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Abstract

Vector-borne pathogens exist in obligate transmission cycles between vector and
reservoir host species. Host and vector shifts can lead to geographic expansion of
infectious agents and the emergence of new diseases in susceptible individuals.
Three bacterial genospecies (Borrelia afzelii, Borrelia bavariensis, and Borrelia garinii)
predominantly utilize two distinct tick species as vectors in Asia (Ixodes persulcatus)
and Europe (Ixodes ricinus). Through these vectors, the bacteria can infect various
vertebrate groups (e.g., rodents, birds) including humans where they cause Lyme bor-
reliosis, the most common vector-borne disease in the Northern hemisphere. Yet,
how and in which order the three Borrelia genospecies colonized each continent
remains unclear including the evolutionary consequences of this geographic expan-
sion. Here, by reconstructing the evolutionary history of 142 Eurasian isolates, we
found evidence that the ancestors of each of the three genospecies probably have
an Asian origin. Even so, each genospecies studied displayed a unique substructuring
and evolutionary response to the colonization of Europe. The pattern of allele sharing
between continents is consistent with the dispersal rate of the respective vertebrate
hosts, supporting the concept that adaptation of Borrelia genospecies to the host is

important for pathogen dispersal. Our results highlight that Eurasian Lyme borreliosis
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1 | INTRODUCTION

Lyme borreliosis (LB), also termed Lyme disease, is the most com-
mon vector-borne disease in the Northern hemisphere (Stanek
et al., 2011; Steere et al., 2016), caused by certain genospecies of
Borrelia bacteria (Kurtenbach et al., 2006; Margos et al., 2019; Stanek
et al., 2011). These spirochete bacteria are maintained naturally in
obligatory transmission cycles between tick vectors and specific
vertebrate reservoir hosts (e.g., rodent or bird species; Kurtenbach
et al., 2006). In certain cases, spirochetes can also infect humans,
manifesting as LB, although humans are considered “dead-end”
hosts as they do not aid in the further transmission of the bacteria
(Kurtenbach et al., 2006; O'Keeffe et al., 2020; Steere et al., 2016).
To complete their life-cycle, Borrelia spirochetes encode many pro-
teins allowing them to infect both the tick vector and vertebrate
host (Fraser et al., 1997; Kraiczy, 2016; Schwartz et al., 2021). The
Borrelia genome is highly fragmented consisting of a linear chromo-
some (0.9 Mb) and up to or over 20 unique linear and circular plasmid
replicons (0.6 Mb; Fraser et al., 1997; Schwartz et al., 2021). The
plasmids themselves are more variable, whereas the majority of the
chromosome (>93%) is stable and shows a high degree of synteny
between genospecies and therefore can be used to reconstruct the
evolutionary history of these bacteria (Becker et al., 2020; Schwartz
et al., 2021; Walter et al., 2017).

In North America, human LB is predominantly caused by Borrelia
burgdorferi sensu stricto (s.s.) while three additional genospecies
act as main causative agents across Eurasia: Borrelia afzelii, Borrelia
bavariensis, and Borrelia garinii (Kurtenbach et al., 2006; Margos
et al., 2019; Stanek et al., 2011). Borrelia genospecies cannot trans-
mit successfully through all tick species (Eisen, 2020; Margos
et al., 2019) and the majority of species can only use specific verte-
brate classes as reservoir hosts (i.e., rodents, birds, etc.; Kurtenbach
et al., 2006; Margos et al., 2019; O'Keeffe et al., 2020; Wolcott
et al., 2021). For this reason, the evolutionary history and geograph-
ical distribution of these bacteria is inherently linked to which tick
species they can use as vector and which animals as reservoir hosts
(Kurtenbach et al., 2006; O'Keeffe et al., 2020). Chromosome level
analysis did unravel the spread of B. burgdorferi s.s. across North
America, showing that spirochetes are able to migrate over large
geographic distances most likely due to host movement (i.e., bird
association) but also showed minimal structure between differ-
ent North American tick species (i.e., Ixodes scapularis and Ixodes

agents are all capable of geographic expansion with host association influencing their
dispersal; further displaying the importance of host and vector association to the
geographic expansion of vector-borne pathogens and potentially conditioning their

capacity as emergent pathogens.

Borrelia burgdorferi, geographic expansion, Lyme borreliosis, niche, pathogen evolution, vector

pacificus; Hoen et al., 2009; Tyler et al., 2018; Walter et al., 2017).
Borrelia burgdorferi s.s. is a generalist spirochete using multiple host
classes (i.e., rodents, birds) as reservoir hosts and does not appear
to structure between North American tick vectors, which limits the
ability of this system to disentangle the role individual host and/or
vector association could have on the evolutionary history of these
bacteria. Here however, the Eurasian genospecies (B. afzelii, B. bavar-
iensis, B. garinii) offer a unique opportunity to study these factors as
each genospecies display specific vertebrate reservoir host associa-
tions and also transmit successfully through multiple tick transmis-
sion cycles (Kurtenbach et al., 2006; O'Keeffe et al., 2020).

Both B. afzelii and B. bavariensis utilize rodents as reservoir hosts,
whereas B. garinii is adapted to avian host species (Kurtenbach
et al., 2006; Wolcott et al., 2021; Figure 1). These associations are
thought to modify the rate at which Borrelia spirochetes are able to
disperse with rodent-associated Borrelia dispersing at lower rates in
comparison to bird-adapted genospecies (Kurtenbach et al., 2006;
O'Keeffe et al., 2020). Studies utilizing multiple locus sequence typ-
ing (MLST), which is a genotyping scheme based on eight chromo-
some located housekeeping genes (Margos et al., 2008), have shown
that rodent-adapted genospecies do show increased spatial structur-
ing in comparison to bird-adapted genospecies (Gallais et al., 2018;
Norte et al., 2020; Vollmer et al., 2011, 2013). These studies though
were based on MLST data and focused predominantly on European
isolates. Research on B. burgdorferi s.s. in North America showed
that utilizing whole genome sequencing was able to detect patterns
of population dispersal on a more refined scale than based on MLST
analysis alone (Hoen et al., 2009; Walter et al., 2017). This highlights
the need to integrate genome level analyses on the Eurasian geno-
species including Asian isolates to corroborate the results of MLST-
based studies and clarify the role host association plays across the
entire range of these genospecies.

In addition to variable host-association types, Eurasian Borrelia
genospecies currently exist in separate terrestrial transmission
cycles vectored predominately by two generalist tick species:
Ixodes persulcatus in Asia and Ixodes ricinus in Europe (Kurtenbach
et al., 2006; Figure 1). In comparison to B. burgdorferi s.s. which did
not show clustering based on tick vector, chromosome-level analy-
sis of B. bavariensis found a distinct split between the European and
Asian isolates, with evidence for the European population having un-
dergone a demographic bottleneck (Becker et al., 2020; Gatzmann
et al., 2015; Margos et al., 2019). This bottleneck is attributed to
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FIGURE 1 Schematic overview of the transmission cycles of B. afzelii, B. bavariensis, and B. garinii across Eurasia. These three Borrelia
genospecies are maintained predominately by the tick vector I. ricinus in Europe and I. persulcatus in Asia in a transmission cycle utilizing
either rodents (B. afzelii and B. bavariensis) or birds (B. garinii) as reservoir hosts (Kurtenbach et al., 2006; Margos et al., 2011, 2019). Borrelia
garinii specifically utilizes interconnected terrestrial and marine based transmission cycles (Comstedt et al., 2006, 2009, 2011). In marine
systems, this species is maintained by seabird reservoir host species and the vector I. uriae (Comstedt et al., 2011). In both Europe and Asia,
all three genospecies can be transmitted to humans through I. ricinus or I. persulcatus and can manifest as Lyme borreliosis (Kurtenbach

et al., 2006; Stanek et al., 2011)

invading a novel tick vector (I. ricinus) from an ancestral Asian
population (Becker et al., 2020; Gatzmann et al., 2015; Margos
et al., 2013, 2019). Whether or not the other genospecies also un-
derwent this westward colonization pattern is currently not known
and warrants further study. An important factor to consider here is
if ancestral tick diversification could have influenced the observed
pattern within B. bavariensis. Recent analysis based on full transcrip-
tome sequencing of various tick species showed that I. ricinus and
I. persulcatus are not sister taxa (Charrier et al., 2019). Instead, this
analysis placed I. persulcatus in a monophyletic clade with the main
North American LB tick vector (I. scapularis). This structuring sug-
gests a potential eastward migration of tick species which would be
incongruent with the proposed Asian origin and westward migration
of B. bavariensis. Even so, both Borrelia and tick phylogenies remain
undated and these transcriptomic analyses lack many Asian tick
species (Charrier et al., 2019), limiting the ability to determine what
role tick diversification could have played in Borrelia evolution and
whether the evolution of the different Borrelia genospecies predates
tick speciation or not.

Regardless though, the Eurasian Borrelia genospecies have each
successfully established into different tick vectors and further differ

in their host associations, creating an opportunity to disentangle how

these associations have and could further influence the evolutionary
history of these bacteria. Genomic and MLST analyses have shown
that there are evolutionary consequences to reservoir host or vector
association. Yet, no study to date has integrated genomic data from
all three Eurasian-distributed genospecies and, in general, there is a
lack of whole genome sequences of Asian isolates. Previous stud-
ies have hypothesized that B. bavariensis indeed originated in Asia
(Beckeretal., 2020; Gatzmann et al., 2015; Margos et al., 2019) which
we hypothesize to be true for the other two genospecies (B. afzelii,
B. garinii) which share a Eurasian distribution. Herein we report the
reconstructed evolutionary history of 142 B. afzelii, B. garinii, and B.
bavariensis Eurasian isolates based on full chromosome sequences,
including the first Japanese B. afzelii genomes sequenced and wild-
caught samples from all three genospecies. Our results highlight that
these genospecies share an Asian origin with support for expansion
out of an ancestral Asian population into Europe. Post-colonization
gene flow appears to be associated with the dispersal range of the
respective reservoir host species. Our results provide new infor-
mation on the ability of three Borrelia genospecies to colonize new
environments, defined by vector and reservoir host species, and
how this could relate to the further expansion of pathogenic Borrelia

genospecies capable of causing human disease.
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2 | MATERIALS AND METHODS
2.1 | Isolates, culturing, and DNA extraction

The major aim of this study was to estimate the direction of colo-
nization in each Borrelia genospecies between Asia and Europe. To
achieve thisthough, we needed to create anisolatelibrary of the three
genospecies including isolates arising from wild-caught ticks, where
possible. Therefore, this study utilized DNA of 136 Eurasian Borrelia
isolates coming from B. afzelii (Asian, n = 20; European, n = 13), B.
bavariensis (Asian, n = 27; European, n = 19), and B. garinii (Asian,
n = 25; European, n = 32). Of these, 52 are novel Borrelia isolated
from wild-caught ticks collected either in Japan (n = 43) or Germany
(n = 9) in the years 2018-2019 (see Supporting Information S1 and
Tables S2-S4-). Additionally, 55 European isolates (B. afzelii, n = 11;
B. garinii, n = 25; and B. bavariensis, n = 19) and 12 Japanese iso-
lates (B. bavariensis, n = 8; B. garinii, n = 4) were provided by the
German National Reference Center for Borrelia at the Bavarian Food
and Health Safety Authority and the National Institute of Infectious
Disease, respectively. These additional isolates predominantly come
from LB patients (n = 59) with a few isolated from wild-caught ticks
(n = 8). Finally, Russian B. bavariensis (n = 6; Becker et al., 2020)
and B. garinii (n = 11) isolates arising from wild-caught ticks were
included in the study (see Supporting Information S1). For three iso-
lates (UO2, UO3, UO4), the source material is not known. For all
information on isolates, including origin and source material, refer
to Table S1.

Borrelia isolates were cultured either in inhouse-made MKP
(Preac-Mursic et al., 1986) (all European isolates) or inhouse-made
BSK-H (Pollack et al., 1993; Takano et al., 2014) (all Russian and
Japanese isolates) medium according to standard procedures (Pollack
et al., 1993; Preac-Mursic et al., 1986), until the cultures reached a
density of at least 108 cells per ml, at which point whole genomic
DNA was extracted. Genomic DNA from all European isolates was
extracted using a Maxwell 16 LED DNA kit (Promega) and from all
Japanese and Russian isolates using the Wizard Genomic DNA pu-
rification kit (Promega). DNA quality (260/280) and concentration
were measured using a NanoDrop 1000 photometer (Thermo Fisher
Scientific) and a Qubit 3.0 fluorometer (Thermo Fisher Scientific),
respectively.

Previously isolated samples provided by collaboration partners
were assigned to genospecies through amplifying and sequencing
the eight MLST genes (Margos et al., 2008). Isolates produced during
this study were assigned to genospecies through amplifying one
MLST gene, recG, and by comparing this sequence to the PubMLST
database for Borrelia (https://pubmlst.org/borrelia). The isolate was
assigned to the closet allele type match. This approach has been
used in previous studies reliably to assign Borrelia genospecies (e.g.,
Rollins et al., 2021). For further details regarding isolation and pro-

cessing see Supporting Information S1.

2.2 | Whole genome sequencing, assembly, and
determining orthologous genes

Within the course of this study, we aimed to reconstruct the evo-
lutionary history of B. afzelii, B. bavariensis, and B. garinii for which
we needed to focus on the portions of the genome which are stable
and homologous across all isolates. For this, we aimed to reconstruct
full chromosome sequences through whole genome sequencing
for each isolate, as the chromosome represents a large proportion
of the Borrelia genome and the majority of the sequence (>93%)
is stable (Schwartz et al., 2021; Walter et al., 2017). For all sam-
ples, libraries were produced according to the Nextera XT sample
preparation guide (lllumina). Library quality was checked using an
Agilent TapeStation 2200 (Agilent) before being sequenced using
an llumina MiSeq platform according to standard protocol (lllumina)
that produced paired-end reads of 250 bp. Illumina reads were first
trimmed for lllumina MiSeq adapter sequences using Trimmomatic
version 0.38 (Bolger et al., 2014a, 2014b) before being assembled
using SPAdes version 3.13.0 (Bankevich et al., 2012), which has
been shown to be the best option for de novo assemblies of Borrelia
genomes (Becker et al., 2020). Pacific Bioscience sequences were
obtained for three B. bavariensis isolates (PBi, A104S, and NT24;
Becker et al., 2020) and three B. garinii isolates (PHel, PBr, and
NT31; see Supporting Information Methods). Additionally, three
B. afzelii chromosomes were downloaded from GenBank for use
as references and inclusion in all analyses: PKo (CP009058.1), K78
(CP002933.1), and ACA-1 (NZ_ABCUO00000000.2). SPAdes contigs
were then mapped to reference chromosomes using NUCmer ver-
sion 3.23 from the package MUMmer (Delcher et al., 2002; Kurtz
et al., 2004). Final chromosomes were produced according to the
mapping protocol outlined in Becker et al. (2020; see Supporting
Information Methods). Three additional B. bavariensis chromosomes
were downloaded from GenBank and used in further analyses: SZ
(CP0O07564.1), BgVir (CP003151.1), and NWJW1 (CP003866.1).
Final chromosomes were uploaded and annotated using the
RAST annotation server (Aziz et al., 2008; Overbeek et al., 2014)
for which proposed coding sequences were extracted. Orthologous
sequences were determined by using the CRBHits package
(Ullrich, 2020) as implemented in R (R Core Team, 2019). Briefly, all
coding sequences for each chromosome were compared pairwise to
all other chromosomes using the crb2rbh function. This information
was fed into the integrated DAGchainer (Haas et al., 2004) command
to create links between syntenous genes. Synteny member groups
were then determined using the “cluster_infomap” command as im-
plemented from the igraph R package (Csardi & Nepusz, 2006) on
a matrix of gene names and DAGchainer links. FASTA files for all
synteny member groups were generated and aligned using MUSCLE
(Edgar, 2004a, 2004b) for all gene copies and each genospecies. For
each alignment, nucleotide diversity (z) (Nei, 1987) was estimated
in R (R Core Team, 2019) using the package pegas (Paradis, 2010)
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as well as the proportion of isolates carrying the synteny member

group.

2.3 | Recombination analysis

Recombination is known to be low on the Borrelia chromosome
(Gatzmann et al., 2015; Schwartz et al., 2021; Walter et al., 2017).
Even so, recombinant areas of the genome are inherited through
horizontal gene transfer (Arnold et al., 2022) and could therefore
bias phylogenetic reconstruction. For this reason, we aimed to iden-
tify recombinant regions along the chromosome to remove prior
to phylogenetic reconstruction but also to determine what genes
may be influence by recombination in our data set. Final assembled
chromosomes and GenBank sequences (n = 142) were aligned using
MAFFT version 7.407 (Katoh et al., 2002; Katoh & Standley, 2013).
To determine recombinant regions along the chromosomes, we ap-
plied the four-gamete condition (Hudson & Kaplan, 1985) to the full
chromosome alignment, as described in Gatzmann et al. (2015).

The ordered list of segregating sites along the chromosome was
divided into blocks containing the same number of SNPs (n = 12).
Each pair of SNPs in each block was then assessed if the four-gamete
condition was violated or not. The within block average and stan-
dard deviation was then calculated and averaged across all blocks
and used as a measure of background violation due to double hits
or back mutations. To single out SNP blocks which were most likely
under recombination, we then calculated all pairwise comparisons
between blocks and recorded the violation score. This score was
then averaged over all comparisons for a specific block. Blocks were
considered recombinant if:

Xi 2 Hyithin + 250within,

and nonrecombinant if:

Xi < Hyithin + 250yithins

where x; is the average violation of block i over all comparisons, yithin
is the average within-block violation score, and sd, i is the standard
deviation of within-block violation score.

We ran the analysis seven times using each time an alignment
containing one, two or all genospecies. In this way, all crosswise com-

parisons were accounted for. The proportion of recombinant blocks

was calculated for each comparison as the number of blocks meeting
the above requirement divided by the total number of SNP blocks
for the alignment in question. Recombinant blocks were extracted
and compared using BLAST version 2.8.1 (Altschul et al., 1990;
Camacho et al., 2009) (algorithm: blastn) to the full chromosome for
each isolate. BLAST start and end positions were then compared to
the RAST annotation files to determine if the recombining region
fell within a coding (synteny member group) or noncoding region of
the chromosome. Synteny member groups identified as being in-
fluenced by recombinant SNP blocks in all crosswise comparisons
were considered to be influenced by horizontal gene transfer and
were analysed phylogenetically in BEAST version 2.6.6 (Bouckaert
et al., 2019) with the following parameters: coalescent model with
constant size, strict clock (Drummond et al., 2006) with a clock-
rate fixed to 1, GTR substitution model with four gamma catego-
ries (Tavaré, 1986). Potential recombination events were checked
by plotting individual gene phylogenies against the full chromosome
tree produced without potential recombining regions (see following
methods section), using the “cophylo” command in the R package

pHYTOOLS (Revell, 2012).

2.4 | Phylogenetic reconstruction including
biogeographical inference

In order to estimate the pattern of Borrelia colonization across
Eurasia, we needed to estimate the probability of each ancestral to
have a European or Asian origin. This required phylogenetic recon-
struction considering biogeographical inference for which we could
only use homologous, nonrecombining portions of the chromosome.
For this, chromosome regions identified as recombinant in the pre-
vious described analysis were removed and the sequences were
realigned using MAFFT version 7.407 (Katoh et al., 2002; Katoh &
Standley, 2013; final alignment length: 936,908 bp). Phylogeny re-
construction was performed in BEAST version 2.6.6 (Bouckaert
et al., 2019) with the following parameters: coalescent model with
constant size, strict clock (Drummond et al., 2006) with a clock-
rate fixed to 1, GTR substitution model with four gamma categories
(Tavaré, 1986). Geographic location was modelled as a discrete trait
(Europe or Asia) and included in the phylogenetic inference utiliz-
ing the default settings for a discreate character (i.e., symmetric

FIGURE 2 Phylogeny of B. afzelii, B. bavariensis, and B. garinii based on the main chromosome corrected for recombining regions (see
methods). Top panel displays the full phylogenetic tree with shaded clades displaying individual genospecies shown in detail in a) Borrelia
afzelii, b) Borrelia bavariensis, and c) Borrelia garinii. Phylogeny reconstruction was performed in BEAST version 2.6.6 (Bouckaert et al., 2019)
with the following parameters: Coalescent model with constant size, strict clock (Drummond et al., 2006) with a clock-rate fixed to 1, GTR
substitution model with four gamma categories (Tavaré, 1986). Geographic location was modelled as a discrete trait (Europe or Asia) and
included in the phylogenetic inference utilizing the default settings for a discreate character (i.e., symmetric mutation death model with one
gamma category; Lemey et al., 2009; Wallace et al., 2007). Probablities for a given geographic origin are given at each internal node in the
full phylogeny and each genospecies specific phylogeny (a-c). Three independent runs were performed each with 50 million steps chain with
a relative burnin of 20% before selecting the best tree with TreeAnnotator version 1.10.4 (Drummond & Rambaut, 2007). Convergence of
parameters was checked with Tracer version 1.7.1 (Rambaut et al., 2018). Colours correspond to geographic location: Europe (blue) and Asia
(red). Pie charts display the inferred probability of the ancestral at this node to either exist in Asia (red) or Europe (blue). Shapes plotted next

to isolates refer to geographic locations within Asia
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mutation death model with one gamma category; Lemey et al., 2009;
Wallace et al., 2007). Three independent runs were performed each
with 50 million steps chain with a relative burnin of 20% before se-
lecting the best tree with TreeAnnotator version 1.10.4 (Drummond
& Rambaut, 2007). Convergence of parameters was checked with
Tracer version 1.7.1 (Rambaut et al., 2018). Convergence to a sin-
gle topology in all three independent runs was checked manually in
FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/),

which was also used to plot the tree shown in Figure 2.

2.5 | Population genetic analyses

An additional aspect in terms of estimating the pattern of coloni-
zation between Asia and Europe was to test how genetic diversity
within each genospecies varied between the continents. The aim
was to better understand how proposed host and vector associa-
tions have potentially influenced the evolution and dispersal of these
bacteria. We further extend this to ask if the inclusion of nonrandom
samples could bias population genetic statistics as our data set in-
cludes nonrandomly sampled isolates (predominantly isolated from
LB patients) but also randomly sampled isolates arising from wild-
caught ticks. All statistical analysis was performed in R version 3.6.1
(R Core Team, 2019). Genetic diversity () (Nei, 1987) and Tajima's
D test statistic (Tajima, 1989) were estimated in the package pegas
(Paradis, 2010). Analysis of molecular variance (AMOVA; Excoffier
et al, 1992) was performed using the package poppr (Kamvar
et al.,, 2015) whereas F¢; (Nei, 1987) and D, (Hudson et al., 1992)
were estimated with the package PopGenome (Pfeifer et al., 2014).

2.6 | Identification of plasmid content through
plasmid partitioning genes

The primary aim of this study was to utilize full chromosome se-
quences to estimate the direction of Borrelia colonization between
Europe and Asia as well as quantify the variability in genetic diversity
between populations. Even so, the Borrelia genome contains many
accessory plasmid types which have also been shown to be influ-
enced by demographic events such as the bottleneck observed in
B. bavariensis where the overall diversity of plasmid types also de-
creased due to colonizing a novel tick vector (Becker et al., 2020).
To determine if this was also the case for the other two Eurasian
genospecies, we estimated plasmid content based on the number of
unique plasmid partitioning genes present in each assembly. These
partitioning genes have been shown to be plasmid-specific and exist
as single copies in Borrelia isolates (Casjens et al., 2012; Casjens &
Huang, 1993; Fraser et al., 1997). Identification of plasmid parti-
tioning genes was performed as outlined in Becker et al. (2020; see
Supporting Information Methods). Briefly, we used BLAST version
2.8.1 (Altschul et al., 1990; Camacho et al., 2009; algorithm: blastn)
to search for the presence of plasmid partitioning genes of the
PFam32, 49, 50, and 57.62 families in the assembled SPAdes contigs.

Hits were removed if they did not cover more than half the length
of the references and had lower than 80% identity. After curation,
we defined a plasmid being present if at least one of the partitioning
genes was present in the assembled contigs.

Standard two-side, unpaired t-tests were run on plasmid num-
ber between genospecies comparing the two geographic pop-
ulations using the function t.test from the sase R package (R Core
Team, 2019). Classical multidimensional scaling (MDS) was run using
the cmdscale function using the base R package on a distance matrix
calculated from the binary presence/absence plasmid data per iso-
late. Further effects on plasmid content were tested using a general-
ized linear mixed effects model assuming a Poisson error distribution
using the glmer function from the package Lme4 (Bates et al., 2015).
Fixed effects were included for sample origin (Asia vs. Europe) and
source (human vs. tick isolate) and genospecies was fitted as a ran-
dom effect. Mean estimates and their 95% credible intervals were
estimated based on 5000 simulations using the sim function from
the package arm (Gelman & Su, 2016). Residual error was calculated
according to Nakagawa and Schielzeth (2010).

3 | RESULTS

In total, 142 full chromosome sequences were used for all genetic
analyses, of which 136 were assembled de novo from lllumina MiSeq
data. Final chromosome length ranged from 825.7 to 906.2 kb
(mean: 900.0kb) with chromosome coverage varying from 8 to 572x
(mean: 104.6x; Table S1). Among all isolates, 1092 chromosome
synteny member groups were identified, with 807 synteny member
groups found in at least 80% of isolates (n = 114), but only 529 syn-
teny member groups found in all isolates (n = 142) (Table S5). Genes
with the highest diversity among genospecies were predominately
annotated as “hypothetical proteins” (Table S6), while the most con-
served genes were predominately related to general housekeeping
functions (Table S6). Most isolates under study were assigned to an
existing recG allele type, with 10 isolates differing by one (n = 2), two
(n = 4), three (n = 3), or four (n = 1) allelic positions (Table S1). All
genospecies assignments based on recG sequence were confirmed
through phylogenetic reconstruction based on full chromosome se-
quences (Figure 2).

Based on the four-gamete test used to identify recombining SNP
blocks along the chromosome, within-genospecies comparisons
generally showed a higher proportion of recombining blocks rela-
tive to that observed among-genospecies (B. afzelii, prop = 0.05; B.
garinii, prop = 0.05; Table 3), with the notable exception of B. ba-
variensis (prop = 0.009; Table 3). Only in the pairwise comparison
of B. afzelii and B. bavariensis was the proportion of recombining
blocks on the same magnitude as within-genospecies comparisons
(prop = 0.02; Table 3). Four synteny member groups were identified
independently as being influenced by recombination (SM407-409 &
SM730; Table 4). Gene specific phylogenies showed horizontal gene
transfer predominantly occurred within-genospecies and among
isolates arising from the same continent (Figures S1-S4). Borrelia
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garinii was the only genospecies where horizontal gene transfer
between isolates arising from different continents was observed
(Figures S1-S4). Additionally, only one of the four synteny member
groups (SM730) displayed evidence for horizontal gene transfer
among-genospecies; with potential recombination between B. ba-
variensis and B. garinii (Figure S4). In all cases, horizontal gene trans-
fer was inferred when an isolates position in the gene phylogeny did
not match the chromosome phylogeny (Figures S1-54).

The ancestral node for B. garinii separated a clade contain-
ing only Asian isolates from a clade containing isolates from both
continents (Figure 2a). In both B. afzelii and B. bavariensis isolates
from the two continents formed monophyletic clades (Figures 2a,b)
which was not the case for B. garinii (Figure 2c). In the case of B.
bavariensis, a deep branching event was observed with the European
isolates being characterized by a low divergence and almost clonal
population (Figure 2b), which was not observed in the other geno-
species (Figure 2a,c). Asian B. afzelii isolates coming from Honshu
and Hokkaido formed two reciprocally monophyletic clades, except
for one Hokkaido isolate belonging to the Honshu clade (Figure 2a).
In comparison, Asian B. bavariensis and B. garinii isolates did not form
monophyletic clades based on geographic origin (Figure 2b). For B.
garinii, this trend extended to monophyletic clades containing iso-
lates from both continents (Figure 2c). For all three genospecies, the
phylogeographic reconstruction inferred a higher probability of the
ancestral of each genospecies to be in Asia (B. afzelii, 0.69; B. bavar-
iensis, 0.91; B. garinii, 0.99; Figure 2), consistent with an Asian origin
followed by an expansion towards Europe for all three genospecies.
Naturally, the geographic origin of the ancestor of the three geno-
species could not be inferred. Furthermore, according to the ultra-
metric tree the oldest split was observed in B. bavariensis, followed
by B. garinii, and with the most recent colonization event occurring
in B. afzelii.

Higher genetic diversity (z) was found in Asian B. bavariensis and
B. garinii in comparison to their European counterparts (Table 1).
Genetic diversity was similar between Asian and European B. afzelii
isolates (Table 1). In all cases, the Borrelia populations showed neg-
ative Tajima's D values (Table 1), but the European samples always
showed more negative values (Table 2). Borrelia bavariensis displayed
the largest absolute divergence value (ny) and B. afzelii the lowest
(Table 1). Borrelia bavariensis displayed the strongest geographic dif-
ferentiation between the European and Asian samples (Fy; = 0.744;

AMOVA = 69.7% of molecular variance (o)) followed by B.

continent

TABLE 1 Population genetics statistics

afzelii (Fg; = 0.570; AMOVA = 40.2% of o; Tables 1 and 2).

Regions (defined as country or sampling locality if known, Table S1

continent

and S3) within continents further explained a higher proportion
Region = 23.6% of
o; Table 2) and differentiation was observed between randomly

of genetic variation in B. afzelii samples (AMOVA

sampled B. afzelii isolates from the islands of Hokkaido (ASA) and
Honshu (NAG) (F; = 0.379; Table S7). However, this was not ob-
served for B. bavariensis (AMOVA = 0.99% of ¢; Table 2) and,

indeed, randomly sampled B. bavariensis isolates from the islands

Region

of Hokkaido and Honshu did not show geographic differentiation
(Fsr = 0.057; Table S7). Less geographic differentiation by conti-
nent was observed in B. garinii (Fs; = 0.13; AMOVA =8.7%
of ¢; Tables 1 and 2). Nucleotide diversity did not differ between
randomly (nEumpe = 0.00633; 7, , = 0.0095; Table S7) and nonran-
domly ( =0.00619; z,, = 0.00900; Table 2) sampled B. garinii
isolates. A similar trend for Fg; of B. garinii populations was observed
for random (F¢; = 0.1003; Table S7) and nonrandom (F¢; = 0.1318;
Table 1) samples. For B. afzelii and B. bavariensis we report random

Continent

nEurope

samples coming from two distinct sampling locations within Japan,
and this does show that there can be local level variation in popula-
tion level statistics (Table S7).

Borrelia afzelii and B. bavariensis both differed significantly in
plasmid numbers between Europe and Asia, but in B. afzelii the
European population had more plasmids compared to the Asian
population (two-sided unpaired t-test, p = .03) whereas the reverse
pattern was observed for B. bavariensis (p <.001; Figure 3a). Borrelia
garinii populations did not differ in overall plasmid content (p = .08)
but had significantly fewer plasmids in comparison to both B. afzelii
populations (Asian, p = .003; European, p<.001) and to Asian B. ba-
variensis (p<.001; Figure 3a). Only European B. bavariensis showed
a lower absolute plasmid number (number of unique plasmid types
present in at least one isolate; black circle; Figure 3a) in comparison
to the other populations and species. MDS analysis based on the
plasmid profile showed that European samples represent a subset
of the overall plasmid profile diversity but that plasmid profiles be-
tween genospecies do not show much differentiation (Figure 3b).
In accordance with this finding, no plasmid types were more fre-
quently associated with factors such as genospecies or geography
(Figure S5). Tick isolates had on average higher plasmid content rela-
tive to human LB patient isolates (Table S8; mean: 1.19; 95% Cl: 0.16,
2.22), with genospecies explaining a high proportion of variability
(~46%) in plasmid content (Table S8).

. .. G i P lati Tajima'sD  F D

for full population samples of B. afzelii, e e n 7 alima’s 1 2
B. bavariensis, and B. garinii. The Asian Borrelia afzelii Asian 20 0.00193 -3.932 0.570 0.00379
populations for B. garinii and B. bavariensis European 16 0.00217 -4.193
contain all Russian samples. These . .

. . Borrelia Asian 30 0.00784 -2.616 0.744 0.0141
calculations include nonrandomly sampled bavariensis
isolates (both tick and human), but values European 19 0.000170 -4.138
calculated for randomly sampled isolates Borrelia garinii ~ Asian 25 0.00900 -2.302 0.130 0.00694
showed similar statistics (Table S7) European 32 0.00619 _3.353
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TABLE 2 Hierarchical AMOVA (Excoffier et al., 1992) of B. afzelii,
B. bavariensis, and B. afzelii populations coming from Europe and
Asia describing the percentage of genetic variation (¢) attributed

to each hierarchical level. Regions within continent (Europe, Asia)
are defined as country or sampling locality if known. The Asian
populations for B. garinii and B. bavariensis contain all Russian
samples

Genospecies Level o (%)
Borrelia afzelii Between continents 40.223
Regions within continent 23.612
Within samples 36.165
Borrelia bavariensis Between continents 69.654
Regions within continent 0.988
Within samples 29.358
Borrelia garinii Between continents 8.749
Regions within continent 9.272
Within samples 81.979

TABLE 3 Summary of recombination analysis utilizing the
four-gamete test (Hudson & Kaplan, 1985). All comparison
including all, two, or individual genospecies were analysed using all
chromosome sequences aligned with MAFFT (Katoh et al., 2002;
Katoh & Standley, 2013). Each sequence was broken down into
blocks containing an equal number of variable positions (n = 12)
for which a violation score was calculated to determine if a block
is recombinant. Recombinant blocks were then compared back to
all chromosome RAST annotations to determine the recombinant
block location (i.e., coding or noncoding)

SNP Proportion

Comparison blocks recombining Coding  Noncoding
afzelii- 8033 0.003 0.92 0.08
bavariensis-
garinii
afzelii- 6416 0.02 0.93 0.07
bavariensis
afzelii-garinii 6733 0.006 0.93 0.07
bavariensis- 4763 0.004 0.88 0.12
garinii
afzelii 784 0.05 0.91 0.09
bavariensis 2275 0.009 0.85 0.15
garinii 2616 0.05 0.93 0.07

4 | DISCUSSION

The expansion of vector-borne pathogens is inherently linked to
their ability to infect and transmit through reservoir host and vector
populations. This fact can be observed as three Borrelia genospe-
cies (B. afzelii, B. bavariensis, and B. garinii) are currently vectored
predominantly by two different tick species (I. persulcatus in Asia,
and I. ricinus in Europe) and further differ in their reservoir host as-
sociations. This means that each of these genospecies has success-
fully undergone geographic expansion most likely facilitated through

TABLE 4 Synteny member groups identified in all pairwise four-
gamete test (Hudson & Kaplan, 1985) comparisons

Synteny group n Annotation (RAST)

syn_mem_407 141 Two-component system sensor histidine

kinase, sensory box histidine kinase/
response regulator

syn_mem_408 141
syn_mem_409 141

Cof protein, HD superfamily hydrolase

DNA-3-methyladenine glycosylase Il (EC
3.2.2.21)

Membrane proteins related to
metalloendopeptidases, M23/M37
peptidase domain protein

syn_mem_730 142

reservoir host and vector associations. Yet, how this geographic ex-
pansion occurred and in which order was not known due to a lack
of genomic data. Here, we report a reconstructed phylogeny of 142
Eurasian isolates belonging to the genospecies B. afzelii, B. bavarien-
sis, and B. garinii.

Phylogenetic reconstruction inferred a higher probability of the
ancestral of each genospecies to be in Asia (B. afzelii, 0.69; B. bavarien-
sis, 0.91; B. garinii, 0.99; Figure 2) suggesting for the first time that all
three have an Asian origin. Borrelia bavariensis was already argued to
have an Asian origin based on genomic analysis (Becker et al., 2020;
Gatzmann et al., 2015; Margos et al., 2013, 2019). Previous work
utilizing MLST suggested that Asian B. afezlii samples could be basal
in the phylogeny (Takano et al., 2011; Vollmer et al., 2013) and for
B. garinii only partial structuring between continents was previously
reported (Norte et al., 2020; Vollmer et al., 2013). Utilizing full chro-
mosome sequences though, we were able to robustly reconstruct
the evolutionary history and support this unified Asian origin. This
could support that successful establishment into a novel tick vector,
I. ricinus, may have facilitated this expansion. Even so, both Borrelia
and tick phylogenies remain undated limiting the ability to determine
in what order tick speciation and expansion of Borrelia into Europe
occurred. Even so, each colonization event of Europe happened in-
dependently in time, as the ancestral for each genospecies occurs
at a different point in the time-calibrated phylogeny and showing
for the first time the order in which colonization occurred (Figure 2).
This highlights that each genospecies was able to independently
colonize Europe and that B. bavariensis displays the most ancient
split (Figure 2b), with B. afzelii colonizing Europe relatively recently
(Figure 2a). This result was further supported by patterns in absolute
divergence (Dy,) with B. bavariensis showing the highest value (i.e.,
oldest) and B. afzelii showing the lowest (i.e., youngest).

Based on phylogenetic reconstruction and patterns of diver-
sity, we were also able to determine that colonization of Europe
affected each genospecies differently. The observed demographic
bottleneck previously found in B. bavariensis (Becker et al., 2020;
Gatzmann et al., 2015) and seen in our phylogenetic reconstruction
(Figure 2b), is a unique attribute to this genospecies. Nucleotide di-
versity (z) did not differ by an order of magnitude in the other geno-
species (Table 1). Although all populations showed negative Tajima's
D values (Table 2) which could indicate a recent selective sweep but,
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FIGURE 3 Analysis of plasmid content
for sequenced strains estimated by the
unique number of plasmid partitioning 25
genes (PFam32, 49, 50, and 57.62) present
in the assembled contigs. A plasmid was
considered present if at least one of the
partitioning genes was present. (a) Boxplot
of all plasmids present in isolates from
Asia or Europe. The black circles represent
the absolute number of unique plasmid
types found in the geographic population
defined as the plasmid type being
observed in at least one isolate. p-values
refer to an unpaired, two-sided t-test run
on plasmid number between the European
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more probably, a recent population expansion. Negative Tajima's D
values due to the influence of population expansion would be ex-
pected for bacteria due to their asexual reproduction (Gatzmann
et al., 2015; Tajima, 1989). Here though, European samples always
showed more negative values (Table 2), which is in the line with a
more recent or a stronger expansion into Europe. We were able to
further extend this past the chromosome level by also quantifying
plasmid profiles in this study based on the presence of plasmid par-
titioning genes in the assemblies. Here, plasmid diversity was only
reduced in European B. bavariensis (Figure 3a) as shown in previous
work (Becker et al., 2020). Even so, MDS analysis on plasmid profiles
showed that the European isolates only represented a subset of all
plasmid diversity (Figure 2b), but no plasmid was associated with a
specific genospecies or continent (Figure S5). Future work would be
required to better understand how the plasmid portion of the ge-
nome was influenced through the demographic history described in
this study. These results taken together suggest that, even though all
genospecies have recently expanded into Europe, only B. bavariensis
underwent a demographic bottleneck in relation to this colonization
supporting the hypothesis of a vector switch into I. ricinus (Becker
et al., 2020; Margos et al., 2019). This could highlight a difference in
niche breadth within the three genospecies. Niche here refers to a
set of environmental conditions in which the members of a species
can survive (Hutchinson, 1957; O'Keeffe et al., 2020); for example,
for Borrelia, the tick-vector and reservoir host (Margos et al., 2019;

O'Keeffe et al., 2020). The results here could therefore show that
B. afzelii and B. garinii niche breadth was larger, allowing for colo-
nization of Europe without undergoing a demographic bottleneck
and that ecological factors, such as reservoir host associations are
instead shaping the patterns of diversity observed in our study.
Borrelia garinii has indeed been shown to be able to transmit through
nonendemic vectors such as I. scapularis in laboratory-based studies
(Eisen, 2020), potentially highlighting this broad niche in relation to
tick vectors. Yet, rigorous vector association studies would be re-
quired to fully understand and quantify the niche breadth of the var-
ious isolates under study here.

Besides differing in their overall demographic history, each
genospecies also showed variable levels of geographic differen-
tiation between and within the two continents. Both B. afzelii and
B. bavariensis showed relatively high F¢; values between Asia and
Europe whereas B. garinii did not (Table 1). This was further sup-
ported by AMOVA analyses in which continent explained a large
portion of variation along the chromosome for both B. afzelii and
B. bavariensis (Table 2). Previous work based on MLST had hypoth-
esized that these differences in geographic differentiation were
due do to Borrelia host association and the mobility of host types;
with more geographic differentiation expected in less motile hosts
(e.g., rodents) and decreased differentiation as hosts become more
mobile (e.g., birds) (Gallais et al., 2018; Norte et al., 2020; Vollmer
et al., 2011, 2013). The chromosome level analyses reported here
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supported these MLST-based studies for the most part with rodent-
adapted species (B. afzelii, B. bavariensis) showing geographic dif-
ferentiation, while bird-adapted genospecies (B. garinii) did not
(Tables 1 and 2, Table S7). Even so, we found that within Asia B.
bavariensis did not show geographic differentiation between sam-
pling sites, which other rodent-associated genospecies (B. afzelii) did
(Figure 2, Table S7). This pattern was also observed in previous work
(Becker et al., 2020), which was unable to directly compare between
genospecies as we are able to do here. This brings forward the
question, what mechanism(s) could result in this lack of geographic
differentiation observed in Asian B. bavariensis? One suggestion
could be that Asian B. bavariensis utilize secondary hosts besides
rodents, such as birds, which increase effective dispersal rate. Two
B. bavariensis isolates (PBi, European; NT29, Asian) were previously
shown to be susceptible to complement-active avian sera, which has
been taken as a proxy for reservoir host association (Kurtenbach
et al., 1998; Kurtenbach et al., 2002). However, as the Asian pop-
ulation is quite diverse (Becker et al., 2020; Gatzmann et al., 2015;
Margos et al., 2013), it is possible that a single isolate would not be
representative of the entire population. Recently, B. bavariensis DNA
was found far afield of its Eurasian range in seabird associated ticks
(I. uriage) in Canada (Munro et al., 2017) and previous work did in-
deed suggest that similar genotypes of B. bavariensis (described as
rodent-adapted B. garinii) could spread from mainland Asia to Japan
through migratory birds (Ishiguro et al., 2005). Even so, laboratory-
based verification of this hypothesized bird-adaptation would be
required and cannot be definitively shown solely based on genetic
based analyses.

One aspect of our study that warrants consideration is how the
Borrelia sampling scheme could potentially bias the results presented
here: especially considering the inclusion of LB patient isolates. In
our data set, European samples predominantly arise from Germany
and the Asian samples from Japan (Table S1). By including 17 Russian
isolates (B. bavariensis & B. garinii), we were able to further comment
on how differentiation across Asia occurs. Even so, our analysis does
not include finer-scale sampling across the Eurasian range which
could miss some aspects of how these Borrelia genospecies migrated
westward from Asia. To the best of our knowledge, the analysis
presented here is still the largest genomic level analysis of these
three genospecies to date but future work should include fine-scale
sampling across Europe and Asia (as shown in Walter et al., 2017 in
North America) to clarify further aspects of the westward migration
of these genospecies. In addition to this, we include many patient
isolates which could bias the results as nonrandom samples. We
could test that this was not the case between randomly and non-
randomly sampled B. garinii isolates (Table S7). Yet, human isolates
did seem to differ in their plasmid content, highlighting the impor-
tance of using core genomic compartments in our analysis. Even so,
all European B. bavariensis isolates do come from LB patients and
thus the observed bottleneck could be an artefact of sampling only
a low diversity subset of European B. bavariensis that is capable of
human infection. Eight MLST B. bavariensis profiles sequenced from
I. ricinus DNA exist in the PubMLST database (Margos et al., 2008,

et al.,, 2015) and do not differ from patient isolates on these loci,
which can roughly proxy the full chromosome diversity (Figure S6).
Furthermore, both B. garinii (n = 21, Tyuman = 0.005956) and B. afzelii
(n =11, 7, man = 0.002107) LB patient isolates included in this study
did not display the same reduction in diversity when compared to
the full data set (Table 2). This suggests that the bottleneck observed
in B. bavariensis is genuine as argued previously (Becker et al., 2020;
Gatzmann et al., 2015; Margos et al., 2019), although future work
should try to include tick-isolates where possible.

The results presented here show how the evolutionary history
of each Borrelia genospecies is unique and that it is challenging to
generalize from one genospecies to the other, further highlighting
the need for comparative studies among genospecies to better un-
derstand how these bacteria have evolved. The analysis here addi-
tionally shows how vector-borne pathogens can display multiple,
independent instances of vector and host colonization and how such
colonization facilitates the emergence of these pathogens into new
environments with potential consequences to both human and ani-
mal disease. The results further show that geographic differentiation
and potential for migration of vector-borne pathogens, at least in
the tick-vectored system, is inherently linked to the reservoir host
species. Our results allow for a better understanding of how these
two factors (vector- and host-association) differently influence the
evolution of vector-borne pathogens and the power of core-genomic

analyses in disentangling these factors.
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