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Summary

Despite the importance of population structure for the
epidemiology of pathogenic bacteria, the spatial and
ecological heterogeneity of these populations is often
poorly characterized. Here, we investigated the
genetic diversity and population structure of the
Lyme borreliosis (LB) spirochaete Borrelia garinii in
its marine cycle involving colonial seabirds and dif-
ferent host races of the seabird tick Ixodes uriae.
Multilocus sequence analyses (MLSA) on eight chro-
mosomal and two plasmid loci (ospA and ospC) indi-
cate that B. garinii circulating in the marine system is
highly diverse. Microevolution in marine B. garinii
seems to be mainly clonal, but recombination and
selection do occur. Sequence types were not evenly
distributed among geographic regions, with substan-
tial population subdivision between Atlantic and
Pacific Ocean basins. However, no geographic struc-
turing was evident within regions. Results of selec-
tion analyses and phylogenetic discordance between
chromosomal and plasmid loci indicate adaptive evo-
lution is likely occurring in this system, but no pattern
of host or vector-associated divergence was found.
Recombination analyses showed evidence for popu-
lation admixture between terrestrial and marine
strains, suggesting that LB spirochaetes are
exchanged between these enzootic cycles. Impor-
tantly, our results highlight the need to explicitly

consider the marine system for a complete under-
standing of the evolutionary ecology and global epi-
demiology of Lyme borreliosis.

Introduction

Many pathogenic bacteria display clonal population struc-
ture, but even within a single species, genetic structure
can be dynamic and vary in space and time (Halkett et al.,
2005). A number of genetic processes can be responsible
for this variability and may affect the emergence of new
variants (Feil and Enright, 2004). For instance, bacterial
exchange and homologous recombination can lead to
population admixture and reduced linkage disequilibrium
with important consequences for pathogen evolution and
population demography (Feil and Spratt, 2001; Feil et al.,
2001; Spratt et al., 2001). Likewise, geographic isolation,
or ecological niche specialization, can result in population
differentiation and lead to spatial or temporal differences
in the distribution and frequency of bacterial clones
(Spratt and Maiden, 1999). The evolution of distinct bac-
terial evolutionary entities, with distinct ecologies and/or
epidemiological characteristics, is an essential question
for disease control strategies (Woolhouse et al., 2005).
However, the global ecological diversity and population
structure of many bacterial pathogens remain poorly
understood (Spratt et al., 2001; Woolhouse et al., 2005),
and particularly so in the case of vector-borne pathogens,
where multiple host and vector-associated factors may
influence the occurrence and frequency of these diversi-
fying processes.

Lyme borreliosis (LB) is the most common vector-borne
zoonosis in temperate regions of the Northern hemi-
sphere and is caused by spirochaetes of the Borrelia
burgdorferi sensu lato group (Stanek and Strle, 2003;
Kurtenbach et al., 2006). The obligate enzootic life cycle
of these spirochaetes involves primarily Ixodes ticks and a
variety of vertebrate hosts, including mammals, reptiles
and birds (Gray et al., 2002). Despite a wide host/vector
spectrum, some degree of ecological specialization exists
among the different species of the complex, particularly
towards the vertebrate host (Kurtenbach et al., 2002;
2006). Although LB bacteria are considered to be largely
clonal (Dykhuizen et al., 1993), recombination of large
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genomic segments by plasmid transfers among closely
related B. burgdorferi sensu lato strains is known to occur
and is considered to be the main mechanism driving
diversification (Dykhuizen and Baranton, 2001; Steven-
son, 2001; Qiu et al., 2004). However, the nature of
recombination and its implications for the evolution and
emergence of new variants depends on the population
structure of different clones and the infection dynamics
within host and vector populations, which condition oppor-
tunities for different strains to exchange genetic material.
In particular, recombination among LB spirochaetes is
thought to most likely occur in the tick vector owing to high
bacteria loads during transmission (Kurtenbach et al.,
2006). However, to date, we know little about how fre-
quently recombination occurs or how the population struc-
ture of the vector may act in shaping that of the bacterium
(but see Qiu, 2002).

The marine cycle of LB was discovered almost two
decades ago when Olsen and colleagues (1993) demon-
strated the circulation of one of the pathogenic species of
the LB complex, Borrelia garinii, among seabirds via the
tick Ixodes uriae. However, the potential interaction with
the terrestrial cycle and thus, the possible contribution of
the marine cycle to LB epidemiology is rarely considered
(but see Comstedt et al., 2009). Indeed, seabirds typically
have large populations, wide geographic distributions and
high mobility. Previous evidence suggests they may act as
potential reservoirs in the global circulation and large-
scale dispersal of LB bacteria (Olsen et al., 1995; Olsen,
2003; Duneau et al., 2008; Staszewski et al., 2008). At the
local scale, colonial seabirds tend to breed in large aggre-
gations where several species can nest sympatrically.
Although this situation can promote interspecific pathogen
exchange, the tick vector in this system consists of mul-
tiple, distinct host races (McCoy et al., 2001; 2003) which
should limit the local mixing of pathogens (Duneau et al.,
2008; McCoy, 2008). This ecological scenario may there-
fore favour the evolution of specialization of Borrelia bac-
teria circulating in different seabird host species and tick
populations. A recent study by Comstedt and colleagues
(2009), based on the intergenic spacer (IGS) region, sug-
gested that the population structure of B. garinii is
complex due to the different avian and vector species
potentially implicated in its circulation. In addition to the
problems associated with inferring strain identity from a
single locus (Gómez-Díaz, 2009; Travinsky et al., 2010),
this study was based on a limited number of geographic
locations with no way to disentangle geographic and host-
related structure. Based on existing information, it there-
fore remains difficult to make clear predictions about the
population structuring and the role of different seabirds
and their ticks in the global epidemiology of this pathogen.

Here, we examine the population structure of B. garinii
in its marine cycle using a comprehensive approach

based on the multilocus sequence analysis (MLSA) of
eight chromosomal and two plasmid loci. In particular, we
examine the genetic diversity and phylogeography of B.
garinii associated with seabird populations from both the
Atlantic and Pacific Ocean basins, explicitly taking into
account geographic and host associations within each
basin. Using this data set, we also explore the degree of
structure and/or potential exchange between the two eco-
logical enzootic cycles of B. garinii, the marine and ter-
restrial LB systems. By integrating different types of loci
(plasmid and chromosomal genes) and an extensive geo-
graphic sample, we uncover patterns of population struc-
ture of these spirochaetes and improve our understanding
of the factors that shape their evolution.

Results

Genetic statistics

We characterized diversity at 10 genes for a total of 53
Borrelia isolates from the marine and terrestrial LB
systems (Fig. 1A; Table 1). Genetic statistics for the con-
catenated data set and for each individual locus are
shown in Table 2. Both plasmid loci showed higher nucle-
otide diversity estimates compared with chromosomal
genes. Among chromosomal loci, recA showed the
highest variability. Most alleles were unique, highlighting
the great allelic diversity among marine strains. However,
a few were shared between North Atlantic and North
Pacific regions, and between terrestrial and marine B.
garinii strains (Fig. 1B, Table S1). The comparison with
previously published allele sequences from the terrestrial
cycle revealed a moderate degree of allele matching; this
similarity was more evident for pyrG and recG genes for
which a relatively large sample was available (see
Table S1).

Phylogenetic analyses

The phylogenetic tree, built using the eight chromosomal
genes, showed that all Borrelia isolates from the present
study grouped with the 20047 B. garinii reference strain
(Fig. 2). In general, there was no phylogenetic structure
according to tick host race/seabird host species, but a
certain degree of geographic subdivision was apparent as
Pacific, Atlantic and terrestrial B. garinii strains tended to
group in separate clades (Fig. 2). The tree showed two
major well-supported clusters [Bootstrap Support (BS)
100%]: the most basal included two highly divergent
Pacific-marine isolates, and the second grouped all other
B. garinii strains. Within this latter cluster, Pacific isolates
also appeared well differentiated and tended to group
apart from both Atlantic and terrestrial B. garinii isolates
(BS 98–100%). However, deeper phylogenetic relation-
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ships among Pacific, Atlantic and terrestrial clades were
not well resolved and appeared polyphyletic. Atlantic iso-
lates formed five well-supported internal clades, whereas
most terrestrial isolates grouped into two well-supported
clades (BS 97% and 98%), with the interesting exception
of the reference strain 20047 that appeared in a more
basal position. This lack of phylogenetic structure was
also evident when comparing recG and pyrG alleles with
terrestrial strains from public reference databases; a star-
like network was obvious with marine strains intermingled
with those of the terrestrial cycle and high levels of either
homoplasy or recombination between the two cycles
(Figs S1 and S2).

Compared with chromosomal loci, the ospC and ospA
maximum likelihood (ML) phylogenetic trees showed a
different picture with no general agreement between clus-
ters from the two sets of loci. Basal clades showed low
bootstrap support, but external nodes were well sup-
ported and several highly divergent groups were evident
(Figs S3 and S4). Despite the fact that genetic diversity
was higher in the two plasmid loci compared with the
other genes (see Table 2), little phylogeographic structure
was apparent, particularly for the ospC gene. In the case
of the ospA gene, four groups were identified in the Atlan-
tic and three in the Pacific. In contrast to marine strains,
the majority of terrestrial isolates clustered together, with
the exception of 20047, which grouped with Atlantic
marine isolates and BR14, which formed a clade with
some Pacific marine strains (Fig. S3). Similarly, the ospC
locus revealed five well-supported groups in the Atlantic

and three in the Pacific. In this case, however, terrestrial
strains were intermingled with marine strains throughout
the phylogenetic tree (Fig. S4). More generally, compari-
son with ospA and ospC sequences available in GenBank
confirmed the high diversity of marine strains and the
similarity to those of the terrestrial cycle (Figs S5 and S6).

In terms of previously defined major serotype groups for
ospA and ospC genes (i.e. different Borrelia phenotypes
based on reactivity to monoclonal antibodies), phyloge-
netic and distance analyses clustered marine B. garinii
strains with sequences representing OspA serotype 3 (18
isolates) and serotype 5 (2 isolates), which appeared to
be restricted to the Atlantic and the Pacific regions respec-
tively (Fig. S3). The remaining marine isolates (52%)
could not be assigned to any of the eight described
OspA serotype reference sequences. Terrestrial OspA
sequences grouped with serotypes 6 and 8. Similarly, only
a small proportion of marine B. garinii sequences
matched previously described OspC serotype groups
(Wilske et al., 1996). In particular, eight Atlantic isolates
matched B. garinii group OspC P, two Pacific isolates
matched group OspC R and two others group OspC G
(Fig. S4). Among terrestrial strains, only the 20047 refer-
ence sequence matched a known serotype group
(OspC S).

Population structure

Considering only chromosomal loci, but controlling for the
possible impact of recombination, the genealogy inferred

Fig. 1. A. Geographic map of sampling locations for the 53 Borrelia garinii isolates analysed in this study. Circles and diamonds correspond to
marine and terrestrial isolates, respectively, and colours indicate the geographic region: North Atlantic (black), North Pacific (blue) or terrestrial
(red). In the marine system, several distinct colonies were sampled in Iceland and in the Commander Islands (numbers within circles, see text
for details).
B. Venn diagram of shared alleles between Atlantic (grey), Pacific (blue) and terrestrial (red) B. garinii isolates. Values inside the circles are
exclusive alleles of these three groups, whereas the numbers in the overlap areas indicate the number of shared alleles. It should be noted
that allele numbers are not based on the same sample sizes for Atlantic (n = 35), Pacific (n = 7) and terrestrial (n = 11) systems and therefore
cannot be directly compared in terms of diversity estimates.
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Table 1. Borrelia garinii isolates typed in this study at eight chromosomal genes.

Isolate Species Location Abbreviation Tick vector Host

Atlantic
T1131 B. garinii Fair Is. – Britain Fair I. uriae CG
T1377 B. garinii Fair Is. – Britain Fair I. uriae PF
T1638 B. garinii Breidafjordur – Iceland Brei I. uriae PF
T1656 B. garinii Grimsey – Iceland Grim I. uriae PF
T1666 B. garinii Skrudur – Iceland Skru I. uriae PF
T1667 B. garinii Skrudur – Iceland Skru I. uriae PF
T1669 B. garinii Skrudur – Iceland Skru I. uriae PF
T1673 B. garinii Skrudur – Iceland Skru I. uriae PF
T1682 B. garinii Grimsey – Iceland Grim I. uriae CG
T1697 B. garinii Grimsey – Iceland Grim I. uriae KT
T1699 B. garinii Grimsey – Iceland Grim I. uriae KT
T1708 B. garinii Grimsey – Iceland Grim I. uriae CG
T1712 B. garinii Grimsey – Iceland Grim I. uriae CG
T1727 B. garinii Skrudur – Iceland Skru I. uriae PF
T1789 B. garinii Grimsey – Iceland Grim I. uriae KT
T1793 B. garinii Grimsey – Iceland Grim I. uriae KT
T1794 B. garinii Grimsey – Iceland Grim I. uriae PF
T1795 B. garinii Grimsey – Iceland Grim I. uriae PF
T1796 B. garinii Grimsey – Iceland Grim I. uriae PF
T1798 B. garinii Grimsey – Iceland Grim I. uriae PF
T1799 B. garinii Grimsey – Iceland Grim I. uriae PF
T1815 B. garinii Breidafjordur – Iceland Brei I. uriae RZ
T1866 B. garinii Breidafjordur – Iceland Brei I. uriae PF
T1867 B. garinii Breidafjordur – Iceland Brei I. uriae PF
T1869 B. garinii Breidafjordur – Iceland Brei I. uriae PF
T1874 B. garinii Breidafjordur – Iceland Brei I. uriae PF
T1913 B. garinii Breidafjordur – Iceland Brei I. uriae FU
T1938 B. garinii Hornøya – Norway Horn I. uriae PF
T1940 B. garinii Hornøya – Norway Horn I. uriae PF
T2017 B. garinii Grimsey – Iceland Grim I. uriae PF
T2021 B. garinii Skrudur – Iceland Skru I. uriae PF
T2022 B. garinii Skrudur – Iceland Skru I. uriae PF
T2023 B. garinii Skrudur – Iceland Skru I. uriae PF
T2024 B. garinii Skrudur – Iceland Skru I. uriae PF
T2299 B. garinii Hornøya – Norway Horn I. uriae PF
Pacific
T2645 B. garinii Kuril Is. – Russia Ku-KA I. uriae KT
T2712 B. garinii Commander Is. – Russia Co-Ka I. uriae KT
T2885 B. garinii Commander Is. – Russia Co-Ka I. uriae TPF
T2916 B. garinii Commander Is. – Russia Co-Ka I. uriae TPF
T2929 B. garinii Commander Is. – Russia Co-Ka I. uriae TPF
T2937 B. garinii Commander Is. – Russia Co-Ka I. uriae TPF
T3221 B. garinii Kuril Is. – Russia Ku-KA I. uriae PU
Terrestrial
IPT28 B. garinii Alsace – France I. ricinus
IPT114 B. garinii Alsace – France I. ricinus
IPT156 B. garinii Auvergne – France I. ricinus
IPT167 B. garinii Limousin – France I. ricinus
IPT189 B. garinii Normandy – France I. ricinus
Conn A3/3 B. garinii Ireland I. ricinus
G25 B. garinii Sweden I. ricinus
152-B17 B. garinii Germany I. ricinus
BR-14 B. garinii Czech Republic I. ricinus
CNE 83 B. garinii Switzerland I. ricinus
Reference
20047 B. garinii Brittany – France I. ricinus
B31 B. burgdorferi
VS461 B. afzelii
PotiB1 B. lusitaniae

All isolates in the marine system were obtained from Ixodes uriae ticks and the seabird host for each tick is provided in the host column. For
terrestrial strains, the original source of laboratory cultures was always Ixodes ricinus. Isolate 20047 is the reference B. garinii strain. See Fig. 1
for the geographic origins of Borrelia isolates.
CG, Common guillemot; KT, Black-legged Kittiwake; PF, Atlantic puffin; T-PF, Tufted puffin; RZ, Razorbill; FU, Northern fulmar; PU, Red-faced
Cormorant.
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by Clonalframe was star-like in shape, likely due to the
fact that most polymorphic sites in the data set were
unique to each isolate (Fig. 3). This pattern is consistent
with rapid clonal expansion, which also agrees with the
mismatch distribution analyses on the North Atlantic B.
garinii marine population (see below). The analysis by
Clonalframe assigned individual sequence types to
clades that are largely congruent with the phylogenetic
analysis, including the separation between Pacific, Atlan-
tic and terrestrial strains. In this case, however, when
accounting for recombination, posterior probabilities
increased and most genealogical relationships were
resolved. Atlantic strains grouped into five independent
clonal complexes that appeared well differentiated from
both Pacific and terrestrial strains (with the exception of
strains T2645 and 20047), but did not group together and
were paraphyletic with respect to Pacific strains. In this
analysis, all terrestrial strains clustered together with the
exception of 20047, whereas Pacific bacteria formed
several highly divergent and independent clonal com-
plexes consisting of only one or two sequences.

Population differentiation based on chromosomal loci
was highly significant between Atlantic and Pacific marine
B. garinii populations (FST = 0.30, P < 0.001), but also
between marine and terrestrial isolates (Pacific
FST = 0.29, P < 0.001, Atlantic FST = 0.27, P < 0.001).
However, we could not reject the presence of a single
geographically unstructured population of B. garinii within
the Atlantic basin based on the geographic arrangement
of populations (Britain, Iceland and Norway pairwise FST

comparisons; PBR-IC = 0.50, PBR-NO = 0.86, PIC-NO = 0.15).
Likewise, the AMOVA analysis did not detect any evidence
of host-associated genetic structure within this region and
indices of population differentiation among different host-
associated groups were not significant (kittiwake, puffin
and common guillemot, pairwise FST comparisons

PKT-PF = 0.71, PKT-CG = 0.64, PPF-CG = 0.07). In relation to
population demographics, the mismatch distribution of our
data set resembled a bell curve with a mean of 27 mis-
matches and a tail representing a high frequency of pairs
with only a few mismatches (Fig. S7). The observed dis-
tribution did not differ from the expectations of both the
population size expansion and the spatial expansion
model at the 5% significance threshold, but did provide
much stronger support for the spatial expansion model
(Harpending’s raggedness index, P = 0.09 and P = 0.89
respectively). In contrast, no support was provided for a
stable, non-expanding population (P = 0.01).

Recombination and selection

Borrelia garinii concatenated sequences considering all
loci (chromosomal and plasmid genes) showed moderate
levels of recombination (r = 40, Lk = -6112694.7, P = 0)
(Pérez-Losada et al., 2006). This contrasts with the
hypothesis of a strictly clonal model of population struc-
ture. However, different gene partitions showed variable
rates of recombination; in this case recombination
appeared to be most frequent in plasmid genes (ospA and
ospC), but was also detected in one chromosomal gene,
recA (Table 2). When only marine isolates were consid-
ered, removing terrestrial isolates, the detected re-
combination rate dropped considerably (r = 12,
Lk = -4452055.9, P < 0.001), suggesting that genetic
exchange occurs between the two enzootic cycles. In
agreement, results by the RDP3 program further con-
firmed that significant intragenic recombination occurred
at the ospC and ospA plasmid regions, and that terrestrial
isolates were involved in the recombination events
detected (Table S2).

Selection estimates on individual genes of B. garinii
sequences are shown in Table 2. Only plasmid loci

Table 2. Genetic estimates for the 53 Borrelia garinii isolates analysed in this study based on eight chromosomal and two plasmid genes (ospA
and ospC).

Locus Function L PS NA AD p D r wM2a nM2a

flaB Structural flagellar protein 310 19 13 0.824 0.0089 2.4935 0.007 1.00 0
16S 16S ribosomal RNA 446 14 11 0.799 0.0051 2.2525 0.014 ne ne
groEL Chaperonin 303 13 9 0.831 0.0071 2.1205 0.000 1.00 0
pyrG CTP synthase 637 54 19 0.901 0.0113 7.2199 0.000 1.00 1
recA Recombinase A 221 34 25 0.954 0.0198 4.3832 0.036* 1.00 0
recG ATP-dependent DNA helicase 682 49 17 0.888 0.0099 6.6952 0.004 1.00 2
IGS 5S-23S rRNA intergenic spacer 254 22 14 0.795 0.0116 2.521 0.009 ne ne
hbb Small DNA-binding protein 402 22 13 0.883 0.0090 3.6255 0.000 1.00 1
ospA Outer surface lipoprotein 619 192 26 0.95 0.0761 48.148 0.020* 2.51 9
ospC Outer surface lipoprotein 517 220 21 0.872 0.1325 68.2562 0.020* 4.40 17

L = sequence fragment length, PS = number of polymorphic sites, NA = number of alleles, AD = allelic diversity, p = nucleotide diversity, D = average
number of nucleotide differences between sequences, r = recombination rate 2Ner (r is region sequence length) by LDhat. Values for rho (r) were
obtained by dividing the per-locus recombination rate estimate from LDhat by the sequence length [the asterisk (*) means significant P < 0.05].
w = dN/dS, and n = number of positively selected sites according to M2a in PAML. Selection estimates for non-coding genes were not performed
(ne). All comparisons between models M2a and M1a and M7 and M8 for plasmid loci were significant (P < 0.001).
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Fig. 2. Maximum likelihood (ML) phylogenetic tree of 53 B. garinii isolates and three B. burgdorferi s.l. reference strains, B. afzelii (VS461), B.
burgdorferi s.s. (B31) and B. lusitaniae (PotiB1), based on concatenated sequences of eight chromosomal genes. The figured topology and
branch lengths are for the sampled tree with the highest likelihood by RaxML (1000 searches, log likelihood = -8274.75). Labels at branch tips
refer to strain number, seabird host and collection site (see Table 1). Terrestrial isolates are indicated in red and North Pacific and North
Atlantic marine isolates are highlighted in blue and black respectively. The three non-B. garinii reference strains are in grey. Only bootstrap
supports greater than 70% are shown.
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showed significant departures from neutrality, and for both
genes, models that took into account sites under positive
selection fit the data significantly better than those that did
not [with P < 0.001 for both M1a–M2a and M7–M8 likeli-
hood ratio tests (LRTs)]. The Bayes Empirical Bayes
(BEB) approach identified nine positive selection sites for
ospA and 17 for ospC that were consistent using both
M2a and M8 models (Table 2). Analyses by PAML on the
marine data set alone showed similar results for both
ospA and ospC (results not shown), thus indicating that
positive selection operates on these genes and that the
detected patterns are not simply due to different selection
pressures between marine and terrestrial strains or to
recombination within each subset (see results of recom-
bination tests on marine strains).

Discussion

Despite the potential importance of population structure in
pathogenic bacteria for their epidemiology, the spatial and
ecological heterogeneity of these populations is often
poorly characterized. Indeed, pathogen variability and its

spatial arrangement can affect both transmission rates
and the evolution of new variants. As such, this informa-
tion is key to better understand disease dynamics and
evaluate the risk posed to humans. Here, we investigated
the genetic diversity and population structure of a LB
bacterium B. garinii in its marine ecosystem, involving
seabirds and the tick I. uriae using multilocus sequence
analyses on isolates from diverse seabird tick races and
geographic locations. These data are directly compared
with terrestrial isolates to understand the potential role of
this marine ecosystem in the evolution and global epide-
miology of this pathogen. Borrelia garinii in the marine
cycle showed high diversity with no population genetic
structure within regions, but significant structure between
Atlantic and Pacific regions. There was also evidence of
significant structure between marine and terrestrial eco-
systems, but the level of divergence measured was of the
same order of magnitude as that between the two ocean
basins, thus suggesting that the two enzootic cycles do
not function independently (i.e. as much mixing occurs
between ecosystems as within). Recombination analyses
confirmed mixing between the two cycles, but no evi-

Fig. 3. Consensus network showing clonal relationships of B. garinii strains based on eight chromosomal genes. Red labels and branches
highlight terrestrial isolates. Circle size is proportional to the number of isolates with identical allelic profiles and colours represent major
geographic regions of marine strains (black: North Atlantic and blue: North Pacific).
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dence for divergent selection between the cycles was
found at the plasmid loci examined, even though positive
selection was evident at these genes. Overall, results
suggest that the marine cycle may indeed play an impor-
tant role in the circulation and evolution of new variants of
B. garinii.

Diversity of B. garinii in the marine ecosystem

Although at least three species of the B. burgdorferi s.l.
complex may occur in the marine cycle, the dominant
species appears to be B. garinii (Olsen et al., 1993; Gylfe
et al., 1999; Dietrich et al., 2008; Duneau et al., 2008). In
the present study, we found high levels of genetic diversity
in B. garinii and most alleles were unique. These results
are concordant with previous studies in the marine eco-
system (Duneau et al., 2008; Comstedt et al., 2009) and
with evidence from terrestrial systems showing that B.
garinii is among the most heterogeneous species of LB
bacteria, both genetically and antigenically (Gern and
Humair, 2002). The diversity of B. garinii represented in
the present study is likely an underestimate of the true
diversity of this system. Indeed, the sequences analysed
for the 10 genes here represent those bacteria that were
present in high copy numbers in I. uriae ticks. Borrelia
strains with low copy numbers are difficult to amplify using
standard PCR procedures (Gómez-Díaz et al., 2010) and
were therefore unlikely to be successfully amplified at all
10 genes. This suggests that the marine strains analysed
in this study are those best adapted to exploit marine
hosts and vectors, and those strains which may be more
frequently present in the terrestrial system could be
under-represented. As this type of bias is also known for
cultured Borrelia isolates (Norris et al., 1997), the results
of this study likely underestimate the degree of interaction
between the two ecosystems.

As expected, heterogeneity was particularly marked in
the case of the ospA and ospC loci; we found seven OspA
and eight OspC genotype groups in the marine cycle of B.
garinii. These distinct groups correspond to phenotypi-
cally distinguishable Borrelia strains (i.e. serotypes, Wang
et al., 1999a), which have been associated with distinct
clinical manifestations of LB and different ecotypes
(Kurtenbach et al., 2002; Qiu, 2002). Previous studies
showed that OspA serotypes 3 and 5–8 of B. garinii are
maintained in terrestrial birds and seabirds (Kurtenbach
et al., 2002; 2006; Hanincova et al., 2003). Accordingly,
here the most abundant OspA genotype in the marine
system matched the genetic profile of serotype 3, but the
majority of genotype groups we found did not correspond
to previously described serotypes and may be exclusive
to this system. A similar pattern was found for ospC
alleles; again in this case, only a few marine sequences
matched previously described OspC serotype groups (i.e.

OspC G, P and R), none of which appears specifically
associated with birds. Of these, only OspC G appears to
be pathogenic, causing local infection at the tick bite site,
but not systemic disease (Seinost et al., 1999). The
potential pathogenicity of the newly described OspC
genotypes is unknown.

Population structure of marine B. garinii spirochaetes

Highly clonal bacterial populations typically display a
limited number of clusters of closely related genotypes,
and these clonal complexes are often globally distributed
and stable over time (Feil and Enright, 2004). In contrast,
the population structure of marine B. garinii is complex
with several independent and highly divergent clonal
groups and the distribution of these clones is spatially
heterogeneous. Using chromosomal genes only, our
results indicate marked differentiation and strong barriers
to gene flow between Pacific and Atlantic B. garinii marine
strains. Although data are still limited, this corresponds
with some observed patterns of Borrelia infection in these
regions, i.e. about 2% prevalence in the Pacific (E.
Gómez-Díaz, pers. data) compared with 26% in the Atlan-
tic (Duneau et al., 2008). In contrast, no significant popu-
lation genetic structure appeared within regions, despite
high levels of genetic diversity.

Vector-borne microbes necessarily co-occur with their
vertebrate hosts and vectors and these hosts are
expected to have a strong influence on pathogen popula-
tion structure and infection dynamics (Woolhouse et al.,
2002; McCoy, 2008). Population subdivision in pathogens
may therefore arise as a consequence of geographic or
ecological differences among hosts and/or vector popula-
tions that act as barriers to gene flow (e.g. multiple niche
polymorphism; see review by Kurtenbach et al., 2006). In
the marine system of LB, the tick vector I. uriae displays
marked population substructure in the form of multiple
sympatric seabird–host races (McCoy et al., 2001; Kempf
et al., 2009) and previous studies have reported signifi-
cant differences in infection prevalence and intensity
among seabird tick races and geographic locations within
the Atlantic (Duneau et al., 2008; Gómez-Díaz et al.,
2010). However, despite these patterns in infection
parameters, we did not find an imprint of host-associated
divergence in marine Borrelia spirochaetes and isolates
from different tick races often shared the same bacterial
strain. Our results are therefore concordant with recent
work in the terrestrial cycle showing uncorrelated patterns
of population structure between B. burgdorferi and its tick
vector Ixodes scapularis in North America (Humphrey
et al., 2010). Variation among tick races in vector compe-
tence or interspecific variation in seabird immune
responses may affect bacterial fitness and thus explain
differences Borrelia infection prevalence. However, it

2460 E. Gómez-Díaz et al.

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 2453–2467



seems that even if certain seabird species-tick race com-
binations are more competent than others (Gómez-Díaz
et al., 2010), there is not enough isolation among these
different host–vector systems for bacterial population
divergence to have occurred.

Selection can significantly alter historical divergence
and gene flow patterns among pathogen populations
(Gupta and Anderson, 1999). In the marine system,
seabird host colonies are often multispecific and the high
genetic diversity of marine B. garinii at a local scale could
be the consequence of strong balancing selection on local
Borrelia clones (Qiu, 2002) that maintains ancestral varia-
tion and masks spatial population structure. Both ospA
and ospC genes code for proteins that are primary targets
for the host immune system and, as expected, we found
evidence for positive selection on these genes. Recombi-
nation is known to affect the accuracy of selection analy-
ses and can be mistaken as evidence of positive selection
(Anisimova et al., 2003). We feel that this is not the case
in our study; certain tests of selection that we used here
are less affected by recombination than others (i.e. BEB)
and still showed clear evidence of positive selection. In
addition, signs of positive selection were similar when
considering only marine isolates, for which recombination
was low. Despite positive selection at the plasmid loci,
there was no evidence of divergence patterns in these loci
that could be associated with different seabird hosts, tick
races or geographic clade structure (Figs S3 and S4),
suggesting that selection at these loci may be linked to
within-population variation in susceptibility among indi-
vidual birds (Dykhuizen and Brisson, 2010). To better
understand how host-associated selection may shape the
population structure and evolution of these pathogens,
further analyses examining the nature of the sites under
positive selection are called for, along with more detailed
information on temporal changes in the frequency of
Borrelia variants within seabird colonies and on strict
associations between host genotypes/phenotypes and
Borrelia infection.

Like selection, contemporary gene flow can reduce
signs of clonal population structure and historical patterns
of population subdivision by homogenizing alleles at dif-
ferent spatial scales; the importance of this force has
been shown for a number of bacterial pathogens (i.e.
Campylobacter jejuni, Sheppard et al., 2008). In the
present study, clear spatial subdivision was found
between Atlantic and Pacific B. garinii strains, which
appear to function relatively independently. This corre-
sponds to patterns of genetic variation in both seabirds
and their ticks and confirms limited movements between
Atlantic and Pacific Ocean basins (McCoy et al., 2005;
Friesen et al., 2007; Morris-Pocock et al., 2008).
However, we could not reject gene flow within these two
regions. Bacterial gene flow by the tick is unlikely given

that I. uriae displays marked geographic subdivision
among seabird colonies (McCoy et al., 2002; 2005). Even
if seabirds are highly vagile and can disperse ticks at large
spatial scales, gene flow in the tick is limited in both space
and time by different habitat and host-related factors (i.e.
host behaviour during the breeding season combined with
seasonality in tick infestation; see McCoy et al., 2003).
Therefore, genetic exchange of Borrelia spirochaetes is
likely linked to seabird movement. Indeed, previous
studies have proposed long-range dispersal by seabirds
to explain the presence of identical B. garinii gene
sequences in ticks from both hemispheres (Olsen et al.,
1995; Gylfe et al., 1999) and recent work in the terrestrial
cycle advocates host-mediated dispersal as an explana-
tion for population admixture in B. burgdorferi s.l.
(Humphrey et al., 2010; Vollmer et al., 2011). The high
admixture and allelic diversity in the Atlantic is consistent
with recent population growth and rapid geographic range
expansion of the bacterium in the marine system (see
mismatch distributions, Fig. S7). This fits with current
knowledge about the relatively recent colonization of
many seabird colonies of the North Atlantic since the last
glacial maxima (max age of < 10 000 years), and patterns
of among-colony gene flow in the birds (Riffaut et al.,
2005; Friesen et al., 2007).

Links between marine and terrestrial systems?
Implications for the global epidemiology of LB

Several lines of evidence support the existence of admix-
ture between marine and terrestrial strains of B. garinii.
First, paraphyly is present in marine isolates; certain
marine strains are more closely related to terrestrial
strains than to other marine strains (Figs 2 and 3). Like-
wise, estimates of population differentiation were as high
between Atlantic and Pacific B. garinii isolates as they
were between isolates of each marine region and those
from the terrestrial ecosystem. Tests of recombination
further showed that some exchange between terrestrial
and marine variants likely occurs and single-loci compara-
tive analyses with terrestrial allele sequences in public
databases highlight the similarity between marine and
terrestrial strains (Figs S1, S2, S5 and S6). More surpris-
ingly, the reference strain 20047 clustered with marine
isolates at both chromosomal and plasmid loci and
showed an admixed ancestry of marine and terrestrial
alleles (results not shown). The existence of contact
zones in certain seabird colonies, combined with the rela-
tively generalist nature of vectors like Ixodes ricinus could
provide opportunities for Borrelia transmission between
these two enzootic systems (Dietrich et al., 2011). Indeed,
the origin of the 20047 strain was an I. ricinus tick
sampled in Brittany, France (Postic et al., 1990), where
seabird colonies occur and where the distributions of I.
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ricinus and I. uriae overlap. Our findings also agree with
recent work involving Pacific isolates that demonstrated
the existence of shared genetic IGS variants of B. garinii
in these two tick species (Comstedt et al., 2009). The
possibility that I. uriae may also attack vertebrates other
than seabirds, including passerines, small mammals and
humans, has been previously suggested, but may not be
frequent (Bergström et al., 1998). Rather than database
reference comparisons of isolates from multiple sources
and geographic locations, more work dedicated to typing
Borrelia within potential contact areas is now called for to
help clarify where and how frequently contact between the
two cycles occurs.

Although we currently have limited knowledge about the
spatial and temporal dynamics of the marine B. garinii
populations, our results suggest that the inclusion of data
from the marine system may alter our current perception
of LB epidemiology. Indeed, the wide geographic distribu-
tion of seabirds, their great movement capacity and large
population sizes may significantly contribute to the epi-
zootic spread of LB spirochaetes. We therefore advocate
that future studies of LB epidemiology take the marine
system into account more explicitly and that more
research effort focuses on understanding the population
structure of this system and the nature of potential contact
zones between the two enzootic cycles.

Experimental procedures

Study sites, tick sampling and Borrelia isolates

Ixodes uriae ticks were collected from seabird species breed-
ing in several geographic locations in the North Atlantic
[Iceland (Skrudur, Grimsey and Breidafjordur), Norway
(Hornøya) and Britain (Fair Isle)], and the North Pacific [Com-
mander Islands (Toporkov, Ariy Kamen and Bering), Kuril
Islands (Ptichi) and Starichkov Island, off the peninsula of
Kamchatka] (Fig. 1). DNA extractions were performed on
individual I. uriae ticks using a DNeasy Tissue Kit (Qiagen,
Valencia, CA). Borrelia detection was carried out by a stan-
dard nested PCR amplification of the flagellin B (flaB) gene
as described previously (Duneau et al., 2008).

Of more than 2000 ticks tested from multiple populations
distributed worldwide (i.e. Antarctica, Pacific and Atlantic
Oceans), 199 ticks were found positive, corresponding to the
populations mentioned above. Among those, the majority
corresponded to B. garinii (about 80%), although atypical
genospecies for the marine ecosystem such as Borrelia
afzelii or B. burgdorferi s.s. were also present (Dietrich et al.,
2008; Duneau et al., 2008). We limited our analysis here to B.
garinii. In addition to marine isolates, we used 11 cultured B.
garinii strains from the terrestrial enzootic cycle isolated from
I. ricinus ticks from several geographic regions (Table 1,
Fig. 1). We also typed cultured reference strains of three
other genospecies within the B. burgdorferi s.l. complex
including: B. afzelii (VS461), B. burgdorferi sensu stricto
(B31) and B. lusitaniae (PotiB1) (see Phylogenetic analyses).

Multilocus sequence analysis

Borrelia isolates were amplified and sequenced at eight
chromosomal loci (16S, flaB, recA, groEL, hbb, 5S–23S
IGS, pyrG, recG) and two plasmid loci (ospA and ospC).
These genes have all been previously used in multilocus
studies on the B. burgdorferi s.l. species complex (Bunikis
et al., 2004; Richter et al., 2006; Margos et al., 2008).
Amplification conditions and primer sequences used in this
study are listed in Table S3. Chromosomal genes, which
consist mostly of housekeeping genes, tend to be under
strong selective constraints and often fit neutral expecta-
tions. They are thus frequently use to infer phylogenetic and
ancestral relationships among bacterial species (Pérez-
Losada et al., 2006). In contrast, plasmid genes (here ospA
and ospC) are loci that can be subject to strong amounts of
recombination and selection. As these genes are often
more variable, they can be more appropriate for revealing
adaptive population genetic structure in clonal bacterial
species, such as B. burgdorferi (Didelot and Falush, 2007;
Gómez-Díaz, 2009).

All PCR reactions were run with both positive (DNA from
cultured B. garinii-20047) and negative (distilled water) con-
trols. Amplification products were sent for direct sequencing
(Cogenics, France). Chromatographs were checked manually
and sequences were aligned using MAFFT v6 (http://
align.bmr.kyushu-u.ac.jp/mafft/online/server/) (Katoh et al.,
2009). We applied Gblocks to eliminate poorly aligned
positions of individual gene sequences (http://molevol.
cmima.csic.es/castresana/Gblocks_server.html) (Castresana,
2000), but in no case was more than 5% of the sequence
length eliminated, mainly gaps and missing data. The final
length of the concatenated B. garinii sequence was 3255 bp
for the eight chromosomal, and 517 bp and 619 bp for the
ospC and ospA plasmid genes.

Not all isolates amplified equally well across the different
loci, likely due to the relative quantity of bacterial DNA com-
pared with tick DNA (Gómez-Díaz et al., 2010), and multiple
infections were sometimes detected (data not shown). After
removing incomplete and mixed sequences, a subset of 53
B. garinii isolates (including both marine and terrestrial B.
garinii isolates) was subsequently used for multilocus
sequence analyses (Table 1). The sequences reported in
this article are available from the GenBank database
(Accession No. JF330910–JF331429). Individual allele
sequences for some of the genes analysed in this study can
also be found online on the MLSA database http://
pubmlst.org/bburgdorferi (Table S1).

Sequences of individual genes that differed by one or more
nucleotides were assigned distinct allele numbers using
DNAsp v5.1 (Rozas et al., 2003), with the option of excluding
sites with alignment gaps and/or missing data. Individual
sequence types (STs) are defined as each unique combina-
tion of alleles. ospC and ospA sequences were assigned
to previously defined serotype groups based on neigh-
bour-joining distance analyses using BioNJ (http://
www.phylogeny.fr/) on sequences from a selection of strains
representing OspA 1–8 and OspC A–U serotype groups,
available from GenBank (Wilske et al., 1993; Seinost et al.,
1999; Wang et al., 1999b). We calculated basic genetic sta-
tistics for all genes using DNAsp v5.1 (Rozas et al., 2003).
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Phylogenetic analyses

Both ospA and ospC plasmid loci showed evidence of
intragenic recombination and positive selection (see
Results). We thus examined phylogenetic relationships
based on the concatenated sequences of the eight chromo-
somal genes and in each of the two plasmid loci (ospA and
ospC), separately. Concatenated and individual ospA and
ospC sequences of reference strains of B. afzelii (VS461), B.
burgdorferi sensu stricto (B31) and B. lusitaniae (PotiB1)
were also included in the analyses as outgroups. Phyloge-
netic analyses were performed under ML using RAxML GUI
(Silvestro and Michalak, 2010), a graphical front–end for
RAxML-VI-HPC (Randomized Axelerated Maximum Likeli-
hood; Stamatakis, 2006). In the case of the concatenated
data set, we performed a partitioning scheme using eight
distinct models/data partitions with individual per partition
branch length optimization in order to deal with possible
phylogenetic incongruence among genes. ML, with the thor-
ough bootstrap option, was run from random seeds to gen-
erate 1000 non-parametric bootstrap replicates. All ML
analyses used the general time-reversible (GTR) model, with
a gamma model of rate heterogeneity. Individual a-shape
parameters, GTR rates and base frequencies were estimated
and optimized for each partition.

Comparative single-locus network analyses of ospA, ospC,
recG and pyrG allele sequences, available from GenBank
and the MLST B. burgdorferi database (http://
borrelia.mlst.net/), were performed using the program
SplitsTree v4.10 and the NeighborNet protocol (http://
www.splitstree.org/) (Huson, 1998).

Clonality and population structure

To visualize the extent of clonal reproduction and the effect of
recombination on our tree-based interpretation of clade struc-
ture in the marine cycle of B. garinii, we applied Clonalframe,
a sequence-based approach that uses concatenated
sequences to infer clonal relationships among isolates
(Didelot and Falush, 2007). Compared with traditional phylo-
genetic methods, ClonalFrame analyses do not force rela-
tionships to be tree-like, i.e. enables a network analysis, and
can incorporate recombination into the evolutionary recon-
struction. However, as both ospA and ospC showed strong
evidence of positive selection (see Results), these
sequences were excluded from the analysis. The program
was run using a burn-in of 100 000 iterations with 200 000
subsequent iterations. The resulting consensus network was
drawn using SplitsTree v4 (Huson, 1998).

Using chromosomal loci only, genetic structure between
marine and terrestrial subsets and between Atlantic and
Pacific marine regions, was calculated using an estimator of
Wright’s FST statistic (F) in the program Arlequin v3 (Excoffier,
2005). Within the North Atlantic, we also tested for genetic
differentiation among geographic localities and host-
associated tick groups. Within this region, where marine B.
garinii population parameters were found to fit panmictic
expectations (see Results), we also used Arlequin to estimate
the mismatch frequency distribution and to model the
expected distributions under three different demographic
scenarios: (i) stable population size, (ii) population demo-

graphic expansion and (iii) spatial expansion. Model fit was
examined by comparing the Harpending’s raggedness statis-
tic of the observed data relative to the models (Schneider and
Excoffier, 1999).

Recombination and selection

The composite likelihood coalescent method implemented in
LDhat (McVean et al., 2002) was applied to estimate rates of
recombination (r) for individual gene partitions and for the
concatenated loci data set. Using this program, we also per-
formed a non-parametric permutation test (LPT) to test the
hypothesis of no recombination (r = 0). In addition, we used
several recombination detection methods implemented in
RDP3 (Martin et al., 2005) to visualize hotspots of recombi-
nation along the chromosome and in each plasmid loci sepa-
rately in order to identify the individual sequences involved in
major recombination events. The program was run using
default parameters and only recombination events detected
by at least five methods were accepted.

We applied the ML phylogenetic framework implemented in
PAML 4.2b (Yang, 2007) to test for positive selection by
comparing the fixation rates of non-synonymous and synony-
mous substitutions (w = dN/dS). In this framework, w = 1 sug-
gests neutral evolution, w < 1 purifying selection and w > 1
diversifying positive selection. We estimated w per site using
the codon-based models M1a (nearly neutral) and the alter-
native model M2a (positive selection) (Nielsen and Yang,
1998). We then compared the null model M7 (where w follows
a beta distribution) and the alternative model M8 (which adds
sites with w > 1). The two model pairs differ in the number of
parameters considered (i.e. M1a and M2a are regarded as
simpler versions of M7 and M8). We then applied the BEB
analysis implemented in PAML (Yang et al., 2005) to identify
the potential sites under selection, indicated by a posterior
probability (pP) > 0.95. Finally, LRTs (2df) were used to deter-
mine which model (i.e. neutral evolution versus selection)
best fit our data set using MODELTEST 3.7 (Posada and
Crandall, 1998).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Unrooted distance network on recG allele
sequences of Borrelia garinii strains analysed in this study
together with recG alleles available at the MLST B. burgdor-
feri database (http://www.mlst.net/). Identical sequences for
marine and terrestrial isolates in this study have been col-
lapsed into unique alleles. Major nodes with bootstrap
support > 70% are shown. The scale bar indicates the dis-
tance. Pacific marine (PAC), Atlantic marine (ATL) and ter-
restrial isolates are indicated in blue, black bold and red
respectively. Reference strains from the MLST database are
in grey. For terrestrial strains, two-digit country codes indicate
the origin and are those supplied by the ISO (International
Organization for Standardization, http://www.iso.org). For
more information on terrestrial strains visit the MLST data-
base. The network was built using SplitsTree (see text).
Fig. S2. Unrooted distance network on pyrG allele
sequences of Borrelia garinii strains analysed in this study
together with pyrG alleles available at the MLST B. burgdor-
feri database (http://www.mlst.net/). Identical sequences for
marine and terrestrial isolates in this study have been col-
lapsed into unique alleles. Major nodes with bootstrap
support > 70% are shown. The scale bar indicates the dis-
tance. Pacific marine (PAC), Atlantic marine (ATL) and ter-
restrial isolates are indicated in blue, black bold and red

respectively. Reference strains from the MLST database are
in grey. For terrestrial strains, two-digit country codes indicate
the origin and are those supplied by the ISO (International
Organization for Standardization, http://www.iso.org). For
more information on terrestrial strains visit the MLST data-
base. The network was built using SplitsTree (see text).
Fig. S3. Maximum likelihood phylogenetic tree of ospA
sequences of 53 Borrelia garinii strains analysed in this study.
Labels at branch tips refer to strain number, seabird host and
collection site. Terrestrial isolates are indicated in red and
North Pacific marine isolates are highlighted in blue. Cultured
non-B. garinii references strains are in grey. Only bootstrap
supports greater than 70% are shown. Major OspA serotype
groups for which there was a significant match are indicated
(see text). Information on branch tip labels can be found in
Table 1.
Fig. S4. Maximum likelihood phylogenetic tree of ospC
sequences of 53 Borrelia garinii strains analysed in this study.
Labels at branch tips refer to strain number, seabird host and
collection site. Terrestrial isolates are indicated in red and
North Pacific marine isolates are highlighted in blue. Only
bootstrap supports greater than 70% are shown. Major OspC
serotype groups for which there was a significant match are
indicated (see text). Information on branch tip labels can be
found in Table 1.
Fig. S5. Unrooted distance network of ospA allele
sequences of Borrelia garinii strains analysed in this study
together with ospA reference sequences available from
GenBank (see Table S4). Identical sequences for marine and
terrestrial isolates in this study have been collapsed into
unique alleles. Major nodes with bootstrap support > 70% are
shown. The scale bar indicates the distance. Pacific marine
(PAC), Atlantic marine (ATL) and terrestrial isolates are indi-
cated in blue, black bold and red respectively. Reference
strains from the MLST database are in grey. For terrestrial
strains, two-digit country codes indicate the origin and are
those supplied by the ISO (International Organization for
Standardization, http://www.iso.org). The network was built
using SplitsTree (see text).
Fig. S6. Unrooted distance network of ospC allele
sequences of Borrelia garinii strains analysed in this study
together with ospC reference sequences available from
GenBank (see Table S5). Identical sequences for marine and
terrestrial isolates in this study have been collapsed into
unique alleles. Major nodes with bootstrap support > 70% are
shown. The scale bar indicates the distance. Pacific marine
(PAC), Atlantic marine (ATL) and terrestrial isolates are indi-
cated in blue, black bold and red respectively. Reference
strains from the MLST database are in grey. For terrestrial
strains, two-digit country codes indicate the origin and are
those supplied by the ISO (International Organization for
Standardization, http://www.iso.org). The network was built
using SplitsTree (see text).
Fig. S7. Mismatch frequency distribution of observed pair-
wise nucleotide differences in concatenated multilocus
sequences (eight loci) of the North Atlantic B. garinii popula-
tion (grey bars) and mismatch distributions modelled under
three different demographic scenarios (see legend).
Table S1. Allelic profiles of 53 Borrelia garinii isolates analy-
sed in this study based on eight chromosomal and two
plasmid gene sequences. For flaB, groEL, recA, IGS and
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hbb; alleles match those of the MLSA B. burgdorferi database
(http://pubmlst.org/bburgdorferi/). Alleles that have been pre-
viously described are indicated (*). In the case of pyrG and
recG genes, the alleles for which a significant match was
found in the MLST B. burgdorferi database (http://
www.mlst.net/) are listed (our allele number/MLST database
allele number). For some genes, allele lengths submitted to
the databases do not match sequence lengths submitted to
GenBank. See Table 1 for details on the sampling origin of
isolates and Table 2 for information on the genes used.
Table S2. Recombination events estimated by RDP3 on the
10 loci B. garinii data set. Events listed correspond to those
detected by more than five different recombination detection
methods with a significant P-value (P < 0.05). Some break-
point positions are undetermined. The minor and major
parents are the strains contributing the smaller and the larger

fraction of the recombinant sequence respectively. The ques-
tion mark means missing parental sequence in the alignment.
Terrestrial strains contributing to recombination events are
highlighted in bold.
Table S3. Amplification conditions and primer sequences
used in this study.
Table S4. Reference sequences used in the comparative
network analysis of the ospA gene (see Fig. S5).
Table S5. Reference sequences used in the comparative
network analysis of the ospC gene (see Fig. S6).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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