalaharica on the basis of the analysis of 16S rRNA,
flaB, and uvrA genes (10).

Although RF is believed to be endemic to many ar-
eas in Africa, it is rarely diagnosed in travelers returning
from these regions (/7). In previous years, several cases of
LBREF have been reported from several countries in Europe
in migrants from eastern Africa (2,3,/2—16). Reports on
TBREF in travelers returning from Africa to Europe are lim-
ited to case reports. Most of these infections were acquired
in West Africa (/7-23), with single reports from other ar-
eas, such as Ethiopia and Morocco (27,24).

"These authors contributed equally to this article.

1659



SYNOPSIS

We present a case of TBRF in a tourist from Germany
returning from southern Africa and describe the results of
a comprehensive molecular diagnostic analysis that under-
lines that Candidatus B. kalaharica represents a new spe-
cies that is genetically distant from other RF group species
and that it appears to be an emerging pathogen for humans
that should be considered in the differential diagnosis of fe-
brile patients. We obtained written informed consent from
the patient for publication.

Materials and Methods

We performed slide microscopy after standard Giemsa
staining of a thick and a thin blood smear. We obtained
photographs from a 100x magnification objective us-
ing a Nikon Eclipse Ni microscope (Nikon Corporation,
Tokyo, Japan).

We initiated in vitro cultures of infected blood using
medium and conditions as previously described for RF spe-
cies (25,26). We performed DNA extraction from EDTA
blood using the Maxwell 16 FFS Nucleic Acid Extraction
System Custom Kit (Promega, Mannheim, Germany) ac-
cording to the manufacturer’s instructions. We amplified
fragments of the 16S rRNA, glpQ and flaB using primers
and PCR conditions as described previously (25,27,28).
We performed multilocus sequence analysis (MLSA) on
housekeeping genes (clpA, clpX, nifS, pepX, pyrG, rplB,
recG, and uvrA) as described (29; online Technical Appen-
dix Table 1, https://wwwnc.cdc.gov/ElD/article/24/9/17-
1381-Techappl.pdf). For PCR we ran HotStarTaq Master-
mix (QIAGEN, Hilden, Germany) as touch-down protocol
for the first 9 cycles with annealing temperatures of 55°C—
48°C, decreasing 1°C each cycle, followed by 32 cycles at
48°C annealing temperature. The temperature profile was
95°C for 15 min for activation of Taq polymerase, 94°C for
30 s for denaturation, 30 s for annealing at the temperatures
given previously, and 72°C for 60 s for elongation. A final
step of elongation was at 72°C for 5 min, and then we held
the samples at 12°C.

Weused GATC Biotech AG (Konstanz, Germany) for
sequencing, and performed sequence alignment, genetic
distance analyses, and construction of phylogenetic trees
in MEGAS (30,31). We used BLAST (32) to compare
the sequences we obtained (GenBank accession nos.
KY560340-8) to sequences in GenBank (accession
numbers in online Technical Appendix Tables 2—4) using
standard settings. We conducted genetic distance analyses
in MEGAS (31) using the Kimura 2-parameter model (30).
Weinferred the evolutionary history by using the maximum
likelihood method based on the general time-reversible
model (33). We generated the initial trees for the heuristic
search automatically by applying neighbor-joining
and BioNJ algorithms to a matrix of pairwise distances
estimated using the maximum composite likelihood
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approach, and then selecting the topology with superior
log likelihood value. We calculated node support values
with 1,000 bootstrap repeats. We used discrete gamma
distribution to model evolutionary rate differences
among sites [+G]. The rate variation model allowed for
some sites to be evolutionarily invariable [+I]. The trees
are drawn to scale, with branch lengths measured in the
number of substitutions per site. Codon positions included
were Ist + 2nd + 3rd + Noncoding for flaB sequences and
housekeeping gene sequences. We eliminated all positions
containing gaps and missing data.

Results

Case Report

A 71-year old woman sought treatment for fever after a
4-week camping trip to South Africa, Namibia, Botswana,
and Zimbabwe. The patient reported no malaria chemo-
prophylaxis, fresh water contact, or tick bites. Other than
horseback riding, she could recall no direct contact with
animals. Preexisting conditions were nonmetastatic breast
cancer under treatment with exemestan and a history of
penicillin allergy.

The patient reported fever episodes starting 3 days be-
fore returning to Germany. Malaria was ruled out at a lo-
cal health unit in South Africa by thick smear microscopy.
Three days after arriving in Germany, the patient came to
our clinic with a history of fever but no other abnormal
signs or symptoms. Leukocyte counts were normal; lev-
els of C-reactive protein and procalcitonin were slightly
elevated (Figure 1). A malaria thick blood smear, blood
cultures, and a dengue nonstructural protein 1 antigen test
showed negative results. The fever resolved spontaneously,
and the patient was discharged and asked to return in case
of recurrence of symptoms.

Seventeen days later, the patient returned with RF
(temperature >39°C). She reported 2 episodes of fever
lasting 2—3 days flanked by symptom-free intervals of =4
days (Figure 1). Leukocyte counts again were normal, and
levels of C-reactive protein and procalcitonin were ele-
vated. We detected no malaria parasites in a thick smear;
however, we found multiple spirochetes compatible with
Borrelia species (Figure 2). We made a presumptive diag-
nosis of TBRF on the basis of the travel route and with no
evidence of body lice infestation. We started antimicro-
bial therapy with doxycycline (2 x 100) mg/d and close
monitoring. We observed no signs of a Herxheimer reac-
tion. PCR diagnostics of 16S rRNA confirmed the diag-
nosis of Borrelia infection. For further species differen-
tiation, we sent a blood sample to the German National
Reference Center for sequence analysis for Borrelia. An
11-day course of doxycycline led to an uneventful recov-
ery with no recurrence of fever.
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Temp 36.9°C

No other clinical abnormalities
Leukocytes 6,000/uL

CRP 26 mg/dL, PCT 0.14 ng/mL
Blood cultures negative

Malaria thick smear negative
Dengue NS1-antigen negative
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Temp 39.4°C

No other clinical abnormalities
Leukocytes 6,900/uL

CRP 121 mg/dL, PCT 0.4 ng/mL
Blood cultures negative

Malaria thick smear 2x negative
Spirochetes in blood smear

Figure 1. Timeline of the course of symptoms and treatment, including laboratory test results, for a patient with recurrent fever after
traveling to southern Africa, 2015. Temp, temperature; CRP, C-reactive protein; PCT, procalcitonin.

Sequence Analysis and Phylogeny

To investigate the Borrelia species designation, we con-
ducted BLAST searches using the 16S rRNA PCR frag-
ment. Top hits included Candidatus B. kalaharica, B. dutto-
nii strain VS4, B. turicatae, and B. parkeri. Genetic distance
analyses using the 16S rRNA fragments in MEGAS (37) re-
vealed strains Candidatus B. kalaharica (/0) and VS4 from
Tanzania, an atypical RF strain present in the Old World
(8), as closest matches (online Technical Appendix Table
2). Although designated B. duttonii in GenBank, VS4 was
closely related to some strains found in the Mvumi region
of Tanzania (7) which were shown to be more closely re-
lated to New World RF species than to B. duttonii. Genetic
distance values obtained for the 16S rRNA fragment were
0.2% for Candidatus B. kalaharica and slightly higher for
B. parkeri, B. crocidurae, and B. turicatae (0.4%) (online
Technical Appendix Table 2).

When the sequence of a flagellin gene (flaB) fragment
(252 bp) was used for genetic distance analysis, Candida-
tus B. kalaharica was again the most closely related strain,
with genetic distance value = 0.000 (online Technical
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Appendix Table 3). Strains representing atypical B. dutto-
nii (7,8) showed higher genetic distance values (strain TnB,
0.8%; strain EM14, 1.2%), whereas for other Borrelia spe-
cies such as B. anserina BA2 (5.8%), B. turicatae (6.2%),
and B. parkeri (6.2%) the values were even higher, indicat-
ing a close genetic relationship of the strain investigated
here to Ca. B. kalaharica. This was also reflected in phy-
logenies (online Technical Appendix Figures 1, 2). In the
16S rRNA phylogeny, the DNA isolate investigated here
formed a clade together with Candidatus B. kalaharica and
VS4 from Mvumi, Tanzania (8, /0). In the flaB phylogeny,
our DNA isolate and Candidatus B. kalaharica formed a
sister clade to strains from the Mvumi region in Tanzania
(7,8), notably outside the clade containing Old World RF
species such as B. duttonii, suggesting that they are diver-
gent from B. duttonii.

We obtained similar results using 7 housekeeping
loci (Figure 3; online Technical Appendix Tables 4, 5)
and, in particular locus uvrA. For this locus, sequences of
Candidatus B. kalaharica were available (Figure 3, panel
A). Genetic distance analysis (online Technical Appendix

. from a patient with recurrent

' fever episodes after traveling

. . to southern Africa, 2015.

° ‘ Arrows indicate spirochetes.
{ A) Thick smear specimen;

. ‘ B) thin smear specimen.

Original magnification x100.

W@ Figure 2. Microscopy of blood
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SYNOPSIS

Figure 3. Molecular phylogenetic
analysis by maximum-likelihood
method of isolates from a patient

in Germany with recurrent fever
episodes after traveling to southern
Africa, 2015. A) Phylogeny of uvrA
sequence fragments. The tree with the
highest log likelihood (-2566.8936) is
shown. A discrete gamma distribution
was used to model evolutionary rate
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variation model allowed for some sites
to be evolutionarily invariable ([+1], 36.6955% sites). The analysis involv

ed 33 nt sequences. There were a total of 4,203 positions in the

final dataset. The subtree containing the LB group of spirochetes was collapsed. Bootstrap values >50 are shown. Black dot indicates the

sample analyzed in this study. Scale bar indicates substitutions per site.

Tables 4, 5) and phylogenetic inferences (Figure 3, panel
B) further support the close genetic relationship of the
specimen investigated here with Ca. B. kalaharica and both
clusters next to B. anserina. For MLST analysis, only 7
genes could be included as c/pA4 PCR did not yield a PCR
product. The PCR for the glpQ locus also proved negative
in spite of several amplification attempts suggesting that
perhaps base differences in the primer regions prevented
amplification. Despite our efforts, we were unable to
cultivate the causative pathogen from blood.

Discussion

The case described here is the second report within a few
months of TBRF in a tourist from Germany traveling to
countries in southern Africa, such as South Africa, Namibia,
and Botswana (/0). In the previous case, a presumed soft
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tick bite in the Kalahari Desert was described, whereas our
patient did not report any arthropod bite. However, contact
with arthropods was likely as the patient was camping.
Soft tick Ornithodoros species only need short blood
meals and do not attach tightly to the host (34), making
it conceivable that a feeding tick was not noticed. These
cases underscore that, in returning travelers with RF, TBRF
should be considered in the differential diagnosis, even if
no tick bite is reported. Thick smears are the diagnostic
procedure of choice and should be carefully evaluated for
corkscrew-shaped spirochetes (/). However, the sensitivity
of this method may change depending on febrile versus
afebrile periods with different pathogen loads circulating
in the blood. Thus, as we saw in this patient, thick smears
may turn negative during infection and should therefore be
repeated preferentially during febrile episodes.
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Death as a result of TBRF is considered to be rare;
however, higher mortality rates have been suspected as a
result of Herxheimer reactions, even though there is a lack
of data for TBRF in Africa (/,35). Clinicians need to be
aware that the initiation of antimicrobial treatment might
be associated with a severe Herxheimer reaction, necessi-
tating aggressive supportive care.

Borrelia species can be identified and differentiated
by means of DNA sequence analysis, although it may be
hard to distinguish closely related Borrelia species, such
as B. duttonii, B. recurrentis, and B. crocidurae (36,37).
16S rRNA sequences are available for many of the Borrelia
species and strains that have been found in Africa and thus,
although the locus may have low resolution, it can give a
first indication of relationships. Other loci that have been
used in previous reports were also used in the current study,
including flaB and housekeeping loci (37). Because there
is so little information about which RF-causing species do
occur in southern Africa (6), a more thorough characteriza-
tion of the DNA isolate would be beneficial to epidemiolo-
gists and other researchers in the field.

The traditional concept of strict division of geographic
areas into Old World and New World Borrelia and divi-
sion of species across Africa has been challenged by the de-
scription of new Borrelia species. This is the second report
of a species that has not been described previously. Geneti-
cally, Candidatus B. kalaharica is most closely related to
TBRF Borrelia described from the Mvumi region in Tan-
zania (8,38). In previous publications it was suggested that
these Borrelia strains from Mvumi may belong to the new
species (8,38). Unfortunately, the only available sequences
were for 16S rRNA and flaB, but more sequence data will
be needed to reveal the taxonomic position of these strains.
Of interest, both the strains from Mvumi and Candidatus
B. kalaharica show more genetic similarity to New World
RF species than to the expected Old World species.

We report the second case of a human infection with
the proposed new species Candidatus B. kalaharica. Our
findings support the definition of Candidatus B. kalaharica
as a new species that is genetically distant from other RF
group species and more closely related to New World RF
Borreliae. 1t appears to be an emerging pathogen for hu-
mans that should be considered in the differential diagnosis
of febrile patients.
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Case Report and Genetic Sequence
Analysis of Candidatus Borrelia
kalaharica, Southern Africa

Technical Appendix

Technical Appendix Table 1. Primers used for MLST of Borrelia spp. housekeeping loci clpA, clpX, nifS, pepX, pyrG, recG,

rpIB, and uvrA*

Primer designation Primer sequence 5' -3’ Used for Result
clpAF1262 AAGCTTTTGAYYTATTAGATGGTC PCR No PCR product
clpAR2276 TCATATTTDATRGTDTCGTC PCR No PCR product
clpXF109 GCYATTTGTTTTGAATGTTCTAAAATATG PCR/sequencing Good sequence
clpXR1277 TAAAGTTCTTTTGCCCAAGG PCR/sequencing Sequencing failed
nifSFmM23 TAAAAATAAAGAGTACTAAATAAATG PCR/sequencing Good sequence
nifSR899 CCAAGACCAATAATTCCTGC PCR Good PCR
nifS716 GGAGCAAGCATTTTYTGTC Sequencing Sequencing failed
pepFX361 AGAGAYTTAAGYTTAKCAGG PCR Good PCR
pepXF364 GAYTTAAGYTTAKCAGGARTTG Sequencing Sequencing failed
pepXR1207 CYATAGTTTCTCTTAAAGAYTGC PCR Good PCR
pepXR1187 TGCATTCCCCACATTGG Sequencing Good sequence
pyrGF379 TATTTAGGKAGAACTGTACAGC PCR/sequencing Sequencing failed
pyrGR1261 CAGCATCAAYTATRCCACAAAC PCR Good PCR
pyrG1252 TATRCCACAAACATTACGKGC Sequencing Good sequence
recGF898 GCKTTTCTMTCTAGYATTCC PCR/sequencing  Good sequence
recGR1779 TTCRGTTAAAGGTTCCTTATAAAG PCR/sequencing  Sequencing failed
rpIBF3 GGAGAAAAATATGGGKATTAAGAC PCR Good PCR
rpIBF18 ATTAAGACTTATARGCCAAAAAC Sequencing Good sequence
rplIBR769 GRCCCCAAGGWGATAC PCR Good PCR
rpIBR759 GATACAGGATGWCGACC Sequencing Sequencing failed
UvrAF1173 GCGTTATCTTWCAACTGAATC Forward Sequencing failed
uvrAR2153 CTAATCTCDGTAAAAAATCCAACATAAG Reverse Good sequence

*Source: https://pubmist.org/borrelia/. F, forward primer; R, reverse primer; MLST, multilocus sequence typing..
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Technical Appendix Table 2. Estimates of evolutionary divergence between 16S sequences in Borrelia spp. using the Kimura 2-parameter model*

No. Sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 150335452
2 Candidatus Borrelia
kalaharica M15-2747 0.002
3 AB113315.1 Borrelia
duttonii VS4 0.002 0.004
4 CP005851.1 Borrelia
arker SLO 0.004 0.007 0.007
5 NR 102961.1 Borrelia
e oorel® 0,004 0.007 0007 0.004
6 CP000976.1 Borrelia 504 5007 0,007 0.004 0.000
duttonii Ly
7 CP000049.1 Borrelia
o lesa ™ 0,004 0.007 0007 0000 0.004 0.004
8 CP011060.1 Borrelia
oL B 0011 0013 0.013 0007 0011 0011 0.007
9 CP005829.1 Borrelia ) 518 5020 0020 0.018 0023 0.023 0018 0.016
anserina BA2
10 NR121718.1Borelia 616 6018 0018 0011 0011 0011 0011 0.018 0.030
coriaceae Co53
11 JF803950.1 Borrelia
O DONe!®  0.007 0009 0009 0.007 0002 0.002 0007 0.013 0025 0.013
12 |U42§i?)';ni‘;'re"a 0.007 0009 0.009 0.007 0.002 0.002 0.007 0.013 0025 0013 0.004
13 U42r‘°£?]ﬁe?]i’irsre“a 0009 0011 0011 0.009 0.004 0004 0009 0016 0027 0016 0.007 0.007
4 NR Oti‘:fiig'llsig”e“a 0020 0023 0.023 0016 0020 0.020 0016 0013 0020 0.027 0.023 0.023 0.025
15 AY682920.1 Borrelia
oy, 0.023 0025 0025 0018 0023 0023 0018 0020 0032 0016 0025 0023 0027 0029
16 KF5?r?2i‘llelr'ilKBATe“a 0.018 0020 0.020 0.013 0018 0018 0013 0016 0027 0007 0020 0.020 0.023 0.025 0.009
17 0i|890832120 Borrelia
R yametol LB.o001 0:027 0.030 0.030 0.023 0.027 0.027 0023 0025 0027 0020 0.030 0.027 0032 0.034 0.016 0.013
18 CP009656.1Borrelia 554 o5 0022 0025 0.025 0.025 0025 0022 0027 0036 0027 0025 0.029 0025 0034 0034 0.041
burgdorferi ss B31
19 CROO91I7.1Borelia 3, 03> 0036 0034 0039 0039 0034 0032 0032 0.046 0041 0.039 0044 0029 0.044 0043 0.046 0.016
valaisiana Tom4006
20 CPOO;ZC;E.;EgrreIla 0034 0032 0036 0034 0039 0039 0034 0032 0027 0046 0041 0.039 0.044 0034 0044 0043 0041 0.016 0.009
21 emb'giﬁﬁﬁ%}(ggrre”a 0.027 0029 0029 0027 0032 0032 0027 0025 0029 0029 0034 0032 0.036 0027 0027 0027 0034 0009 0016 0.016
22 emb|x85199.1 Borrelia ) 531 036 0036 0034 0039 0.039 0034 0032 0036 0036 0041 0.039 0044 0034 0.034 0034 0041 0016 0018 0018 0.007

bavariensis PBi

*The number of base substitutions per site from between sequences are shown. The analysis involved 22 nt sequences. There were a total of 452 positions in the final dataset. Blank spaces indicate complete identity.
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Technical Appendix Table 3. Estimates of evolutionary divergence between Borrelia spp. flagellin B (flaB) sequences*

No. Sequence 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
2 15-335452
3 Candidatus Borrelia 0.00

kalaharica M15-2747 0
4 ABO057547.1 Borrelia duttonii  0.00 0.0

TnB 8 08
5 AB105169.1 Borrelia duttonii  0.01 0.0 0.0
EM14 2 12 04
6 CP005830.1 Borrelia 0.05 0.0 00 0.
anserina BA2 8 58 58 62
7 AB105119.1 Borrelia duttonii 0.08 0.0 0.0 0.0 0.0
Tnf10 0 80 80 75 85
8 CP000049.1 Borrelia 0.06 0.0 00 00 0.0 0.0
turicatae 91E135 2 62 62 67 71 84
9 CP005851.1 Borrelia parkeri 0.06 0.0 0.0 0.0 00 0.0 0.0
SLO 2 62 62 67 80 93 16

10 JN402326.1 Uncultured 0.06 00 00 00 00 00 00 00
Borrelia sp. clone AP174 7 67 67 71 76 89 16 24

11 CP000993.1 Borrelia 0.08 00 00 00 00 00 00 00 0.0
recurrentis A1 0 80 80 75 85 08 84 93 89
12 CPO000976.1 Borrelia duttonii 0.08 0.0 00 00 00 00 00 00 0.0 0.0
Ly 0 80 80 75 85 00 84 93 89 08
13 CP003426.1 Borrelia 0.08 00 00 00O 00 00 00 00 00 0.0 00
crocidurae Achema 0 80 80 75 85 08 84 93 89 08 08
14 GU357612.1 Borrelia 0.08 00 00 00 00 00 00 00 00 00 00 0.0
hispanica strain Sp3 4 84 84 80 89 12 89 98 93 20 12 20
15 JF708951.1 Borrelia microti 0.08 0.0 00 0.0 00 00 00 00 00 00 00 0.0 0.0
Abyek 4 84 84 80 80 04 89 98 93 12 04 12 16
16 CP005745.1 Borrelia 009 00 00 00 00 01 00 00 00 01 01 01 01 021
coriaceae Co53 3 93 97 93 97 11 84 84 89 21 11 21 16 16
17 CPO011060.1 Borrelia hermsii 0.09 00 00 01 00 01 01 01 01 01 01 01 01 01 01
CC1 8 98 98 02 93 31 08 03 12 31 31 31 46 36 11
18 KF569936.1 Borrelia theileri 010 0.1 01 01 01 01 01 01 01 01 01 01 01 01 01 01
KAT 2 02 07 02 11 16 26 30 35 16 16 16 21 21 20 54
19 AY850063.1 Borrelia lonestari 0.11 01 01 01 01 01 01 01 01 01 01 01 01 01 01 01 o0.0
MO2002-V1 2 12 21 17 21 45 41 45 51 45 45 45 50 40 40 70 28
20 CP006647.2 Borrelia 016 01 01 01 01 01 01 01 01 01 01 021 01 01 01 021 01 0.2
miyamotoi LB-2001 8 68 68 63 74 83 58 73 74 83 83 83 99 89 64 69 78 04
21 KF422815.1 Borrelia turcica 0.15 0.1 01 01 01 01 01 01 01 01 01 01 01 01 01 01 02 02 0.2
IST7 4 54 50 55 60 50 55 54 60 50 50 50 55 55 89 90 01 34 20
22 CP002933.1 Borrelia afzelii 0.14 01 01 01 01 01 01 01 01 01 01 01 01 01 01 01 01 02 02 01
PKo 9 49 49 44 63 78 63 73 63 78 78 78 73 83 78 94 99 15 30 94
23 AE000783.1 Borrelia 0.17 01 01 01 01 01 01 02 01 01 01 01 01 01 02 02 02 02 02 02 00
burgdorferi ss B31 8 78 78 73 94 83 94 04 94 89 83 89 78 89 14 31 25 42 52 09 58
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No. Sequence 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
24 CP009117.1 Borrelia 016 01 01 01 01 01 01 01 01 01 01 012 01 01 01 02 02 02 02 01 0.0 o00
valaisiana Tom4006 4 64 68 63 94 89 73 83 73 89 89 89 73 94 94 15 15 31 31 88 63 67
25 CP000013.1 Borrelia 018 01 01 01 02 02 01 01 01 02 02 01 02 02 02 02 02 02 02 02 00 00 00
bavariensis PBi 3 83 83 78 09 09 89 99 89 09 09 99 04 15 20 42 31 47 64 20 89 89 72
26 L42885.1 Borrelia garinii [p90 0.17 0.1 01 01 01 02 01 01 01 02 02 01 01 02 02 02 02 02 02 01 00 00 0.0 00
4 74 73 68 89 04 78 89 78 04 04 94 99 09 09 09 36 53 47 9 71 8 63 24
*For a total of 252 positions. Blank spaces indicate complete identity.
Technical Appendix Table 4. Estimates of evolutionary divergence between Borrelia spp. uvrA sequences*
No.  Sequence 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
2 15-0335452
3 Candidatus Borrelia kalaharica ~ 0.002
M15-2747
CP011060.1 Borrelia hermsii CC1 0.088 0.086
5 CP005829.1 Borrelia anserina 0.111 0.108 0.100
BA2
6 Borrelia hispanica 0.169 0.166 0.154 0.166
7 gi|749302055 Borrelia parkeri 0.112 0.109 0.091 0.128 0.159
HR1
8 CPO005851.1 Borrelia parkeri SLO 0.113 0.110 0.092 0.128 0.161 0.001
9 CP000976.1 Borrelia duttonii 0.171 0.168 0.155 0.160 0.046 0.156 0.157
Ly
10 CP000993.1 Borrelia recurrentis  0.170 0.167 0.153 0.158 0.047 0.154 0.156 0.006
Al
11 g@i|752506972 Borrelia coriaceae  0.142 0.139 0.106 0.149 0.169 0.092 0.093 0.167 0.163
Co53
12 gi|749307620 Borrelia crocidurae  0.174 0.171 0.155 0.163 0.048 0.153 0.154 0.009 0.010 0.167
DOU
13 CPO003426.1 Borrelia crocidurae  0.173 0.170 0.156 0.161 0.050 0.154 0.156 0.008 0.009 0.169 0.001
Achema
14  CP000049.1 Borrelia turicatae 0.120 0.117 0.087 0.125 0.161 0.020 0.021 0.156 0.154 0.098 0.153 0.154
91E135
15 CPO009656.1 Borrelia burgdorferi  0.270 0.268 0.248 0.270 0.283 0.255 0.256 0.257 0.257 0.263 0.254 0.256 0.250
sensu stricto B31
16 CP009117.1 Borrelia valaisiana  0.274 0.272 0.249 0.264 0.262 0.252 0.252 0.255 0.255 0.247 0.250 0.251 0.242 0.076
Tom4006
17 CP002933.1 Borrelia afzelii PKo 0.262 0.260 0.249 0.269 0.268 0.248 0.250 0.261 0.261 0.255 0.256 0.258 0.245 0.082 0.070
18 CP007564.1 Borrelia garinii 0.279 0.277 0.257 0.273 0.277 0.257 0.258 0.259 0.258 0.267 0.256 0.258 0.253 0.077 0.061 0.066
Sz
19 CP000013.1 Borrelia bavariensis  0.272 0.270 0.257 0.267 0.270 0.253 0.255 0.254 0.253 0.265 0.251 0.253 0.245 0.081 0.059 0.067 0.017
PBiI

* Blank spaces indicate complete identity.
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Technical Appendix Table 5. Estimates of evolutionary divergence in Borrelia spp. between 7 MLST gene sequences (clpX, nifS, pepX, pyrG, recG, rplB, uvrA)*

No. Sequence 2 3 4 5 6 7 8 9 10 11 12
2 15-0335452

3 Borrelia anserina BA2 0.101

4 Borrelia hermsii DAH 0.110 0.114

5 Borrelia parkeri SLO 0.112 0.124 0.088

6 Borrelia turicatae 91E135 0.116 0.126  0.087 0.019

7 Borrelia coriaceae Co53 0.140 0.146 0.111 0.102 0.101

8 Borrelia miyamotoi LB2100 0.143 0.149 0.125 0.121 0.120 0.134

9 Borrelia crocidurae Achema 0.173 0.166  0.147 0.148 0.148 0.160 0.170

10 Borrelia recurrentis Al 0.173 0.165 0.147 0.147 0.146 0.159 0.168 0.006

11 Borrelia duttonii Ly 0.174 0.165 0.148 0.147 0.146 0.160 0.169 0.007 0.003

12 Borrelia burgdorferi B31 0.301 0.294 0.281 0.275 0.275 0.276 0.291 0.265 0.265 0.266

*Blank spaces indicate complete identity.
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Technical Appendix Figure 1. Molecular phylogenetic analysis by maximum-likelihood method of the

16S locus. The tree with the highest log likelihood (-967.4651) is shown. A discrete gamma

distribution was used to model evolutionary rate differences among sites (4 categories (+G,

parameter = 0.0651)). The rate variation model allowed for some sites to be evolutionarily invariable

([+1], 50.1953% sites). Scale bar indicates substitutions per site. The analysis involved 21 nt

sequences. There were 462 positions in the final dataset. Bootstrap values >50 are shown. Black dot

indicates the sample analyzed in the present study.
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Fig. A2 (Technical Appendix)

Technical Appendix Figure 2. Molecular phylogenetic analysis by maximume-likelihood method of
flaB sequences. The tree with the highest log likelihood (-1352,7361) is shown. A discrete gamma
distribution was used to model evolutionary rate differences among sites (4 categories (+G,
parameter = 0,5498)). The rate variation model allowed for some sites to be evolutionarily invariable
([+1], 0,0000% sites). The analysis involved 27 nt sequences. There were 252 positions in the final
dataset. Scale bar indicates substitutions per site. Bootstrap values >50 are shown. Black dot

indicates the sample analyzed in the present study.
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