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Abstract

Borrelia burgdorferi sensu lato (B. burgdorferi s.1.), the group of bacterial species represented by
Lyme Disease pathogens, has one of the most complex and variable genomic architectures among
prokaryotes. Showing frequent recombination within and limited gene flow among geographic
populations, the B. burgdorferi s.l. genomes provides an excellent window into the processes of
bacterial evolution at both within- and between-population levels. Comparative analyses of B.
burgdorferi s.l. genomes revealed a highly dynamic plasmid composition but a conservative gene
repertoire. Gene duplication and loss as well as sequence variations at loci encoding surface-
localized lipoproteins (e.g., the PF54 genes) are strongly associated with adaptive differences
between species. There are a great many conserved intergenic spacer sequences that are candidates
for cis-regulatory elements and non-coding RNAs. Recombination among coexisting strains
occurs at a rate approximately three times the mutation rate. The coexistence of a large number of
genomic groups within local B. burgdorferi s.l. populations may be driven by immune-mediated
diversifying selection targeting major antigen loci as well as by adaptation to multiple host
species. Questions remain regarding the ecological causes (e.g., climate change, host movements,
or new adaptations) of the ongoing range expansion of B. burgdorferi s.l. and on the genomic
variations associated with its ecological and clinical variability. Anticipating an explosive growth
of the number of B. burgdorferi s.l. genomes sampled from both within and among species, we
propose genome-based methods to test adaptive mechanisms and to identify molecular bases of
phenotypic variations. Genome sequencing is also necessary to monitor the ongoing genetic
admixture of previously isolated species and populations in North America and elsewhere.
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1. Introduction

Borrelia burgdorferi is among the first bacterial species with a genome completely
sequenced (Fraser et al., 1997). The first B. burgdorferi genome, from the type strain B31
and consisting of a 910-kilobase long linear chromosome and additional 610 kilobases of
twenty-one linear and circular plasmids, was not closed until three years later (Casjens et al.,
2000). It remains true today that members of B. burgdorferi sensu lato (B. burgdorferi s.l.), a
term referring to the bacterial species complex represented by pathogens of Lyme disease,
have one of the most complex prokaryotic genomes. Comparative studies of fully sequenced
B. burgdorferi s.l. genomes began about a decade ago when draft genomes of additional four
strains were published (Gldckner et al., 2006, 2004; Qiu et al., 2004). At present, the number
of completed and draft B. burgdorferi s.l. genomes is close to thirty based on a search in the
PATRIC database of bacterial genomes (Wattam et al., 2013) and the online GOLD registry
of genome-sequencing projects (Pagani et al., 2012) (Table 1). While this number is poised
for rapid growth with the increasing availability of high-throughput DNA sequencing
technologies, it is expected that due to its genome complexity most current and future B.
burgdorferi s.l. genomes will remain as draft genome assemblies, partial genome sequences,
or both, rather than fully assembled genomes.

Despite the permanently draft and incomplete status of many current and future B.
burgdorferi s.l. genomes, comparative analysis of B. burgdorferi s.l. genomes is a highly
valuable approach for uncovering the genetic basis of phenotypic variations of this globally
distributed pathogen (Norris and Lin, 2011). For example, genome comparisons should
implicate genetic variations contributing to human virulence, considering that B. burgdorferi
s.l. strains apparently differ in human pathogenicity, clinical manifestations, and the ability
for systemic dissemination (Hanincova et al., 2013; Stanek et al., 2012). Besides clinical
applications, comparing the genomes of B. burgdorferi s.1. species helps identify genes
associated with ecological traits such as host specificity by comparing the genomes from
species differing in preferred reservoir hosts (Kurtenbach et al., 2006; Margos et al., 2011;
Vollmer et al., 2013). A major challenge for identifying phenotype-associated genetic
variations is that many, if not the majority of, genomic differences between B. burgdorferi
s.l. species are either selectively neutral or unrelated to the traits of interest. Theories and
methods for genome-wide association studies (Box 1) of B. burgdorferi s.I. (or any
bacterial species) are relatively under-developed in comparison with those for humans and
other eukaryotes. Clinical manifestations of B. burgdorferi s.l. appear to be associated more
with multi-locus sequence types (MLSTSs) than with alleles at antigen loci like ospC
(Dykhuizen et al., 2008; Hanincova et al., 2013; Seinost et al., 1999). The genome-wide
identities of B. burgdorferi s.l. genes causing their ecological and disease phenotypes (e.g.,
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host specificity, diverse human symptoms, and different levels of invasiveness) remain to be
identified.

Evolutionary biology provides a unified theoretical framework as well as a rich set of
technical tools to meet these challenges of genome comparison (Felsenstein, 2004; Hartl and
Clark, 2007; Harvey and Pagel, 1998). For example, phylogenomics (Box 1) is an
evolution-informed approach to annotate functions of unknown genes based on
identification of gene orthology and signatures of adaptive evolution (Eisen, 1998; Kumar et
al., 2012). Also based on evolutionary principles, phylogenetic footprinting (Box 1) is a
computational approach for ab initio identification of gene-regulatory elements in non-
coding parts of a genome (Brohée et al., 2011; Degnan et al., 2011; Katara et al., 2012). By
generating and testing specific expectations on the level and pattern of sequence variability,
evolutionary analyses are powerful to distinguish biologically important genome variations
from a noisy background of stochastic neutral or nearly neutral variations. For example,
genome comparisons confirmed the evolution-derived expectation that genes encoding
major surface-exposed antigens in B. burgdorferi s.1., including the outer-surface protein C
gene (ospC), the decorin-binding protein A gene (dbpA), and the Vmp-like sequence (vIs)
locus, exhibit the highest levels of non-synonymous nucleotide variability genome-wide,
consistent with their roles in host invasion, escape from host adaptive immunity, or both
(Gléckner et al., 2006; Graves et al., 2013; Mongodin et al., 2013; Qiu et al., 2004).

For Borrelia, a robust phylogeny of 23 sequenced B. burgdorferi s.I. genomes has been
reconstructed using genome-wide nucleotide variations (Mongodin et al., 2013). An estimate
of the rate of homologous recombination among co-existing B. burgdorferi strains has been
obtained and a model of sympatric genome diversification driven by negative frequency-
dependent selection has been proposed (Haven et al., 2011). To understand climatic and
ecological mechanisms causing the on-going global endemics of Lyme disease, intensive
efforts have been made to infer the geographic origin, size, and migratory history of natural
populations of B. burgdorferi s.1. using multilocus sequence typing (Brisson et al., 2010;
Hoen et al., 2009; Margos et al., 2012, 2008; Qiu, 2008; Rudenko et al., 2013). We share the
optimism expressed by the other authors that the use of genome-wide sequence variations
will lead to more precise and accurate estimates of these critical population parameters
(Brisson et al., 2012; Margos et al., 2011; Ogden et al., 2013).

Evolutionary analysis of B. burgdorferi s.I. genomes has grown from a comparison of two or
three genomes a decade ago (Glockner et al., 2006, 2004; Qiu et al., 2004) to a comparison
of up to twenty-three genomes from eight species in recent studies (Casjens et al., 2012;
Haven et al., 2011; Mongodin et al., 2013). This review is intended, first, to summarize
results made in the first decade of comparative genomic studies of B. burgdorferi s.l. We
take the liberty to update and re-interpret some of these results with new analyses. For
narrative convenience, this review is organized into various aspects of evolutionary
genomics although they are inherently inseparable. These aspects include (i) genome
sampling and genome phylogeny, which form the basis of all subsequent analyses, (ii) pan-
genomics (Box 1), which aims to identify lineage-specific genes and to estimate rates of
gene acquisition during genome diversification, (iii) phylogenomics (Box 1), which
identifies host-interacting, virulence-associated genes through analysis of sequence
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evolution rates, (iv) phylogenetic footprinting (Box 1), which searches for conserved gene-
regulatory sequences in intergenic spacers (IGSs), (v) population genomics (Box 1), which
investigates evolutionary mechanisms such as mutation, recombination, and natural
selection, and (vi) genome-based biogeography, which tests biogeographic hypotheses
using genome sequences.

The second goal of this review is to provide an outlook on the future of evolutionary
genomics of B. burgdorferi s.l. There is a consensus among ecologists and evolutionary
geneticists of Lyme disease that genetic and ecological causes of the ongoing range
expansion of B. burgdorferi s.I. leave detectable footprints in the pathogen genomes, and,
hence, genome variability is a key to revealing these causes through hypothesis testing
(Brisson et al., 2012; Margos et al., 2011; Ogden et al., 2013; Ostfeld, 2010). There is a
similar optimism that comparative genomics is now in a position to reveal genetic variations
associated with clinical variability among B. burgdorferi s.l. strains (Norris and Lin, 2011).
We propose studies with which these promises of evolutionary genomics of B. burgdorferi
s.l. may be delivered in the near future.

2. Genome sampling and genome phylogeny

A phylogeny-motivated genome-sampling strategy

Strategy for sampling bacterial isolates for whole-genome sequencing is a highly
consequential decision that has to be made early on during a genome-sequencing project.
Clinically motivated studies tend to sequence genomes differing in pathogenicity, disease
manifestation, or degree of virulence. Ecologically motivated studies may choose to
sequence strains differing in host/vector specificity, geographic distribution, or natural
abundance. B. burgdorferi s.s., B. garinii, and B. afzelii, the three B. burgdorferi s.l. species
causing the majority of Lyme diseases cases worldwide, are over-represented in currently
available genomes (Table 1). There also have been considerations of host and geographic
diversity, such as the inclusion of WI191-23, a Midwestern US strain and a bird isolate;
CA-11.2A, a Western US strain; and BOL26 and ZS7, two European B. burgdorferi s.s.
strains. Main motivations behind the selection of strains during the beginning years of B.
burgdorferi s.l. genome sequencing, however, were evolutionary and guided by the
multilocus phylogeny of a large panel of isolates (Mongodin et al., 2013). Specifically, a
multitude of phylogeny-based considerations were built into the genome-sampling strategy,
each with an eye for a post-genomic comparative analysis. First, to maximally cover the
entire phylogenetic diversity within the species complex, eight formally named species are
represented, even though some species (e.g., B. bissettii) have never been isolated from
human patients. Second, to best resolve genomic changes specific to the highly pathogenic
species B. burgdorferi s.s., the European strain SV1 (later designated as the type strain of a
proposed species “ B. finlandensis’), which represents the closest known outgroup of B.
burgdorferi s.s., was chosen (Casjens et al., 2011a). Third, to reveal mechanisms driving the
con-specific genome diversification among coexisting strains, one species (B. burgdorferi
s.s.) was sampled in great depth to include fourteen ospC-defined genomic lineages, twelve
of which are sympatric in the Northeast United States. Fourth, to resolve the most recent
evolutionary changes associated with the emergence of new clonal groups, three pairs of
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phylogenetic sister-group strains were chosen including the 297/156a pair, the 118a/72a
pair, and the Bol26/ZS7 pair.

A rooted genome phylogeny

An organismal phylogeny serves as an overall framework for comparative analyses (Harvey
and Pagel, 1998) such as the pan-genome analysis, reconstruction of gene gains and losses,
tests of natural selection, and inference of horizontal genetic exchanges (Sections 3, 4, and
6). Obtaining a statistically robust organismal phylogeny using genome-wide variability is
one goal of whole-genome sequencing. Organismal phylogeny based on sequences at single
or multiple loci often contain poorly resolved branches as a result of insufficient number of
variable sites, re-assortment of polymorphisms due to recombination, a history of rapid
evolutionary diversification, or any combinations of these effects (Morlon et al., 2012). The
use of whole-genome single-nucleotide variations indeed improved statistical confidence of
both the between-species and within-species phylogenies, judging from their consistency
with features less prone to genetic exchange such as chromosomal re-arrangements, large
genomic indels, and gene duplications and losses (Section 4.1) (Mongodin et al., 2013).

Here, a newly rooted tree of 23 sequenced B. burgdorferi s.l. genomes is derived from an
alignment of cp26 plasmid sequences from a region that is not heavily influenced by
recombination (Figure 1, main panel). The root position, which is arbitrarily put at the
midpoint of the tree, is supported by an independent phylogenetic analysis based on a
concatenated alignment of 24 conserved protein sequences including those from five
relapsing-fever Borrelia strains (Figure 1, inset). Both trees place the common ancestor of
the B. burgdorferi s.l. species complex on the branch between B. bissettii (a North American
species) and a large Eurasian clade. This root position is consistent with that from previous
multilocus sequence analyses, which similarly suggested that the deepest and most ancestral
cladogenesis in B. burgdorferi s.1. is between a Eurasian clade and a North American/New
World clade, although these studies did not use relapsing-fever Borrelia as the outgroup
(Margos et al., 2011, 2010; Rudenko et al., 2009). This biogeography hypothesis, however,
is now challenged with the discovery of a New World species from Chile “ B. chilensis”,
which appears to be the most basal B. burgdorferi s.l. species known so far (Ivanova et al.,
2013) (Section 7).

Challenges and opportunities

The process of genome divergence in bacteria is more accurately described with a reticulate
network than with a bifurcating phylogeny. Both the horizontal gene transfer between
distantly related species and the frequent recombination within populations contribute to the
reticulation. Nonetheless, empirical and simulation work supports the use of phylogenetic
trees as a useful approximation of population and speciation processes in bacteria (Didelot et
al., 2010; Haven et al., 2011; Touchon et al., 2009; Wu et al., 2013). For Borrelia, potentials
of the phylogenetic-motivated genome-sample strategy have just begun to be realized.
Further efforts await to fully implement the post-genomic analyses envisioned by the
original genome-sampling strategy including, in particular, a genome-wide catalog of
adaptive changes specific to the three most pathogenic species B. burgdorferi s.s., B. garinii,
and B. afzelii. Many more B. burgdorferi s.l. species and genomic groups have since been
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discovered. The total number of B. burgdorferi s.I. species is at least twenty including the
eighteen that have been previously reviewed and the more recently proposed species “ B.
finlandensis™ and ““B. chilensis” (Casjens et al., 2011a; lvanova et al., 2013; Margos et al.,
2011). From this latest catalog of species, it is clear that the New World species are under-
represented in the currently available genomes. Within the species of B. burgdorferi s.s.,
strains specific to Europe and Midwest US are also under-represented in sequenced
genomes.

3. Pan-genomics: a critical assessment

A highly stable gene repertoire

The terms “pan-genome” and “core-genome” refer to the total and shared gene repertoire
among genomes of a bacterial species, respectively. Pan-genome analysis is based on the
assumption that individual genomes of a bacterial species consist of an indispensable,
species-specific set of “core” genes and a dispensable, strain-specific set of “accessory”
genes (Medini et al., 2005; Tettelin et al., 2008). Using this “bag-of-genes” model of
bacterial genome composition, estimates on the gain and loss of genes were obtained using
mathematic functions with no obvious biological interpretations, such as the exponential
decay function used for modeling the decrease of core genome size with increasing number
of genomes used in comparison (Tettelin et al., 2005). Later pan-genomics studies take a
more evolutionary approach by estimating rates of gene gains and losses in a bacterial
species using coalescent- or phylogeny-based models (Donati et al., 2010; Touchon et al.,
2009). Both the exponential-decay and phylogenetic models have been applied to the
estimation of the pan-genome sizes of a single B. burgdorferi s.1. species and the species
complex as a whole (Mongodin et al., 2013). The phylogenetic distance explains the
majority of pan-genome size variations, with an R? (coefficient of determination) value of
approximately 0.6 and 0.9 for intra-specific and inter-specific pan-genome sizes,
respectively (Mongodin et al., 2013). The more modest R? for the intra-specific pan-genome
size is likely due to that fact that recombination is more frequent than spontaneous point
mutations in driving intra-specific genome evolution in B. burgdorferi s.I. (Haven et al.,
2011), so that intra-specific phylogenetic distances were greatly inflated. The authors
conclude that the gene repertoire of B. burgdorferi s.1. is highly stable and no significant
number of novel genes are expected to be found with the sequencing of additional genomes
(Casjens et al., 2012; Mongodin et al., 2013).

A lack of resolution

While informative for inferring functional differences between genomes based on their total
gene repertoire, pan-genome analysis is broad-brushed and does not easily lend itself to the
identification and validation of gains and losses of specific genes. Nor would a pan-genome
analysis, at least in its original design, reveal lineage-specific genomic changes since
phylogenetic information among the genomes is under-utilized. More of a concern is the fact
that results of a pan-genome analysis vary depending on the cutoff values chosen for
determining whether two genes are homologous or not, based largely on the e-value and
length coverage of BLAST (Camacho et al., 2009) hits. In fact, we suspect that the observed
strong linear dependency of the B. burgdorferi s.l. pan-genome sizes on the phylogenetic
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distance (Mongodin et al., 2013) is an inevitable consequence of the fact that genome
sequences diverge at a roughly constant rate, a fact evidenced by the general success of
sequence-evolution models in phylogenetic reconstruction (Felsenstein, 2004). In other
words, the pan-genome gene counts may be in essence a summary statistic of a vast number
of BLAST searches. The rate of “gene gains” may be misleading since it could take an
arbitrarily high or low value by choosing more or less stringent BLAST cutoff values. In
particular, the pan-genome framework is not well suited for identifying lineage-specific
gene gains or losses in B. burgdorferi s.l. genomes, since B. burgdorferi s.l. appears to have
a “closed” genome with little, if any, gene acquisition from distantly related species through
horizontal gene transfers (Casjens et al., 2012; Mongodin et al., 2013). Genome variations in
B. burgdorferi s.l.are due almost exclusively to duplications and losses of homologous genes
and sequence variations among orthologous genes (Mongodin et al., 2013).

Challenges and opportunities

Although B. burgdorferi s.I. genomes have little horizontally acquired accessory genes,
sequencing more genomes is necessary for, e.g., obtaining a more complete phylogeny
(Section 2), clinical and ecological association studies (Section 4), and identifying gene-
regulatory elements using phylogenetic footprinting (Section 5). As such, we would like to
caution here that conclusions on genome stability should by no means be interpreted as if
there is no need for sequencing more B. burgdorferi s.l. genomes.

4. Phylogenomics

More informative studies for identifying strain-specific genomic changes are those
comparing the genomes of closely related strains (Casjens et al., 2012; Qiu et al., 2004;
Whywial et al., 2009). A key advantage of such studies is that they are based on carefully
identified orthologous (or partially orthologous) plasmids (Casjens et al., 2012). Similarly,
gene orthology is carefully identified by a combination of reciprocal BLAST searches,
genome synteny, and reconciliation between gene and a strain trees (Qiu et al., 2004;
Whywial et al., 2009). Indeed, distinguishing between orthologous and paralogous copies of a
homologous gene family is the key insight of the original phylogenomics approach for
predicting gene functions (Eisen, 1998).

Based on orthologous genes, genetic exchanges among coexisting strains were discovered
based on incongruent gene trees among genomic loci (Qiu et al., 2004). Orthology analysis
helps to infer functions of PF54 genes contributing to host resistance (Wywial et al., 2009).
Upon the identification of orthologous plasmids and ortholgous plasmid segments in four
completed B. burgdorferi s.s. genomes, a detailed catalog of genome-evolution events has
been meticulously compiled and documented, revealing numerous cases of genome re-
arrangement, lineage-specific gene decay (pseudogenization), and plasmid duplications and
losses (Casjens et al., 2012).

4.1 Gene duplications and losses

As an update from an earlier study (Wywial et al., 2009) we report here an analysis of gene
gains and losses on the Ip54 plasmids using the expanded dataset of 23 sequenced genomes
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(Figure 2). Among all replicons in the B31 genome, the 1p54 plasmid is over-represented in
genes differentially expressed between the tick and mammalian environments (Caimano et
al., 2007).

Loss of ospB in B. garinii may be a host adaptation—Parsimony analysis suggests
that ospB has been lost in the European B. garinii lineages (represented here by PBr and
Far04). Sequence alignments further revealed that the loss of ospB in B. garinii was not due
to pseudogenization but to a deletion of sequences encompassing ospB and its upstream 9-
base intergenic sequences, while leaving its downstream flanking gene al18 (a PF62 plasmid-
partitioning gene) and its associated promoter intact (Figure 2). Although ospA and ospB
share a common promoter, the level of ospB transcripts is much higher than those of ospA in
experimentally infected mice (Liang et al., 2004). The loss of ospB, which appears to
function predominantly during infections within a mammalian host, may therefore be due to
the host specificity of B. garinii, a bird-adapted species (Vollmer et al., 2013).

Gain of a70 in high-virulence strains—The SNP Group A of B. burgdorferi s.s.
belongs to the ribotype RST1, a group of strains associated with disseminative Lyme
borreliosis (Dykhuizen et al., 2008; Hanincova et al., 2013). The current analysis suggests
that a67a (in orange, Figure 2) was present in the common ancestor of B. burgdorferi s.s.
and subsequently lost independently in SNP Group A and in JD1. An alternative hypothesis,
which posits two independent gains at SNP Groups B and C/D and one loss at JD1, is less
parsimonious. In addition, a70 (in blue, Figure 2) was apparently a recently gained PF54
gene in Group A. Phylogenetic analysis showed that a70 is result of a gene duplication of
arl. A70 is a surface-localized plasminogen-recruiting protein that contribute to both the
dissemination of the pathogen through host tissues and its escape from host immunity
(Koenigs et al., 2013). It would be interesting to test experimentally if the evolutionary loss
of a67a and, especially, the gain of a70 in B. burgdorferi s.s. SNP Group A contribute
directly to this group’s ability to cause disseminative infections in humans.

Fast evolution of PF54 gene array associated with speciation—The PF54 gene
array is the most variable region on the Ip54 plasmid and consists of paralogs of a68/cspA,
one of the three classes of complement regulator acquiring surface proteins (CRASPS)
involved in neutralizing host innate defenses (Gilmore et al., 2008; Hallstrém et al., 2013a;
Hammerschmidt et al., 2014; Koenigs et al., 2013). Besides a64, a65, a66 and a73, which
are present in all strains, the PF54 gene cluster vary in strain-specific (e.g., a67a and a70
within B. burgdorferi s.s.) and species-specific manners (Figure 2). Broadly, three major
types of PF54 gene arrays are distinguishable based on gene orthology, each of which is
phylogenetically consistent and associated with a group of species. One type is associated
with the species group consisting of B. bissettii (DN127), B. “finlandensis” (SV1), and B.
burgdorferi s.s., a second type with the species group consisting of B. bavariensis (PBi) and
B. garinii (PBr and Far04), and the third type with the species group consisting of B.
spielmanii (A14S), B. afzelii (ACA1 and PKo), and B. valaisiana (VS116) (Figure 2). In
addition to the lineage-specific gains and losses of paralogous members, the PF54 genes
show accelerated amino-acid replacements during species divergence (Section 4.2). In sum,
three lines of evidence support the notion that rapid evolution of the PF54 gene array may
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reflect adaptation to different host species and may contribute to differential clinical
manifestations in humans among the three common pathogenic species. Such evidence
includes (i) strain- and species-specific gene duplications and losses, (ii) accelerated amino-
acid sequence variations between (but not within) species, and (iii) host-resistance functions
of PF54 members like CspA and A70 (Caesar et al., 2013; Hallstrém et al., 2013a; Koenigs
etal., 2013).

Challenges and opportunities—Currently, phylogenomic analysis of gene gains and
losses is attainable only for the three conserved replicons including the main chromosome
and the Ip54 and cp26 plasmids. Systematic and programmatic phylogenomic analysis is
challenging for other replicons, many of which house other important antigen genes
including the vis locus (Casjens et al., 2012; Glockner et al., 2006; Graves et al., 2013).
Synteny among these replicons is difficult to assess due to limited orthology, non-universal
presence in strains, and incomplete genome assemblies.

4.2 Genes under positive natural selection

Current phylogenomics approaches to predicting functional importance of a gene include
analysis of rates of synonymous (ds) and non-synonymous (dy) nucleotide substitutions
(Kumar et al., 2012). This approach is based on the expected parity between the rate of
amino acid-changing and the amount of synonymous nucleotide substitutions for selectively
neutral variations, and a greater rate of non-synonymous than that of synonymous
substitutions for beneficial amino-acid replacements (Hurst, 2002).

Targets of within-species balancing selection: ospC, dbpA, a07, and b08—The
dn/ds ratio test can be used for analysis of within-species synonymous and non-synonymous
nucleotide polymorphisms as well. To distinguish between the within- and the between-
species dy/dg analyses, we use T, the conventional notation for the level of within-species
nucleotide polymorphisms, for within-species analyses. An elevated ma/mg ratio is a reliable
indication of genes under diversifying selection, with the well-known example of ospC in B.
burgdorferi s.s. (Wang et al., 1999). A number of lipoprotein genes with high wa/mg ratios
have been identified from a whole-genome comparison of three B. burgdorferi s.s. strains
(Qiu et al., 2004). The ospC and dbpA are apparently subject to strong balancing selection,
consistent with their molecular roles in immune escape, host invasion, or both (Schmit et al.,
2011; Tilly et al., 2013). It turns out that the high ma/brg ratios of three PF54 genes (cspA,
a69, and a70) found in the earlier study (Qiu et al., 2004) was due to incorrectly identified
orthologs. With more accurate ortholog identification as a result of using more genomes, it
is now clear that sequences of PF54 genes vary little within B. burgdorferi s.s. but greatly
between species (Wywial et al., 2009). The variable region of the PF54 gene array
experiences frequent gene duplications and losses so that many genes do not have
convincing orthologs beyond closely related species groups (Section 4.1, Figure 2). For
example, a70 orthologs exist only in genomes of the B. burgdorferi s.s. SNP Group A
(Figure 2).

Here, we performed the ma/mg analysis for 58 genes on the Ip54 plasmid and 26 genes on the
cp26 plasmid from 14 B. burgdorferi s.s. genomes. As in a previous study (Qiu et al., 2004),
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ospC and dbpA show the highest p and nig values (Figure 3D). To a lesser but significant
degree, b08 and a07 also display high ma values, suggesting the roles of their gene products
in interacting with the host (Figure 3D). B08 is predicted to be a lipoprotein and has not
been functionally characterized. A07 is predicted to be the lipoprotein ChpAl and has been
characterized as an essential protein for Borrelia transmission from the tick to the
mammalian host (Xu et al., 2010a). The a07 gene in strain B31 is one of the approximately
150 genes differentially expressed between the tick and mammalian environments (Caimano
et al., 2007). Through phylogenetic footprinting, we identified conserved sequence motifs in
its promoter region that appear to be binding sites to RpoS, a key transcription factor
(Section 5). The existence of RpoS binding sites implies that a07 expression is directly
under control of the Rrp-RpoN-RpoS pathway, the main transcriptional control mechanism
regulating the phase transitions between the tick and mammalian environments in B.
burgdorferi s.I. (Samuels, 2011; Tilly et al., 2013).

Plasmid Ip54 is enriched in genes associated with host specificity—More
frequently, the dy/ds ratio test is used for analysis of between-species variations, in which
case it is also called the Ka/Kg analysis. By obtaining maximum likelihood estimates based
on a gene tree, the Ka/Kg analysis is powerful enough to identify adaptive amino-acid
changes at individual codon sites and at a particular tree branch (Yang, 2007). First, the
PAML analyses of orthologs in eight B. burgdorferi s.l. species suggest that genes on the
cp26 plasmid are under strong purifying selection except for b19/0spC (Figure 3A). The
relatively high KS values of cp26 genes are apparently a result of high effective
recombination rates near the ospC locus (Section 6.1).

Second, a relatively large proportion of genes on the Ip54 plasmid show high Ka values
(Figure 3B). Nine genes contain codon sites with a Ka/Kg ratio significantly (p< 0.01)
greater than one, including a05, al5/0spA, a24/dbpA, a44, a52, a57, a65, a66, and a73/p35
(Figure 3B). Among these genes, a05 codes for the S1 antigen (Xu et al., 2010b), a44 is
uncharacterized, a52 is predicted to code for a membrane protein, and a57 encodes a surface
lipoprotein and a virulence factor implicated in arthritis (Yang et al., 2013). The a65, a66,
and a73 are PF54 genes present in all genomes. In the strain B31, genes bba64, bba65,
bba66, and bba73 encodes surface-localized lipoproteins that are required for persistent
infection in mice (Gilmore et al., 2008). Genes in the variable part of the PF54 gene array
are present in a limited number of strains (Figure 2) and were excluded from this Ka/Kg
analysis. However, an earlier Ka/Kg study showed evidence for adaptive sequence variations
between species at a68/cspA and a69 (Wywial et al., 2009). Summarizing these results, we
conclude that the Ip54 plasmid is highly enriched in genes (~20% of the total) evolving
adaptively during B. burgdorferi s.I. speciation. Since many of these positively selected
genes encode outer surface proteins and are differentially expressed between tick and
mammalian environments (Caimano et al., 2007), they are strong candidates for genes
associated with vector/host specificity among B. burgdorferi s.l. species. The hypothetical
role of vector/host specificity these Ip54 genes play is supported by the additional evidence
that, except for a24/dbpA, their sequences are conserved within species despite large
variations between species. The high variability of 1p54 genes (e.g., cspA and a70) between
species is consistent with their molecular functions of providing resistance against host
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innate immunity (Hallstrém et al., 2013b; Koenigs et al., 2013, p. 70), while their
conservation within species suggest that they do not interact with host adaptive immunity as
directly or strongly as genes like ospC, dbpA, and vIsE.

Third, genes on the main chromosome in general show both low K/Kg ratios (Figure 3C),
indicating that the main chromosome lacks in genes subject to positive selection. Five genes
contain codon sites significantly under positive selection including 0199 (encoding a
putative membrane protein), 0441 (encoding rnpA, a ribonuclease P component), 0553
(uncharacterized), 0576 (uncharacterized), and 0831 (encoding a xylose operon regulatory
protein).

An earlier study identified the following, mostly uncharacterized genes having elevated
Ka/Ksg ratios between species: a33, a53, a4, and a65 on the 1p54 plasmid and bb0102 and
bb0404 on the main chromosome (Mongodin et al., 2013). The overlapping but different
gene lists from the two Ka/Kg studies have to do with the fact that the earlier study
calculated the Ka/Kg ratio between a gene and its B31 ortholog and did not use a tree-based
approach as here. In both studies, the four genes responsible for the partitioning of the cp26
plasmid, b10, b11, b12, and b13, consistently stand out as the most conserved genes on these
two plasmids (Figure 3A), justifying them as optimal markers for plasmid identification
(Casjens et al., 2012).

Challenges and opportunities—Phylogenomic analysis of the amount of synonymous
(dN) and non-synonymous (dS) nucleotide substitutions is a general analytical framework
for screening genes under positive or negative natural selection. It is in fact the main tool for
distinguishing ecologically and functionally important sequence variations from selectively
neutral ones in the genomes of a species including bacterial species (Su et al., 2013; Vos et
al., 2013). To identify functionally important sequence variability associated with the
emergence of the pathogenic species B. burgdorferi s.s., statistical tests can be designed and
computational algorithms be developed to search for fixed non-synonymous nucleotide
differences between B. burgdorferi s.s. and its closest outgroup species “ B. finlandensis™.
Similarly intriguing is the prospect of scanning for non-synonymous differences between
pairs of sister-group genomes as a way to identify selectively driven variations associated
with the most recent divergence between con-specific strains. The same statistical design
can be applied to the identification virulence factors by comparing the genomes of strains
that vary in human pathogenicity and invasiveness.

5. Phylogenetic footprinting

Phylogenetic footprinting is a computational approach for ab initio prediction of gene-
regulatory elements in intergenic spacer (IGS) regions by identifying excessively conserved
sequences (Brohée et al., 2011; Katara et al., 2012). The basic assumption of phylogenetic
footprinting is that cis-regulatory sequences and non-coding RNAs (ncRNAS) are subject to
purifying selection and therefore evolve at a lower rate than less functional, more neutrally
evolving intergenic sequences (Eddy, 2005). It is especially effective for identifying
regulatory elements in non-model bacterial species (Degnan et al., 2011).
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Previous work: three ncRNAs and two transcriptional terminators

Five conserved I1GS sequences with potential for forming stable RNA secondary structures
have been identified based on a comparison of three B. burgdorferi s.l. genomes (Delihas,
2009). Sequence #1 is a 60-base long sequence found in a variety of linear plasmids
including Ip25, 1p28, and Ip60-2 in B. afzelii and 1p17, Ip38, Ip28s, and 1p36 in B.
burgdorferi s.s. There is no apparent consistency in the functions of its flanking genes and it
is likely that it encodes a conserved ncRNA. Sequence #2 is a 34-base long sequence located
consistently downstream of the PF60 lipoprotein gene family, which includes BB_h32,
BB_i34, and BB_e31 in the B31 genome. It is predicted to be an intrinsic transcriptional
terminator. Sequence #3 is apparently a 70-base long Rho-independent transcription
terminator for PF54 genes including cspA. Sequence #4 is a 122-base long sequence that
may represent another ncCRNA. Sequence #5 is a 150-base long sequence that contains a
perfect inverse repeat (IR). Unlike the Sequences #1 to #4 in the above, it is present as a
single copy in each of the three genomes and 95% of its sequence is identical among the
three species. It is located downstream of the plasmid-partitioning cluster (consisting of a18,
al9, a20 and a21) on the Ip54 plasmid and predicted to be another conserved ncRNA.

Extensive conservation of IGS sequences and six putative ncRNAs

With the availability of 23 genome sequences, we have initiated a systematic genome-wide
search for gene-regulatory elements using phylogenetic footprinting. While the project is
still ongoing, the protocol and some preliminary findings are described in the following.
Approximately 800 sets of orthologous IGS sequences have been identified and extracted
based on previously identified orthologous ORFs on the main chromosome and the Ip54 and
cp26 plasmids (Haven et al., 2011). For each set of orthologous ORFs, a consensus start-
codon position was determined based on the majority start-codon positions among the eight
B. burgdorferi s.1. species. The 5” sequence of an ORF was extended or shortened if it did
not conform to the majority consensus. This re-adjustment of start-codon positions is
necessary because of large discrepancies in predicted start-codon positions among
orthologous ORFs. After obtaining consensus start-codon positions, the orthologous 1GS
sequences were aligned using MUSCLE (Edgar, 2004). The between-species variability of
IGS sequences is much more informative than the within-species variability and was thus
used to assess the level of evolutionary conservation of nucleotide sequences at each 1GS
locus. 1GSs contain numerous conserved sequence maotifs, over 30% of which are perfectly
conserved between the eight species. While these conserved 1GS sequence motifs include
well-known regulatory elements such as ribosomal-binding sites and RpoS-binding sites,
functions of most of these conserved elements are unknown. We used all-against-all BLAST
+ (Camacho et al., 2009) to exhaustively search for shared sequence motifs among all 1IGS
sequences in the B31 genome. Shared motifs with less than 90% average sequence identify
among the eight species were excluded. This protocol is capable of identifying self-similar
inverted repeats (IRs) in addition to similar sequence motifs across all IGSs in the genome.
Predicted RNA secondary structures of six longest conserved IRs on 1p54 and cp26 plasmid
are shown in Figure 4. Among these, the inverted repeat IR;21-523 is the same as the
conserved motif Sequence #5 discovered by (Delihas, 2009) (see above), providing a
validation between this study and the previous one.
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Challenges and opportunities

The statistical power of detecting conserved gene-regulatory sequence motifs using
phylogenetic footprinting increases with the number of genome sequences (Eddy, 2005).
Comparing more genomes, especially those from different B. burgdorferi s.l. species, would
greatly reduce the number of falsely predicted regulatory elements, which may appear to be
conserved among sampled genomes purely by chance. A challenge is to identify
transcription factor-binding sequences shared among co-regulated genes. For example, the
RpoS-binding motif consists of two disjoint parts intercepted by a region that vary in both
sequences and lengths (Caimano et al., 2007). Prediction of RpoS-binding site is made
harder by the fact that it varies among co-regulated genes. Nevertheless, phylogenetic
footprinting is a highly effective computational approach to reveal genome-wide candidate
cis-and trans-regulatory elements in a non-model organism like B. burgdorferi s.1. In
combination with other motif-finding algorithms, phylogenetic footprinting has the potential
to computationally reconstruct genome-wide regulatory networks (Brohée et al., 2011).

6. Population genomics

Theory and applications

Unlike phylogenomics and phylogenetic footprinting, both of which are motivated by the
goal of characterizing gene and genome functions, population genomics concerns itself
primarily with an understanding of evolutionary and ecological forces operating in the
natural populations of a species (Ellegren, 2014; Whitaker and Banfield, 2006). By sampling
multiple genomes within and between populations, theories of population genetics can be
used to reveal key evolutionary and ecological parameters and processes in a microbial
species, such as its population size based on the standing genetic variability, relative rates of
mutation and recombination inferred from single-nucleotide polymorphisms (SNPs), history
of divergence and migration reconstructed from the amount of genetic differentiation
between populations, and forces of natural selection manifested in differential patterns of
sequence variability among genomic loci (DeLong, 2004; Guttman and Stavrinides, 2010;
Whitaker and Banfield, 2006). Population genomics is therefore more than a tool for gene
and genome annotation but in fact the foundation for all evolutionary analyses of genomes.

The ideal dataset most amenable to population genomic analysis is a random, unbiased
sample of genomes from a natural population, which in classic population genetics is
defined as a group of individuals sharing a common history of genetic drift, subject to the
same selective forces, and capable of DNA exchange with one another (Hartl and Clark,
2007). Without these assumptions, it would be harder to generate precise, theory-based
expectations on the amount and pattern of genetic variability at a genetic locus. For free-
living bacteria species, such idealized samples rarely exist due to a complex natural history
that includes frequent population admixture and fluctuating populations sizes. In a well-
known pan-genome study of twenty pathogenic and commensal strains of Escherichia coli,
for example, isolates were sampled from worldwide archives with diverse geographic,
temporal, and ecological backgrounds (Touchon et al., 2009). While the analyses were
powerful enough to reconstruct the history and mechanisms of genome evolution in E. coli,
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the study leaves many population-level questions unanswered including its population size,
population differentiation, and selective forces driving the genome differentiation.

An ideal population-genomic dataset

The twelve genomes of B. burgdorferi s.s. from the United States (Table 1) represent a
nearly ideal dataset amenable for population genomic analyses. First, ten of the twelve
genomes are samples from the Northeastern US population, which is separated from other
US populations with a well-defined boundary (Margos et al., 2012). While all North
American B. burgdorferi s.s. populations share a common ancestral population, the far
Western, upper Midwestern, Northeastern, and perhaps Southeastern populations have
diverged significantly (Brisson et al., 2010; Hoen et al., 2009; Margos et al., 2012; Qiu,
2008; Rudenko et al., 2013). Although migrations occur among these North American
populations as well as between the North American and European populations, the
migratory events may be rare and relatively recent (see Section 7). Second, strains
coexisting within the Northeastern US population recombine frequently. In fact,
recombination is the main mechanism driving genome differentiation within local B.
burgdorferi s.s. populations (Haven et al., 2011; Qiu et al., 2004). Third, coexisting strains
from the Northeastern US share a common enzootic transmission cycle and are therefore
likely to subject to similar selective forces (Brisson et al., 2012; Diuk-Wasser et al., 2012;
Kurtenbach et al., 2006; Margos et al., 2011; Vuong et al., 2013). In sum, with genetic
isolation, frequent recombination, and shared ecological conditions, the ten B. burgdorferi
s.s. genomes from the Northeastern US represent a rare, if not unique, whole-genome
sample of a natural bacterial population in a strict population-genetic sense. Although not a
random sample and representing only about a half of known genomic groups existing in the
Northeastern US, these genomes nonetheless offer an excellent opportunity to look into the
processes of bacterial genome evolution at both within- and between-population levels.
Indeed, evolutionary analyses of these twelve genomes have revealed some key mechanisms
of genome diversification within natural B. burgdorferi s.l. populations, including
recombination and selective forces.

6.1 Recombination and its implications to associate study

Recombination is an essential facilitator of adaptation, without which species would quickly
go extinct due to accumulation of deleterious mutations (“Mueller’s Ratchet™) as well as an
inability to fix beneficial ones (“Hill-Robinson Effect”) (Barton, 1995; Hill and Robertson,
1966; Muller, 1964). Although reproducing asexually, bacteria species are no exception to a
dependency on homologous recombination for long-term sustainability (Didelot and
Maiden, 2010; Dykhuizen and Green, 1991; Fraser et al., 2007). The ability to recombine is
apparently itself a nearly universal adaptation maintained by strong natural selection despite
a substantial fitness cost to the individuals (Barton, 2009).

Population structure: clonality with frequent recombination—Initial study of
natural populations of B. burgdorferi s.1. revealed a clonal genetic structure, in which gene
trees inferred from sequences at multiple loci are highly congruent (Dykhuizen et al., 1993).
Interpretation of such multilocus clonality as a result of low recombination in B. burgdorferi
s.l. (Dykhuizen and Baranton, 2001), however, proved to be premature when evidence
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emerged for extensive recombination among coexisting strains including incongruent gene
trees between loci and clusters of SNPs in genome sequences (Qiu et al., 2004). Using the
technique of sister-group comparisons (Guttman and Dykhuizen, 1994), the rate of
recombination among coexisting strains in the Northeastern US populations of B.
burgdorferi s.s. has been estimated to be approximately three times the mutation rate (Haven
etal., 2011; Qiu et al., 2004). In other words, sequence differences between a randomly
selected pair of coexisting strains consist of on average 75% of pre-existing nucleotide
variations and only 25% of de novo mutations.

High effective (but not intrinsic) recombination rates at ospC—The
recombination rate obtained from sister-group analysis may be considered as an estimate of
the intrinsic or neutral recombination rate — denoted here as rg— since the majority of
nucleotide differences between sister-group are synonymous. We formulate the neutral
recombination rate (r0) in analogy to the neutral substitution rate (o), which is equal to the
mutation rate at a neutrally evolving locus, a key prediction of the Neutral Theory of
molecular evolution (Kimura, 1984). The actual or observed recombination rate (r) at a
particular locus, however, may deviate significantly from the intrinsic recombination rate as
a result of natural selection. For example, at a locus subject to strong negative (i.e.,
purifying) selection, most spontaneous mutations would be removed while SNPs introduced
by recombination from existing strains is likely to be retained, resulting in a greatly reduced
overall level of observed sequence variations. In contrast, at a locus subject to strong
positive (i.e., adaptive or diversifying) selection, both the observed mutation and
recombination rates are expected to be greatly elevated due to selection for sequence
variability. Computer programs for estimating recombination rates based on genome-wide
SNPs typically calculate observed, realized, or effective recombination rates (r) rather than
the intrinsic, neutral recombination rate (r0). For example, we used the computer program
LDhat (McVean et al., 2002) to estimate recombination rates along the cp26 plasmid using
the twelve B. burgdorferi s.s. genomes from the US. While one may call the ospC locus as a
recombination “hot spot” based on the extremely high recombination rate observed at that
locus (Figure 5), one should be careful in concluding the existence of an intrinsically
recombination-prone mechanism at this locus. As we explain below, the high observed
recombination rate at ospC is more parsimoniously explained as a consequence of
diversifying selection targeting at this locus, which otherwise has a normal intrinsic
recombination rate (r0).

Robust within-population phylogeny despite recombination—Recombination in
B. burgdorferi s.l. predominantly takes the form of gene conversion, which is the
replacement of a short (typically less than 1 kilobases) DNA segment in a recipient genome
by a homologous fragment from a donor genome (Dykhuizen and Baranton, 2001; Haven et
al., 2011). Contrary to the crossing-over recombination, gene conversion tends to reduce
local linkage disequilibrium (LD) and does not cause LD decay over genomic distances
commonly seen in Eukaryotes (Wiehe et al., 2000; Wiuf and Hein, 2000). The weak local
LD in conjunction with strong genome-wide LD in bacterial species had been captured by
the concept of “clonal frames” (Desjardins et al., 1995; Milkman and Bridges, 1990). One
consequence of the bacterial clonal frame is that phylogeny of bacterial strains are more
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reliably inferred by using genome-wide SNPs than using sequences at a few loci. This may
be true because the use of SNPs from the whole genome maximizes the number of
phylogenetically informative SNPs, leading to increased statistical support for individual
branches. Indeed, statistically robust within-species phylogenies have successfully been
obtained using genome-wide SNPs for B. burgdorferi s.s. and E. coli despite high rates of
localized recombination in both species (Mongodin et al., 2013; Touchon et al., 2009).

Challenges and opportunities—The special mode of recombination in bacteria calls for
the development of novel analytical methods distinct from those developed for eukaryotes
(Ansari and Didelot, 2014; Didelot et al., 2010). Specifically, genome-wide association
studies in bacteria should consider and take advantage of two uniquely bacterial patterns of
linkage disequilibrium. First, the genealogical process of a sample of bacterial genomes can
be approximated by a single coalescent tree due to a genome-wide clonal frame. Such a tree,
which can be inferred by using a large number of SNPs, in turn helps identification of
recombination events at individual loci. Second, linkage disequilibrium (LD) among
neighboring SNPs is loosened by frequent gene conversion. It has been shown analytically
that the sample size required for detecting disease-causing genes linked with a marker gene
increases with the rate of local recombination rate (Pritchard and Przeworski, 2001). This
theoretical result suggests that, while it is important to discover that Borrelia invasiveness is
associated strongly with MLST haplotypes (Hanincova et al., 2013), it is essential to identify
virulence-causing genes by testing genome-wide SNPs individually and by using a large
number of genome sequences. At the cusp of the coming wave of genomes sampled from
within populations, we envision a whole-genome linkage map for local B. burgdorferi s.1.
populations. Under a framework an intra-specific phylogeny, such a genetic map would
categorize each SNP in each genome as either a novel mutations, a part of laterally
transferred DNA due to gene conversion, or a randomly sorted ancestral polymorphism.
Genes associated with ecological and clinical variations could then be identified as the loci
where genetic changes are correlated with phenotypic changes.

6.2 Natural selection

Predicting functional importance of genomic variations takes more than a description of
observable variations and requires an understanding of causative population processes.
Standing genomic variations among coexisting strains are a result of complex population
processes including both stochastic mechanisms, such as random genetic drift and
fluctuating population sizes, and more deterministic forces such as natural selection. Among
these, natural selection is the key for identifying functionally important genomic variations.
Distinguishing between selectively maintained genomic variations and stochastic neutral
variations is the main challenge in all genomic analyses of natural populations (Ellegren,
2014; Guttman and Stavrinides, 2010; Li et al., 2008; Whitaker and Banfield, 2006).

Two selective hypotheses—Natural selection in the form of host specialization is
apparently the main force maintaining a diverse array of B. burgdorferi s.l. species in
regions where they overlap geographically, whether in Europe or in North America
(Kurtenbach et al., 2006; Margos et al., 2011). Large adaptive genomic differences at loci
encoding host-resistance lipoproteins, e.g., the PF54 gene array (Figure 2; Section 4), are
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strong candidates as being associated with host adaption. More controversial is the selective
forces causing and maintaining the high levels of sympatric diversity of genomic groups
within a single population such as B. burgdorferi s.s. in the Northeast US (Brisson et al.,
2012). Two main selective hypotheses have been formulated including the multiple-niche
polymorphism (MNP, Box 1) hypothesis (Brisson and Dykhuizen, 2004) and the negative
frequency-dependent selection (NFD, Box 1) model (Haven et al., 2011). Consistent with
empirical evidence including host preferences and clinical variability among the genomic
groups, the MNP model proposes that coexisting B. burgdorferi s.s. strains are maintained
by fine-grained niche partitioning such as vector, host, and tissue specializations (Brisson
and Dykhuizen, 2004; Brisson et al., 2012). Consistent with observations such as the
coexistence of a large number of genomic groups within a single local population and the
strong linkage between local genomic lineages with major antigen loci such as ospC, the
NFD model proposes that diversifying selection driven by escape from host immunity is the
main selective force within natural B. burgdorferi s.s. populations (Haven et al., 2011).
Since NFD does not assume host-adaptive differences among coexisting strains while MNP
does, testing of these two hypotheses is at the heart of investigations into the degree of
ecological specialization and clinical variability among coexisting B. burgdorferi s.1. strains.

Tests with genome sequences—Evolutionary analyses of whole-genome sequences
offer a way for testing these two seemingly competing hypotheses. The NFD model predicts
that genetic variations at antigen loci should be adaptive and have high dy/dg values, while
those at housekeeping loci should be under purifying selection and have low dy/ds values
(Haven et al., 2011). In contrast, the MNP model would predict that at least a portion of non-
synonymous substitutions at housekeeping loci are fixed adaptive differences between the
ospC-marked genomic groups. This prediction is based on the assumption that, although
host-adaptation is primarily associated with a few surface antigen loci like ospC in an MVP
model, secondary host-adaptation mutations are expected to occur and be fixed at
housekeeping loci over time. Measuring the portion of fixed non-synonymous substitutions
between genomic groups at housekeeping loci is therefore a way of testing the two
hypotheses. Certainly, there are numerous fixed nucleotide differences among the strains,
without which there would not be any phylogenetic signal. It is however not yet known what
proportion of the fixed nucleotide differences at housekeeping loci among coexisting strains
is synonymous or nonsynonymous. This analysis lends itself to a McDonald-Kreitman (MK)
test (McDonald and Kreitman, 1991) with the neutral expectation, using the notation of
(Stoletzki and Eyre-Walker, 2011), that the ratio of between- to within-strain non-
synonymous substitutions (D,/Py,) is the same as the ratio of the between- to within-strain
synonymous substitutions (D¢/Pg). Assessed by the Fisher’s Exact test, a positive test would
support the MNP model if the null hypothesis is rejected on evidence of an elevated level of
fixed nonsynonymous differences (D,,) between strains at housekeeping loci.

Challenges and opportunities—Since the NFD model is a simple and parsimonious
explanation of the coexistence of a large number of intra-specific genomic groups, it could
be considered a null selective hypothesis. Certainly, there is room for reconciliation and
integration between the NFD and MNP models. One possibility is the synergistic
accumulation of host-adapting and immune-escape variations. It is conceivable, for example,
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that strains diverge initially at major antigen loci driven by NFD and, subsequently,
mutations for host preferences become fixed during the prolonged period of coexistence of
multiple genomic lineages. Feasibility of such a mixed model may be evaluated using
computer simulations (Haven et al., 2011). A mixed model should be able to reconcile the
observation of a large number of coexisting strains and the empirical evidence of ecological
and clinical variations among these strains. Questions may rise on the relative importance of
these two selective forces. Again, the MK test described above is a means to quantitatively
estimate the relative strength of the two selective forces. A strongly positive MK test result
would suggest substantial host adaptation between the coexisting strains, while a weak or
insignificant MK test result would suggest that the within-species strain diversity in local B.
burgdorferi s.l. populations is maintained predominantly by immune escape.

7. Genomic phylogeography

Biogeography of B. burgdorferi s.1. is not only important for reconstructing its history of
worldwide diversification and migration, but also for predicting future risks of Lyme disease
by understanding evolutionary and ecological mechanisms underlining its accelerating
global range expansion (Kurtenbach et al., 2006; Margos et al., 2011; Ogden et al., 2013).
One consensus opinion emerged is the realization and hope that B. burgdorferi s.I. genome
variability holds signatures of biogeographic processes, making evolutionary-genomic
analysis a key to testing ecological hypotheses, including climate changes leading to shifts
in tick seasonality, migration of hosts, and habitat degradation (Diuk-Wasser et al., 2012;
Gatewood et al., 2009; Ogden et al., 2013).

Unresolved global phylogeography

Multilocus and genome-based phylogenies of B. burgdorferi s.1. species, rooted by
relapsing-fever Borrelia, support two large species assemblages of B. burgdorferi s.l., one
found in Eurasia and the other in the New World (Figure 1). This geographic pattern seems
to suggest that the most ancestral divergence of B. burgdorferi s.l. probably coincide with
and may be caused by the breakage of the two continents, a process that started 150 million
year ago. This biogeographic history, however, is inconsistent with the contemporary
geographic distribution of B. burgdorferi s.s., which is widely distributed in both continents
and its closest outgroup species (e.g., “B. finlandensis™) is found only in Europe (Margos et
al., 2008; Qiu, 2008). The ancestral Eurasia-New World divergence is also not consistent
with the geographic range of the newly proposed species “B. chilensis™, a New World
species but appearing to be the most basal B. burgdorferi s.1. species known so far (Ivanova
etal., 2013). Clearly, a coherent worldwide phylogeographic history of B. burgdorferi s.1. is
yet to emerge, which can be better resolved by sequencing more genomes, especially those
of recently discovered New World species. The use of genome-wide nucleotide variations or
concatenated alignments of conserved protein sequences (Wu et al., 2013) improves
statistical confidence in phylogenetic reconstruction of the B. burgdorferi s.I. species
complex and will allow better resolution on its biogeographic histories and mechanisms at
both global and regional levels. Any inconsistency of geographic origins with a species
phylogeny would suggest ancestral or recent migration events, since random sorting of
ancestral polymorphisms is less of a problem in genome-based phylogenetic reconstruction.
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Cross-species introgression in Northeast US

Infected ticks from Eurasia frequently contain a mixture of B. burgdorferi s.I. species while
coexistence of species is less common in the New World (Margos et al., 2011). Genome
analysis, however, has revealed not only coexistence but also genomic admixture (Box 1)
between species in North America. For example, we identified that an approximately 2.2-
kilobase long DNA fragment from a DN127-like genome has been transferred and
incorporated into the N40 genome (Figure 6). B. bissettii-like strains found in Northeastern
US have been renamed as members of a newly proposed species B. kurtenbachii, with strain
23015 as the type strain (Margos et al., 2010). Since B. bissettii is rarely found in the
Northeast US or isolated from I. scapularis ticks, it is likely that the donor of this transferred
DNA fragment is a member of B. kurtenbachii. The cluster of SNPs at this region has been
identified previously based on a comparison of three genomes, but the identity of the donor
genome was unknown at the time for lack of a large panel of reference genomes (Qiu et al.,
2004). While this chromosomal region contains housekeeping genes and these SNPs are not
obviously adaptive, this unambiguous case of cross-species recombination offers a glimpse
on the genetic consequences of B. burgdorferi s.l. expansion in this region and elsewhere.

First, it suggests that there is little intrinsic barrier to recombination between B. burgdorferi
s.l. species. The boundary between B. burgdorferi s.I. species is therefore delineated more
by geographic isolation than by ecological specialization. Second, it implies that B.
kurtenbachii and B. burgdorferi s.s. share tick vector, host species, or both, although it is not
clear if such a niche sharing between the two species is accidental or common. Third, since
this recombination event involves housekeeping loci it is a reflection of intrinsic and neutral
rate of gene flow. If cross-species hybridization is common and historically ongoing, one
would expect extensive genomic signatures of gene flow at housekeeping loci. Although we
have not yet performed genome-wide search for such signatures of cross-species or cross-
population gene flow, our preliminary assessment is that such neutral gene flows are not
common. We therefore speculate that the cross-species contact and genetic admixture in the
Northeast US is either historical but sporadic, or new and increasing as a result of range
expansion of B. burgdorferi s.1.

Recent secondary contacts between species and populations

Genetic variations at non-housekeeping genes provide further evidence for increasing
contacts between previously isolated B. burgdorferi s.1. species and populations. In Europe,
the B. burgdorferi s.s. strain BOL26 has been converted at ospC and the two neighboring
loci by a 1.9-kilobase DNA fragment from a coexisting B. afzelii strain (Haven et al., 2011).
Cross-continent and cross-population gene flows involving ospC appear to be common in
latest multilocus surveys of US local populations (Hanincova et al., 2013; Rudenko et al.,
2013). A genome-wide identification of DNA signatures of cross-species DNA exchange
would lead to more precise estimates on the age and frequency of such events. If the species
admixture is relatively recent, the level of genome-wide cross-species gene exchange would
be low. Much higher and more extensive levels of genomic admixture are expected if
species hybridization is ancient. Methods have been developed to estimate the age of species
hybridization in humans and other eukaryotes based on genome-wide heterogeneity using ad
hoc speciation models, which are then evaluated with approximate Bayesian computation
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(ABC) (Prufer et al., 2014; Roux et al., 2013; Vernot and Akey, 2014). Presumably, similar
approaches can be applied to estimating the age of hybridizations between B. burgdorferi s.1.
species in Eurasia and the New World.

Population admixture: sharing of recent ancestors or accelerating migration?

At a more regional level, multilocus sequence analysis (MLSA, Box 1) revealed a history of
a shared ancestral population and migration among regional populations of B. burgdorferi
s.s. in the US (Brisson et al., 2010; Hoen et al., 2009; Margos et al., 2012; Qiu, 2008). It
remains unclear the age of population boundaries, the level of migrations, or the effective
sizes of ancestral and contemporary populations. Answers to these questions help predict the
future Lyme disease risks by identifying possible ecological causes of range expansion of B.
burgdorferi s.s. By sequencing multiple genomes from within local populations, it will be
possible to obtain more precise estimates on these population parameters using approaches
such as isolation-migration modeling (Pickrell and Pritchard, 2012; Wang and Hey, 2010)
and multilocus coalescence (Liu et al., 2009). An estimate of genetic differentiation among
regional populations is not informative by itself since it could either be an estimate of the
age of divergence from a common ancestral population or an estimate of ongoing migration
rates. The isolation-with-migration model is designed to disentangle multiple causative
mechanisms of recently diverged populations (Pickrell and Pritchard, 2012; Wang and Hey,
2010). The multilocus coalescent model maximally uses phylogenetic information at
individual loci, an approach that is alternative to and more rigorous than the commonly used
method of inference of multilocus phylogeny using concatenated alignments (Edwards,
2009; Liu et al., 2009). So far, these newly developed, genome-inspired biogeographic
methods have not yet been applied to the study of B. burgdorferi s.l. populations.

Challenges and opportunities

Genome-wide extent and age distribution of DNA fragments introduced by cross-species
recombination in Europe and North America remain to be determined. So are the extent and
age of population admixture occurring within the continents. Genome admixture of B.
burgdorferi s.1. species and populations may be a relatively recent phenomenon due to an
increase of long-distance dispersal and regional range expansion. Population growth of a
pathogen has at least two evolutionary consequences that are disturbing from the perspective
of public health. First, theory (Takahata, 1993) and simulations (Mongodin et al., 2013)
predicts a burst of pathogen diversity with an increase in population size under strong
balancing selection. Second, population expansion leads to increased hybridization of
previously isolated populations in a highly recombinogenic species such as B. burgdorferi
s.l. Both of these evolutionary consequences facilitate pathogen adaptation and increase its
public-health risks, since the resulting new genotypes may be ecologically more invasive
and clinically more virulent.

8. Concluding remarks

The first decade of evolutionary genomics of B. burgdorferi s.l. covered much of the
worldwide phylogenetic, geographic, clinical, and host/vector diversity known at the time. A
key decision was also made to sequence multiple genomes from a single population of a
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single species. Without these between- and with-species genome sequences, it would not
have been possible to obtain a robust strain phylogeny, define the gene repertoire, identify
adaptively evolving lipoporteins, reveal conserved regulatory elements, discover genome-
wide recombination, or detect recent cross-species genetic introgression. With the incoming
wave of genome sequences from more species and strains worldwide, evolutionary
genomics of B. burgdorferi s.l. will be at the forefront of investigating the ecological and
evolutionary mechanisms and monitoring the trend of the global expansion of the Lyme
disease endemic. In addition to field and experimental studies of Lyme disease ecology,
future evolutionary studies of B. burgdorferi s.l. genomes may include, for example,
reconstructing genome-wide linkage maps based on SNPs using population genomics,
identifying adaptive genetic variations associated with a specific species, strain, or clinical
isolate using phylogenomics, and testing ecological hypotheses by estimating population
size, migration rate, strain frequencies, and genetic admixture using genome-level
phylogeography. The main challenge will shift increasingly from the unavailability of
genome sequences to a lack of theoretical models and informatics tools. Especially under-
developed are models and tools that would allow for distinctly bacterial mechanisms of
localized recombination, mixed selective forces including immune escape and host
specialization, and enzootic transmission. In sum, comparative studies of worldwide Lyme
disease endemics have made B. burgdorferi s.I. a model system for predicting risks of
vector-borne diseases based on evolutionary and ecological principles (Keesing et al., 2010;
Kurtenbach et al., 2006; Wood and Lafferty, 2013). With a theory-amenable genetic
structure of worldwide distribution, well-defined population boundaries, and high diversity
within populations, we are hopeful that B. burgdorferi s.I. will become a model system for
understanding mechanisms of genome evolution in bacteria as well.
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Box 1. A glossary of evolutionary genomics

«  Polymorphisms — Sequence variations within a population or species, e.g.,
single-nucleotide polymorphisms (SNPs). The amount of sequence
polymorphisms at a locus is commonly measured by the average number of
differences per nucleotide site ().

»  Fixed differences — Nucleotide differences between two species that are constant
within each species. The amount of sequence divergence between two species is
commonly measured by the number of fixed differences per nucleotide site (K).

»  Synonymous substitutions — Nucleotide substitutions in a protein-coding
sequence that do not cause amino-acid changes. Commonly used notations for
levels of synonymous polymorphism and synonymous divergence are,
respectively, mg and Ksg.

»  Nonsynonymous substitution — Nucleotide substitutions in a protein-coding
sequence that causes amino-acid replacements. Commonly used notations for
levels of nonsynonymous polymorphism and nonsynonymous divergence are,
respectively, ma and Ka.

e  The dn/dg ratio test of natural selection — Neutrally evolving protein-coding
gene is expected to show the same rates of synonymous and nonsynonymous
substitutions. In other words, if amino-acid substitutions are neutral, one would
expect wa/mg =1 for within-species comparisons or Ka/Ks=1 for between-
species comparisons. More generally, these two neutral expectations may be
referred to as dy/ds =1. Most protein genes are under purifying (negative)
natural selection for amino-acid substitutions, showing dy/ds <1. If a gene (or a
part of it) shows dy/ds >1, the gene may be subject to positive natural selection
(Hurst, 2002).

e The MK test of adaption — Another expectation for a neutrally evolving protein
gene is similar levels of selective constraints within and between species, i.e.,
malms= Ka/Ks. The MK test tests for accelerated amino-acid replacements
during speciation, i.e. Ka/Kg > ma/mg as evidence of adaptive evolution
(McDonald and Kreitman, 1991).

»  Phylogenomics — Phylogeny-based prediction of gene functions. Orthologs,
homologs due to speciation, are more likely to share the same molecular
functions than paralogs, homologs due to gene duplication (Eisen, 1998).
Orthologs are identified by comparing and reconcile a species phylogeny with a
gene tree. At present, phylogenomics refer to any phylogeny-based inference of
gene functions, including identification of genes and codon sites influenced by
positive natural selection (Kumar et al., 2012). In contrast to population
genomics (see below), phylogenomics generally compare genomes from
different species.

» Population genomics — Comparative study of genomes sampled from within a
natural population (Guttman and Stavrinides, 2010). It is the application of
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classic population genetics to genome sequences for understanding population
processes including changes of effective population size, rates of mutation and
recombination, amount of migration, and selective forces.

Pangenomics — In comparing genomes from a bacterial group (e.g., a species or
genus), each genome can be decomposed into a “core genome” — the set of
genes present in every genome and an “accessory genome” — the set of genes
that is uniquely present in this genome (Tettelin et al., 2005). All genes present
in all genomes constitute the “pan-genome” of the bacterial group.

Phylogenetic footprinting — A method for identifying gene-regulatory sequences
(e.g., promoters and non-coding RNAS) in non-coding parts of a genome based
on evolutionary conservation (Eddy, 2005). The basic assumption is that
functional intergenic elements are under purifying selection and show lower
nucleotide substitution rates than neutrally evolving sequences such as
synonymous sites in a protein-coding gene.

Phylogeography — The study of history, size, and genetic structure of geographic
populations of a species using molecular markers (Avise, 2000). Understanding
phylogeographical process of a species is challenging because it requires
simultaneous considerations of phylogenetic, demographic, and selective
processes.

Genome-wide association study (GWAS) — Identification of genetic loci
contributing to phenotypic variations by comparing genome-wide markers
individually in two phenotypically distinct random population samples. This
approach is different from the traditional pedigree-based approach of identifying
Quantitative-Trait Loci (QTLs) and is believed to be more powerful in
identifying genetic basis of a complex trait (Risch and Merikangas, 1996).

Gene conversion — A type of homologous DNA recombination that results in an
allelic replacement rather than an exchange of DNA arms (“crossing over”).
Gene conversion is the predominant form of recombination in bacteria. It causes
a loosening of linkage disequilibrium (LD) at short genomic scales without
significantly affecting LD at long-distance scales (Wiuf and Hein, 2000).
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Figure 1. Genome sampling and phylogeny: Borrelia phylogeny

(Main Panel) A phylogeny of 23 sequenced Lyme Group (LD) Borrelia genomes. The tree
is based on an alignment of a 6.3-kb region on the cp26 plasmid, encompassing genes b14,
b16 oppAlV, b17 (guaA), and, b18 (guaB). Since it does not include ospC, this region is
relatively free from recombination and therefore more informative for phylogenetic
inference. The cp26 sequences were aligned by using MUGSY (version 1.2.1) (Angiuoli and
Salzberg, 2011) in a LINUX environment, the alignment slice was extracted by using
customized Perl scripts, and the tree was inferred with FastTree (version 2.1.7) (Enright et
al., 2002). The tree is rooted at the midpoint, which is consistent with the root suggested by
a tree including Relapsing-Fever Borrelia as outgroups (Inset). The latter tree is based on
protein sequences at 24 single-copy conserved loci, including infB (encoding an initiation
factor), lepA (encoding a GTP-binding protein), pheS (encoding phenylalanyl-tRNA
synthetase subunit alpha), rpIB/C/D/E/F/K/N/O/P (encoding 50S ribosomal proteins), and
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rpsB/C/E/G/H/NIIIKILIMIQIS (encoding 30S ribosomal proteins) (Wu and Eisen, 2008)
(Norris and Tyagi, personal communications). The protein sequences were aligned by using
MUSCLE (version 3.8.31) (Edgar, 2004), the resulting alignments were concatenated by
using a customized Perl script, and the tree was inferred with FastTree (version 2.1.7)
(Enright et al., 2002). The B. burgdorferi s.l. strains were chosen for whole-genome
sequencing to allow for at least three levels of phylogenetic comparisons: (i) between eight
B. burgdorferi s.l. species, with the goal of identifying species-specific variations; (ii)
between fourteen clonal groups within a single species (B. burgdorferi sensu stricto), with
the goal of identifying strain-specific variations; and (iii) between members of sister-group
genomes, e.g., within SNP groups A-D (Mongodin et al., 2013), with the goal of identifying
most recent genomic changes.
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Figure 2. Phylogenomics: Gene duplications and losses on Ip54
Parsimony analysis based on the chromosomal SNP tree (left panel, topological diagram)

suggests a loss of ospB (dark green) in B. garinii, a bird-adapted species. The PF54
lipoprotein gene array, which consists of paralogs of the host-resistant gene bba68/cspA,
evolves rapidly and in a species- and lineage-specific manner. Orthologs, each set of which
is shaded in the same color, were determined by reconciliation of a tree of all PF54
homologs with the genome-based phylogeny, as described previously (Wywial et al., 2009).
N40_a67a (yellow) orthologs appear to have lost in SNP Group A and in JD1
independently. The B31_a70 (blue, encoding a plasminogen contributing to disabling host
complement system) (Koenigs et al., 2013) ortholog appears to be a recently duplicated copy
of its neighboring gene a71 and is present only in SNP Group A, which is associated with
disseminative Lyme disease (Dykhuizen et al., 2008 Hanincova et al., 2013). ORFs in black
have no apparent orthologs in sequenced genomes. Far04_A74* is a merged version of
Far04_A73 and Far04_A74 in GenBank. Orthology among PF54 genes provides an
independent line of corroborating evidence for the SNP-based phylogeny (Figure 1).
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Figure 3. Phylogenomics: positively selected genes

The between-species synonymous (KS) and non-synonymous (K nucleotide substitution
rates of genes on the cp26 plasmid (A), the Ip54 plasmid (B), and the chromosome (C). In
each panel, the blue line indicates the neutral expectation (Ks=Ka).ores containing codon sites
under positive selection are colored in red and their molecular functions are discussed in
Section 4.2. Other genes (colored in green) are predominantly under purifying selection. The
Ip54 plasmid contains a large proportion of ORFs evolving adaptively between B.
burgdorferi s.lI. species. The majority of ORFs on cp26 are under strong purifying selection
especially the plasmid-partitioning genes b10, b11, b12, and b13, justifying the use of these
genes as plasmid markers (Casjens et al., 2012). The high KS values of ORFs on cp26 reflect
high effective recombination rates caused by strong balancing selection at ospC. Also shown
are within-species synonymous (wg) and non-synonymous () polymorphisms of genes on
the cp26 and Ip54 plasmids (D). The dashed line indicates the neutral expectation (ma= 7s).
Two lipoprotein genes on Ip54 (a07/chpAl and a24/dbpA) show highly elevated g an
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indication of the roles of their gene products in interacting with the host. Similar inference
could be made for two lipoprotein genes on cp26 (b08 and b19/ospC), which also show
elevated ma values. Two genes flanking ospC (b18/guaA and b22) show high g values
apparently due to high effective recombination rates at ospC, but are under purifying
selection since their a values are close to normal. All substitution rates were obtained by
using the CODEML program of the PAML software package (version 4.4c) (Yang, 2007)
and a phylogeny based on genome-wide SNPs (Mongodin et al., 2013). Plots were made
using R (R Core Team, 2013; Wickham, 2009). Fifty-eight genes on Ip54 are a01, a03-05,
a08-16, a18-21, a23-a25, a30-a34, a36-a57, a59-a62, a64-66, a73, a74, and a76. Twenty-
Six genes on cp26 are b01-14, b16-b19, and b22-29.
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Figure 4. Phylogenetic footprinting: Putative non-coding RNAs
Predicted secondary structures of six longest putative ncRNASs on cp26 and Ip54 plasmids.

Each putative ncRNA contains a highly conserved inverted repeat (IR) sequence. These
conserved IRs were identified by running all-against-all BLAST (Camacho et al., 2009)
among B31 IGS sequences. Only IRs that share 90% or more sequence identity among the
eight B. burgdorferi s.l. species (represented by strains B31, SV1, DN127, PBi, PBr, A14S,
PKo, and VS116) were retained. Each RNA structure was predicted by using the B31
sequence with the program RNAalifold (Bernhart et al., 2008) and plotted by using VARNA
(Darty et al., 2009). Base substitutions (in red) represent variations between species. These
predicted structures are supported by patterns of sequence variability, which is enriched
within the loop regions and compensatory in some stem regions. The IRg21-a23 has
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previously been described (Delihas, 2009) and the other five putative ncRNA are new
findings.
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Figure 5. Population genomics: Selection-driven recombination hotspots
Recombination rates along the cp26 plasmid. Two recombination hotspots are observed, one

centered on b08 (encoding an uncharacterized lipoprotein) and the other on ospC. As
explained in the text (Section 6.1), these recombination hotspots are most likely due to
preferential retainment of amino-acid variations by strong balancing selection and not
necessarily due to intrinsic pro-recombination mechanisms. As such, genome-wide
recombination analysis of within-population samples helps identify loci under diversifying
selection. Recombination rates for all pairs of 951 SNPs on the cp26 plasmids among twelve
US B. burgdorferi s.s. genomes (Table 1) were estimated by using LDhat (version 2.2)
(McVean et al., 2002). The cp26 sequences were co-linearized according to the B31
sequence (all starting at b01 and ending at b29) and then aligned by using MUGSY (version
1.2.1) (Angiuoli and Salzberg, 2011) in a LINUX environment. The longest alignment was
extracted by using a MUGSY -supplied Perl script. SNPs were identified by using the
CONVERT program of LDhat. Pair-wise recombination rates were estimated by using the
PAIRWISE program of LDhat, which were subsequently plotted in the R statistical
computing environment (R Core Team, 2013) with the “summarise.pairwise” R function
included in the LDhat package. Recombination hotspots were estimated by using the
INTERVAL program of LDhat and plotted with the supplied R function
“summarise.interval”.
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Figure 6. Genomic phylogeography: A cross-species hybridization
(Top Panel) A codon alignment of the 5’ sequences at the main chromosomal locus 0082

(encoding an uncharacterized conserved protein). B31 sequence is used as the reference and
an “.” in other sequences represents the same nucleotide as in the B31 sequence at the same
aligned site. Neighboring codons are shaded in alternating colors. The corresponding amino-
acid alignment (Bottom Panel) shows coding consequences (Synonymous or non-
synonymous) of individual nucleotide variations. The N40 sequence at this region displays a
large phylogenetic inconsistency: it is more similar to the sequences of non-B. burgdorferi
s.s. orthologs than to its con-specific strains. Since all outgroups of B. burgdorferi s.s. used

here are distributed exclusively in Europe or Western US, it is likely that the donor is a
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DN127-like species in Eastern US, such as B. kurtenbachii (Margos et al., 2010). Further
analysis identified the two ends of this single cross-species gene-conversion event and
showed that it affects a 2.2-kilobase region from the 3’ end of the 0081 locus (encoding a
permease) to the 5’ end of the 0084 locus (encoding an aminotransferase). While this gene-
conversion event is not obviously adaptive, this analysis shows that (i) there is cross-species
hybridization in Northeast USA, (ii) the hybridization may be recent (see Section 7), and
(iii) evolutionary genomic analysis is powerful to reveal population history. In this case,
signatures of recombination are discovered based on phylogenetically mismatched SNPs
(“homoplasies™). The graph was prepared by using BorreliaBase.org, a phylogeny-centered
browser designed for evolution-informed comparative analysis of Borrelia genomes (Di et
al., 2014). Future studies will screen for genome-wide signatures of species hybridization
and population admixture.
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