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Population genomic studies have the potential to address many unresolved questions about microbial
pathogens by facilitating the identification of genes
underlying ecologically important traits, such as novel
virulence factors and adaptations to humans or other
host species. Additionally, this framework improves
estimations of population demography and evolutionary
history to accurately reconstruct recent epidemics and
identify the molecular and environmental factors that
resulted in the outbreak. The Lyme disease bacterium,
Borrelia burgdorferi, exemplifies the power and promise
of the application of population genomics to microbial
pathogens. We discuss here the future of evolutionary
studies in B. burgdorferi, focusing on the primary evolutionary forces of horizontal gene transfer, natural selection, and migration, as investigations transition from
analyses of single genes to genomes.
Population genomics of microbial pathogens
The central purpose of population genetics (see Glossary) is
to identify environmental, historical, and evolutionary
processes that shape naturally occurring genetic variation.
The power to detect and describe these processes from
natural populations has increased in parallel with
advances in sequencing technologies, which provide ever-increasing amounts of genetic information. This trend
has resulted in dramatic improvements in both the accuracy and resolution of evolutionary inferences and has
expanded the types of hypothesis that are addressable
[1–3]. The application of population genetic theory to
molecular data from DNA sequences, which describes
the relatedness among alleles, reveals the history of past
evolutionary processes
Population genetic analyses of individual loci have
resulted in outstanding progress in the study of many
microbial pathogens [4]. However, analyses of a single
locus or multilocus data sets are often inadequate to study
evolutionary processes on fine spatial and temporal scales,
precisely the scales at which evolutionary and mechanistic
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processes can be detected and described [5,6]. By contrast,
genomic data sets from populations of individuals are
likely to contain sufficient information to precisely infer
demographic and evolutionary processes at fine scales by
applying classical population genetic theory across all
genetic loci [7]. Simultaneous analysis of all genomic loci
is more powerful than the sum of analyses of individual loci
because loci with distinct patterns of variation, caused by a
specific evolutionary process, can be identified against the
backdrop of the genome-wide allele frequency distributions, which are affected by neutral and demographic
processes [8–10].
Investigations of microbial pathogens are particularly
poised to take advantage of the power of population genomics due to the minimal cost of sequencing small genomes
[11–16]. Full-genome data sets can be acquired from every
sampled individual, such that all novel variations from
multiple environmental conditions and spatial scales can
be detected [17–19]. The developing single cell and selective whole-genome amplification technologies circumvent
the need for laboratory culture and the biases associated
with culturing, providing cost-effective and practical methods to obtain sufficiently pure genomic DNA for highthroughput sequencing [11–13,15].
Remarkable advances in the evolutionary biology of
microbial pathogens, such as the identification of hostassociated and virulence mutations [17,18], the identification of selective pressures within and among environments
Glossary
Balancing selection: selective processes that favor the maintenance of multiple
alleles in a population.
Historical demography: the quantitative study of historic population parameters, such as changes in population size and migration rates.
Horizontal gene transfer: the transfer of genetic components between
organisms of the same generation rather than vertical transfer from parent
to offspring.
Linkage disequilibrium: the nonrandom association of alleles at two or more loci.
Multiple niche polymorphism: a type of balancing selection in which diversity
is maintained when the environment is heterogeneous and no single genotype
has the highest fitness in all environments
Negative frequency-dependent selection: a type of balancing selection in
which an allele confers a fitness advantage when it is rare in a population.
Phylogeography: the study of the environmental, ecological, and evolutionary
processes that are responsible for the current geographic distribution of
individuals and species.
Population genetics: the study of how natural selection, genetic drift, mutation,
and gene flow affect allele frequencies in a population.
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[20], the discovery of genetic variation in pathogen populations previously thought to be clonal [21–23], and the
reconstruction of recent epidemics [24–30], have already
been realized in population genomic studies. Population
genomic studies can also directly impact public health [31],
as demonstrated by a recent study of Staphylococcus
aureus in hospital patients that found no evidence of
interpatient transmission, in direct contrast to previous
conclusions based on low-resolution typing methods
[32]. The results of this study can guide hospital infection-control policies and may affect health insurance reimbursement policies [32].
The power and promise of population genomics for
bacterial pathogens is well illustrated by the bacterial
spirochete, Borrelia burgdorferi sensu stricto, a member
of the B. burgdorferi sensu lato species complex [33–37].
Borrelia burgdorferi is an obligate vector-borne pathogen,
transmitted among vertebrate wildlife species by ticks in
the genus Ixodes [38,39]. Infected ticks can bite and transmit B. burgdorferi to humans, resulting in Lyme borreliosis, which is the most common vector-borne disease in
North America [40]. Population genomic analyses are ideal
for identifying genes that are locally adapted to host
species or to different geographic and climatic conditions
[17,41]. Additionally, population genomic analyses can
infer historical and recent range expansions at fine spatial
and temporal scales with the potential to identify causative
mechanisms [25,30,39,41]. Genomic studies of the currently available B. burgdorferi genomes have been comprehensively reviewed elsewhere [39,42,43]. Here, we discuss the
future of B. burgdorferi population biology as investigations transition from analyses of single genes to multiple
genes to genomes.
Genomic architecture of B. burgdorferi
The genomic architecture of Borrelia is unique among
bacteria, comprising a linear chromosome (1 Mb) containing primarily housekeeping genes and numerous linear and circular plasmids (collectively 0.6 Mb) that
contain the majority of genes necessary for infection of
vertebrate hosts and tick vectors [42,44,45]. The order of
genes on the plasmids is variable among strains, which
impedes efficient genome assembly but has little effect on
many population genomic analyses [23]. However, the
variation in gene content on plasmids can impact the
interpretation of investigations of horizontal gene transfer,
natural selection, and phylogeography. In the following
sections, we explore some of the potential impacts of the
complex genomic architecture of B. burgdorferi on the
interpretation of population genomic analyses.
Horizontal gene transfer
The population genetic processes that govern evolutionary
change include mutation and recombination, natural selection, genetic drift, and gene flow. Although population genomic analyses are poised to make dramatic advances in
each of these areas, B. burgdorferi genomic data have been
used most extensively in the study of mutation and recombination. Horizontal gene transfer is an important evolutionary force that can accelerate adaptation by mitigating
the effects of clonal interference, increasing the effective
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strength of natural selection, combining beneficial mutations in a single genome, and purging deleterious mutations
[46–49].
Early investigations of horizontal gene transfer focusing
on two chromosomal loci and one plasmid-borne locus
suggested that B. burgdorferi was perfectly clonal
[50,51]. The strict clonality of B. burgdorferi has been
consistently supported by multilocus studies with the notable exceptions of the surface-exposed outer surface protein C (ospC) and ospE/F-related loci [23,42,52–55]. These
apparent recombination hotspots are perhaps more indicative of natural selection favoring diversity than a proclivity for recombination, because horizontally transferred
alleles under diversifying selection are more likely to be
retained and, thus, detected [47]. Among all other loci, only
limited recombination was detected when B. burgdorferi
from geographically isolated regions were analyzed together [56], and no recombination was detected when only one
geographic region was analyzed [57]. Simultaneous analysis of eight loci was finally able to detect a strikingly low
rate of horizontal gene transfer among isolates from a
single geographic region [58].
Despite the conclusion of nearly complete clonality derived from single and multilocus studies, evidence from
genome-level investigations suggested that three-quarters
of the standing sequence diversity in B. burgdorferi can be
attributed to the reassortment of polymorphisms through
recombination, while only a quarter is due to point mutations [23]. Although linkage disequilibrium is expected to
be inversely correlated with genetic distance, the pattern of
linkage disequilibrium in B. burgdorferi found in these
studies was more complex [23,43,59]. These studies suggest that horizontal gene transfer among B. burgdorferi
lineages is ‘localized’, leading to the anomalous result of a
positive correlation between linkage disequilibrium and
genetic distance [23]. Specifically, evidence of recombination was apparent among nucleotides within 500 bases of
each other, but not at larger genetic distances, resulting in
the conclusion of ‘pervasive localized recombination but
genome-wide clonality’ [23]. The authors of this study
caution that recombination and point mutation rate estimates are strongly affected by sampling biases, which
could alter the interpretation of their results [23]. That
is, this counter-intuitive result may be explained by an
overestimation of recombination rates caused by analyses
of a set of genomes that were not sampled randomly but
chosen to represent the global diversity of B. burgdorferi
[23]. Supporting this interpretation, a recent study of
randomly sampled B. burgdorferi genomes estimated a
lower recombination rate [60]. Future studies of horizontal
gene transfer in B. burgdorferi using randomly sampled
genomes within powerful analytical frameworks [61–63]
are likely to resolve outstanding questions regarding the
rate of horizontal gene transfer in natural B. burgdorferi
populations.
Natural selection
Innumerable population genetic studies in many pathogen
species have identified genes under natural selection, including the ospC and the surface-exposed lipoprotein,
vlsE loci in B. burgdorferi. The ospC locus encodes a
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surface-exposed protein that may promote dissemination
in vertebrate hosts, although its precise function is still
debated [64–67]. Alleles at the ospC locus have an exceptionally long coalescence time and are found in nearly
every natural B. burgdorferi population at relatively even
frequencies, both of which suggest that balancing selection
maintains the variation at ospC [23,68,69]. Balancing selection acting on ospC occurs through either multiple niche
polymorphism or negative frequency-dependent selection,
both of which have some empirical or theoretical support.
Empirical studies from natural populations and laboratory
experiments have demonstrated that there are nonrandom
associations between ospC alleles and host species, supporting the multiple niche polymorphism model of balancing selection [65,70–73], whereas mathematical modeling
has demonstrated that negative frequency-dependent selection could be sufficient to maintain the ospC polymorphism in the absence of multiple niche polymorphism
[23]. Natural selection favoring an increased evolutionary
rate at the immune evasion locus, vlsE, has also been
described [74–80]. Although greater rates of vlsE sequence
evolution provide a selective advantage by enhancing immune evasion capability, empirical data suggest that the
rate of sequence evolution is limited by natural selection
for molecular functionality, such as highly efficient translation [81].
Despite some success in identifying loci under natural
selection and associating those genes with an adaptive
trait, there are multiple challenges with the candidate
gene approach. First, there are no data-derived expectations of the effects of neutral evolutionary or demographic
processes on patterns of sequence variation [82]. Without
an empirical neutral model, locus-specific selection cannot be separated from neutral processes or processes that
have genome-wide effects. Targets of natural selection
are especially difficult to identify in highly clonal species,
such as B. burgdorferi, without comparison to many other
loci throughout the genome [83]. Second, candidate loci
typically are chosen due to their antigenicity or surface
exposure, which may not be indicative of an ecologically
relevant gene or even a gene with alleles that vary in their
effects on fitness. For example, both the FlaB and OspA
proteins are antigenic but have little or no allelic variation within populations and no evidence of positive natural selection has been detected [39,84–86]. Third and
most importantly, the candidate gene approach cannot
identify the genes relevant to the phenotype under investigation if they are not included in the a priori chosen set
of loci. Thus, many genes that are relevant to the phenotype under investigation will not be identified without
whole-genome data.
Population genomic analyses can address many of these
shortcomings. Not only does population genomics eliminate the need for a priori candidate genes, but these
approaches can also distinguish selective, neutral, and
demographic processes that shape patterns of allelic variation differentially across loci [8–10]. For example, although selective sweeps and population bottlenecks have
similar effects on the coalescence times and genetic diversity of a single locus, population bottlenecks affect all loci,
whereas the impact of selection is locus specific (Figure 1).
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Figure 1. Population genomic analyses reveal selective, neutral, and demographic
processes affecting loci across the genome. Population genetic summary statistics,
such as pA/pS, can be calculated as continuous variables along the length of the
genome. Evolutionary processes such as (A) regions under purifying selection, (B)
neutrally evolving regions, (C) regions experiencing positive selection, and (D)
horizontal gene transfer events leave distinct signatures on these summary
statistics. The topology of phylogenies, including branch lengths and evolutionary
relations, inferred from different loci along the genome also reflect the particular
evolutionary or demographic processes governing the allelic variation along the
genome.

Population genomic analyses provide a framework to simultaneously estimate both genome-wide averages and
statistical outliers to identify genes under natural selection with minimum a priori assumptions [8,10]. Genomewide averages provide a baseline of demographic and
neutral processes, while outliers indicate an evolutionary
process, such as natural selection, acting on specific loci
[8,10]. Although several commonly used statistical tests
are ineffective in highly clonal populations, such as B.
burgdorferi (Tajima’s D; F ST), analyses that assess the
rate of fixation of amino acids (dN/dS; Relative Rates tests),
especially those that are informed by the neutral phylogeny (Zonal analysis; Convergence tests), can be effective in
clonal pathogen species [7]. For example, 39 novel targets
of positive natural selection for drug resistance were identified in Mycobacterium tuberculosis, a highly clonal species, using the Phylogenetic Convergence test and a
genome-wide phylogeny from 123 strains [87].
Population genomic studies of adaptive molecular
variation in B. burgdorferi have the potential to identify
genes underlying ecologically relevant traits and describe the fitness consequences of allelic variation at
these loci. Although single-gene analyses have made
some advances, many of the major unresolved questions
can be readily addressed through population genomic
analyses, including why only some B. burgdorferi
strains are regularly found in human infections. Why
are B. burgdorferi strains associated with different symptoms in humans? Are B. burgdorferi locally adapted to
environmental conditions or host species? How many
genes influence host species specialization and what
are their relative effect sizes? To what extent does linkage disequilibrium and genomic architecture limit adaptation? Similar questions have been addressed using a
population genomic framework in other bacterial pathogen systems. For example, population genomic analysis
of 3615 genome sequences enabled the description of the
timing of mutations, horizontal gene transfer events, and
natural selection that led to the ‘flesh-eating’ Streptococcus epidemic [18].
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Phylogeography and historical demography
Emerging and re-emerging infectious pathogens are a
substantial burden on both human health and economics
[88–90]. The emergence and spread of pathogens are
thought to be driven largely by environmental and ecological factors, many of which are changing rapidly due to
human activity [91–93]. The history of migratory events
and changes in population sizes in microbial populations
that have led to the current species distribution is most
readily studied using phylogeographic tools. Phylogeography incorporates geographic, ecological, and environmental correlates onto sequence-based phylogenies to address
hypotheses and interpret patterns of present-day species
distributions in light of historical events [94]. Results from
fine-scale phylogeographic investigations can identify
mechanistic drivers of demography that can be used to
predict future population or range expansions [30,95]. The
resolution and accuracy of phylogeographic studies are
correlated with the amount of DNA sequence information
analyzed and the number of individuals sampled (Figure 2)
[21,96,97]. Thus, genome-level data sets with populationlevel sampling will improve inferences about historical
demography and evolutionary history.
Borrelia burgdorferi populations exist in four major
isolated regions: the Northeastern, Midwestern, and far
western North America, and Europe. At these coarse spatial scales, sequence information from a single chromosomal locus was sufficient to detect barriers to gene flow
between the Midwestern and Northeastern USA [98]. However, the among-region population genetic structure that
was detected was driven by the absence of one of the three
basal phylogenetic clades from the Midwestern region,
potentially due to natural selection [98]. Analyses using
only the clades present in both regions were not sufficient
to detect population genetic structure even at these coarse
scales and the sequence information from a single gene was
also insufficient to detect barriers to gene flow within the
geographic regions [98].

(A)

(B)
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Figure 2. The resolution and accuracy of phylogeographic inferences increases
with increasing DNA sequence information. (A) Limited sequence information
results in a largely unresolved phylogeny, which provides little power to infer
historical demography and migratory history. For example, the direction and
timing of migratory events between locations (red or blue) cannot be inferred from
unresolved trees if the ancestral location of a clade cannot be reconstructed. (B)
The ancestral location (blue) can be inferred from fully resolved phylogenies,
enabling the detection of migration events (from the blue location to red location).
Furthermore, the relative timing of migration events can be inferred from the
branch lengths of the phylogeny. The accuracy of the inferred direction and timing
of migration events depends on the statistical confidence in the reconstructed
phylogeny [95,97].
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Phylogeographic analyses of multiple loci from B. burgdorferi sampled across a larger geographic range improved the resolution of the inferred migratory history
of B. burgdorferi. Evidence of limited historical gene flow
from multilocus studies suggested that past migration
events originated in eastern America and subsequently
colonized the American Midwest [58,99], which agrees
with the historical migration of the tick vector [98,100,
101]. However, phylogenetic analyses of multiple loci have
not resolved the debate on the geographic origin of B.
burgdorferi, because a European and an American origin
both have statistical support [52,102–104]. Fine and even
coarse temporal and spatial scale resolution of the directions, rates, and timing of migration events, as well as the
geographic origin of the species, will require analyses of
genomes from geographically stratified samples and multiple outgroup genomes.
The rate of human Lyme borreliosis incidence and the
geographic range of affected areas have both increased
continuously since the disease was described by Willy
Burgdorfer and colleagues in 1981 [105,106]. Application
of coalescent-based phylogeography, as implemented in
BEAST and other programs [107], to randomly sampled
genomes from natural B. burgdorferi populations will enable fine-scale reconstruction of the direction and timing of
these recent population and range expansions. These analytical frameworks can also be used to correlate ecological
and environmental parameters with the demographic history of B. burgdorferi to identify factors that have led to the
recent upsurge in Lyme borreliosis. Coalescent-based phylogeography has been used to reconstruct the spatial epidemic history of many pathogens, including avian
influenza and rabies viruses [30,108]. Additionally, this
framework was used to identify environmental factors,
such as the construction of transportation networks in
Africa, which drove the early population dynamics of
HIV-1 that led to the current global pandemic [109].
Challenges for future B. burgdorferi population genomic
studies
The analytical power of population genomics not only offers
great promise, but also has the potential to lead the field
astray. All population genomic analyses have underlying
assumptions that, when violated, can result in inaccurate
inferences that nonetheless have strong statistical support. It falls upon researchers to determine whether their
data conform to the assumptions of the analyses because
most analytical platforms cannot detect data sets that
violate their assumptions. The sets of sequenced genomes
that are publically available for many species rarely conform to the assumptions of population genomic analyses;
the available B. burgdorferi genomes are no exception. The
42 currently available complete and draft B. burgdorferi
genomes were collected from disparate geographic regions
at different time points, only one of which was isolated
from a known natural vertebrate host, and many were
collected from humans, a dead-end species for this pathogen [110]. Although it is tempting to draw population
inferences from these genomes, these samples do not constitute random samples from a population that shares an
evolutionary history. Future studies that obtain host and
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environment-associated information in addition to randomly sampled B. burgdorferi genomes from one or multiple populations can properly harness the power of
population genomics to accurately infer mutational processes, adaptation to local environments, and population
demography.
The association of B. burgdorferi phenotypes with the
presence or absence of genes can be challenging because
genome assembly is complicated by the complex genomic
architecture. Incorrect genome assembly can result in
apparent but not actual gene deletions that can conceal
or identify associations between genes and phenotypes.
Furthermore, B. burgdorferi in laboratory culture quickly
lose plasmids, resulting in true gene loss that is unrelated
to the phenotype observed in nature [111]. Proper experimental controls, as well as long-read sequencing [112,113]
and advances in culture-free sequencing technologies
[12,13,16], can be used to overcome some of these challenges.
Coalescence-based analyses assume that all loci in a
genomic region share a common evolutionary history, an
assumption that is violated by horizontal gene transfer.
Genomic regions that do not share a common evolutionary history due to horizontal gene transfer can be readily
identified in many analyses [61–63] and unlinked regions
must be analyzed independently. An important consideration for multilocus and genomic B. burgdorferi studies
is that loci will not share a common evolutionary history
if they are derived from different strains in a mixed
infection. Loci from different strains in a mixed infection
that are incorrectly assembled into a single genome will
cause erroneous conclusions from coalescence-based
analyses. Genomic regions that do not share a common
evolutionary history due incorrect assignment of loci
among genomes that were sequenced from a mixed infection can be overcome with deeper sequencing [114] and
using computational methods to better assign polymorphic bases [115].
Concluding remarks
Population genomic analyses separate processes that affect specific loci, such as natural selection, from processes
that affect all loci, such as genetic drift, migration, and
changes in population size. The population demography
and evolutionary history of B. burgdorferi can be accurately inferred from genome-wide data, while the specific loci
can be associated with an ecologically relevant trait. Future population genomic studies of B. burgdorferi should
occur in four distinct phases [82]. First, the sample of B.
burgdorferi genomes must conform to the assumptions of
empirical population genetic data, most notably random
sampling from natural populations. Second, each genome
sequence must be derived from an individual strain even if
the strain was derived from a sample containing multiple
strains. Third, genome-wide data should be used to generate null models and estimate the average effects of neutral
and demographic processes. Fourth, specific loci that are
statistically distinct can be associated with ecologically
relevant traits. The final two analytical phases provide a
powerful framework to explore the evolutionary history of
B. burgdorferi at fine and coarse scales (tens of kilometers
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and thousands of kilometers, respectively), address many
major unresolved questions, and identify candidate loci for
future functional investigations.
Population genomics has the potential to unlock the
mysteries of adaptive evolution and to refine inferences
about evolutionary histories. Genome-wide averages derived from the application of population genetic statistics
to randomly sampled full genomes provide a baseline of
demographic and neutral processes against which adaptive molecular variation can be discovered at all loci.
Identification of the loci that underlie the genetic basis
of adaptation for particular traits is perhaps the most
exciting application of the population genomics. However,
population genomics approaches are equally valuable for
improving inferences about the population demography
and evolutionary history associated with the recent emergence of Lyme borreliosis.
Acknowledgments
This work was supported in part by grants from the NIH AI076342, NIH
AI097137, NSF DEB-1354184, the Burroughs Wellcome Fund (1012376),
the Lyme Research Alliance, the Bay Area Lyme Foundation, and the
NSF GRFP DGE-1321851. The authors are very grateful to the
anonymous reviewers who helped to refine and improve the writing of
this manuscript.

References
1 Shapiro, B.J. et al. (2012) Population genomics of early events in the
ecological differentiation of bacteria. Science 336, 48–51
2 Stukenbrock, E.H. et al. (2011) The making of a new pathogen:
insights from comparative population genomics of the domesticated
wheat pathogen Mycosphaerella graminicola and its wild sister
species. Genome Res. 21, 2157–2166
3 Andrews, K.R. and Luikart, G. (2014) Recent novel approaches for
population genomics data analysis. Mol. Ecol. 23, 1661–1667
4 Smith, J.M. et al. (2000) Population structure and evolutionary
dynamics of pathogenic bacteria. Bioessays 22, 1115–1122
5 Margos, G. et al. (2011) Population genetics, taxonomy, phylogeny and
evolution of Borrelia burgdorferi sensu lato. Infect. Genet. Evol. 11,
1545–1563
6 Coletta-Filho, H.D. et al. (2011) Spatial genetic structure of a vectorborne generalist pathogen. Appl. Environ. Microbiol. 77, 2596–2601
7 Shapiro, B.J. et al. (2009) Looking for Darwin’s footprints in the
microbial world. Trends Microbiol. 17, 196–204
8 Hohenlohe, P.A. et al. (2010) Using population genomics to detect
selection in natural populations: key concepts and methodological
considerations. Int. J. Plant Sci. 171, 1059–1071
9 Wright, S.I. et al. (2005) The effects of artificial selection on the maize
genome. Science 308, 1310–1314
10 Black, W.C.I. et al. (2001) Population genomics: genome-wide
sampling of insect populations. Annu. Rev. Entomol. 46, 441–469
11 Lasken, R.S. and McLean, J.S. (2014) Recent advances in genomic
DNA sequencing of microbial species from single cells. Nature Rev.
Gen. 15, 577–584
12 Leichty, A.R. and Brisson, D. (2014) Selective whole genome
amplification for resequencing target microbial species from
complex natural samples. Genetics 198, 473–481
13 Seth-Smith, H.M.B. et al. (2013) Whole-genome sequences of
Chlamydia trachomatis directly from clinical samples without
culture. Genome Res. 23, 855–866
14 Richardson, M.F. et al. (2012) Population genomics of the Wolbachia
endosymbiont in Drosophila melanogaster. PLoS Genet. 8, e1003129
15 Pain, A. et al. (2008) The genome of the simian and human malaria
parasite Plasmodium knowlesi. Nature 455, 799–803
16 Ellegaard, K.M. et al. (2013) Comparative genomics of Wolbachia and
the bacterial species concept. PLoS Genet. 9, e1003381
17 Sheppard, S.K. et al. (2013) Genome-wide association study identifies
vitamin B 5 biosynthesis as a host specificity factor in Campylobacter.
Proc. Natl. Acad. Sci. U.S.A. 110, 11923–11927
205

Review
18 Nasser, W. et al. (2014) Evolutionary pathway to increased virulence
and epidemic group A Streptococcus disease derived from 3,615
genome sequences. Proc. Natl. Acad. Sci. U.S.A. 111, E1768–E1776
19 Pespeni, M.H. et al. (2011) Genome-wide polymorphisms show
unexpected targets of natural selection. Proc. R. Soc. B. Published
online October 12, 2011. (http://dx.doi.org/10.1098/rspb.2011.1823)
20 Lieberman, T.D. et al. (2014) Genetic variation of a bacterial pathogen
within individuals with cystic fibrosis provides a record of selective
pressures. Nat. Genet. 46, 82–87
21 Achtman, M. (2008) Evolution, population structure, and
phylogeography of genetically monomorphic bacterial pathogens.
Annu. Rev. Microbiol. 62, 53–70
22 Namouchi, A. et al. (2012) After the bottleneck: genome-wide
diversification of the Mycobacterium tuberculosis complex by
mutation, recombination, and natural selection. Genome Res. 22,
721–734
23 Haven, J. et al. (2011) Pervasive recombination and sympatric genome
diversification driven by frequency-dependent selection in Borrelia
burgdorferi, the Lyme disease bacterium. Genetics 189, 951–966
24 Castro-Nallar, E. et al. (2012) The evolution of HIV: inferences using
phylogenetics. Mol. Phylogenet. Evol. 62, 777–792
25 Morelli, G. et al. (2010) Yersinia pestis genome sequencing identifies
patterns of global phylogenetic diversity. Nat. Genet. 42, 1140–1143
26 Rasko, D.A. et al. (2011) Origins of the E. coli strain causing an
outbreak of hemolytic-uremic syndrome in Germany. N. Engl. J.
Med. 709–717
27 Fitzgerald, J.R. et al. (2001) Evolutionary genomics of Staphylococcus
aureus: insights into the origin of methicillin-resistant strains and the
toxic shock syndrome epidemic. Proc. Natl. Acad. Sci. U.S.A. 98,
8821–8826
28 Broekhuijsen, M. et al. (2003) Genome-wide DNA microarray analysis
of Francisella tularensis strains demonstrates extensive genetic
conservation within the species but identifies regions that are
unique to the highly virulent F. tularensis subsp. tularensis. J.
Clin. Microbiol. 41, 2924–2931
29 Ruan, Y. et al. (2003) Comparative full-length genome sequence
analysis of 14 SARS coronavirus isolates and common mutations
associated with putative origins of infection. Lancet 361, 1779–1785
30 Lemey, P. et al. (2014) Unifying viral genetics and human
transportation data to predict the global transmission dynamics of
human influenza H3N2. PLoS Pathog. 10, e1003932
31 Didelot, X. et al. (2012) Transforming clinical microbiology with
bacterial genome sequencing. Nat. Rev. Genet. 13, 601–612
32 Long, S.W. et al. (2014) Absence of patient-to-patient intrahospital
transmission of Staphylococcus aureus as determined by wholegenome sequencing. MBio 5, e01692–e01714
33 Fukunaga, M. et al. (1996) Phylogenetic analysis of Borrelia species
based on flagellin gene sequences and its application for molecular
typing of Lyme disease borreliae. Int. J. Syst. Evol. Microbiol. 46,
898–905
34 Richter, D. et al. (2006) Delineation of Borrelia burgdorferi sensu lato
species by multilocus sequence analysis and confirmation of the
delineation of Borrelia spielmanii sp. nov. Int. J. Syst. Evol.
Microbiol. 56, 873–881
35 Postic, D. et al. (2007) Multilocus sequence analysis of atypical
Borrelia burgdorferi sensu lato isolates: description of Borrelia
californiensis sp. nov. and genomospecies 1 and 2. Int. J. Med.
Microbiol. 297, 263–271
36 Margos, G. et al. (2009) A new Borrelia species defined by multilocus
sequence analysis of housekeeping genes. Appl. Environ. Microbiol.
75, 5410–5416
37 Morlon, H. et al. (2012) Explosive radiation of a bacterial species
group. Evolution 66, 2577–2586
38 Barbour, A.G. and Hayes, S.F. (1986) Biology of Borrelia species.
Microbiol. Rev. 50, 381–400
39 Qiu, W.G. and Martin, C.L. (2014) Evolutionary genomics of Borrelia
burgdorferi sensu lato: findings, hypotheses, and the rise of hybrids.
Infect. Genet. Evol. 27, 576–593
40 Rizzoli, A. et al. (2011) Lyme borreliosis in Europe. Eurosurveillance
16, 19906
41 Coleman, M.L. and Chisholm, S.W. (2010) Ecosystem specific
selection pressures revealed through comparative population
genomics. Proc. Natl. Acad. Sci. U.S.A. 17, 18634–18639
206

Trends in Genetics April 2015, Vol. 31, No. 4

42 Casjens, S.R. et al. (2012) Genome stability of Lyme disease
spirochetes: comparative genomics of Borrelia burgdorferi
plasmids. PLoS ONE 7, e33280
43 Brisson, D. et al. (2012) Genetics of Borrelia burgdorferi. Annu. Rev.
Genet. 46, 515–536
44 Chaconas, G. and Kobryn, K. (2010) Structure, function, and evolution
of linear replicons in Borrelia. Annu. Rev. Microbiol. 64, 185–202
45 Samuels, D.S. (2011) Gene regulation in Borrelia burgdorferi. Annu.
Rev. Microbiol. 65, 479–499
46 Wiedenbeck, J. and Cohan, F.M. (2011) Origins of bacterial diversity
through horizontal genetic transfer and adaptation to new ecological
niches. FEMS Microbiol. Rev. 35, 957–976
47 Vos, M. (2009) Why do bacteria engage in homologous recombination?
Trends Microbiol. 17, 226–232
48 Polz, M.F. et al. (2013) Horizontal gene transfer and the evolution
of bacterial and archaeal population structure. Trends Genet. 29,
170–175
49 Gyles, C. and Boerlin, P. (2013) Horizontally transferred genetic
elements and their role in pathogenesis of bacterial disease. Vet.
Pathol. 51, 328–340
50 Dykhuizen, D.E. et al. (1993) Borrelia burgdorferi is clonal:
implications for taxonomy and vaccine development. Proc. Natl.
Acad. Sci. U.S.A. 90, 10163–10167
51 Smith, J.M. and Smith, N.H. (1998) Detecting recombination from
gene trees. Mol. Biol. Evol. 15, 590–599
52 Margos, G. et al. (2008) MLST of housekeeping genes captures
geographic population structure and suggests a European origin of
Borrelia burgdorferi. Proc. Natl. Acad. Sci. U.S.A. 105, 8730–8735
53 Stevenson, B. and Miller, J.C. (2003) Intra- and interbacterial genetic
exchange of Lyme disease spirochete erp genes generates sequence
identity amidst diversity. J. Mol. Evol. 57, 309–324
54 Barbour, A.G. and Travinsky, B. (2010) Evolution and distribution of
the ospC gene, a transferable serotype determinant of Borrelia
burgdorferi. MBio 1, e00153-10
55 Brisson, D. et al. (2013) Distribution of cp32 prophages among Lyme
disease-causing spirochetes and natural diversity of their lipoproteinencoding erp loci. Appl. Environ. Microbiol. 79, 4115–4128
56 Brisson, D. et al. (2010) Evolution of northeastern and midwestern
Borrelia burgdorferi, United States. Emerg. Infect. Dis. 16, 911–917
57 Bunikis, J. et al. (2004) Sequence typing reveals extensive strain
diversity of the Lyme borreliosis agents Borrelia burgdorferi in
North America and Borrelia afzelii in Europe. Microbiology 150,
1741–1755
58 Margos, G. et al. (2012) Two boundaries separate Borrelia burgdorferi
populations in North America. Appl. Environ. Microbiol. 78, 6059–
6067
59 Mongodin, E.F. et al. (2013) Inter- and intra-specific pan-genomes of
Borrelia burgdorferi sensu lato: genome stability and adaptive
radiation. BMC Genomics 14, 693
60 Jacquot, M. et al. (2014) Comparative population genomics of the
Borrelia burgdorferi species complex reveals high degree of genetic
isolation among species and underscores benefits and constraints to
studying intra-specific epidemiological processes. PLoS ONE 9,
e94384
61 Martin, D.P. et al. (2010) RDP3: a flexible and fast computer program
for analyzing recombination. Bioinformatics 26, 2462–2463
62 Mailund, T. et al. (2005) CoaSim: a flexible environment for
simulating genetic data under coalescent models. BMC
Bioinformatics 6, 252
63 Hellenthal, G. and Stephens, M. (2006) Insights into recombination
from population genetic variation. Curr. Opin. Genet. Dev. 16, 565–572
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