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Abstract

All members of the Borrelia genus that have been
examined harbour a linear chromosome that is about
900 kbp in length, as well as a plethora of both linear
and circular plasmids in the 5-220 kbp size range.
Genome sequences for 27 Lyme disease Borrelia
isolates have been determined since the elucidation
of the B. burgdorferi B31 genome sequence in 1997.
The chromosomes, which carry the vast majority of
the housekeeping genes, appear to be very constant
in gene content and organization across all Lyme
disease Borrelia species. The content of the
plasmids, which carry most of the genes that encode
the differentially expressed surface proteins that
interact with the spirochete’s arthropod and
vertebrate hosts, is much more variable. Lyme
disease Borrelia isolates carry between 7-21 different
plasmids, ranging in size from 5-84 kbp. All strains
analyzed to date harbor three plasmids, cp26, Ip54
and Ip17. The plasmids are unusual, as compared to
most bacterial plasmids, in that they contain many
paralogous sequences, a large number of
pseudogenes, and, in some cases, essential genes.
In addition, a number of the plasmids have features
indicating that they are prophages. Numerous
methods have been developed for Lyme disease
Borrelia strain typing. These have proven valuable for
clinical and epidemiological studies, as well as
phylogenomic and population genetic analyses.
Increasingly, these approaches have been displaced
by whole genome sequencing techniques. Some
correlations between genome content and
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pathogenicity have been deduced, and comparative
whole genome analyses promise future progress in
this arena.

Introduction

The genus Borrelia forms a deeply separated lineage
within the Spirochaetes branch of the bacterial tree of
life (Paster et al., 1991). The organisms are
genomically unique and not closely related to any
other bacteria, including the other Spirochaetes.
Borrelia burgdorferi and Borrelia hermsii are
representative of the two major branches within the
Borrelia genus, wherein B. burgdorferi typifies the
Lyme disease Borrelia branch (abbreviated herein as
LB) and B. hermsii typifies the relapsing fever agent
branch (Paster et al., 1991; Ras et al., 1996; Schwan
et al,, 2007). The term ‘B. burgdorferi’ denotes B.
burgdorferi sensu stricto throughout this review. By
analysing the genomes of both B. burgdorferi and B.
hermsii, Barbour and coworkers originally showed
that both have a topologically unusual genome with
linear chromosomes and multiple linear plasmids
(Plasterk et al., 1985; Barbour, 1988; Ferdows and
Barbour, 1989; Hinnebusch et al., 1990; Kitten and
Barbour, 1990; Hinnebusch and Barbour, 1991)
(Figure 1).

Subsequent work has shown this to be a property of
all members of the genus Borrelia that have been
examined. This review will focus on the Lyme
Disease Borrelia (abbreviated throughout as LB)
branch of the genus; the genomics of the relapsing
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Figure 1. The genome of B. burgdorferi type strain B31. The linear and
circular plasmids are shown with the genes thought to be involved in
plasmid replication, partitioning and compatibility (see text) indicated by
small circles with different shading. Different B31 cultures have been
found to carry one or two related cp9 plasmids and up to eight different
cp32 plasmids. The figure is modified from figure 8 of Casjens et al.
(2000).

fever branch is covered elsewhere (Radolf and
Samuels, 2021).

The B. burgdorferi genome was among the first
bacterial chromosomes to be sequenced (Fraser et
al., 1997). Since then 27 complete LB genomes
(including chromosome and plasmids) have been
elucidated and numerous other less complete
genome sequences have been deposited in the NCBI
Genomes database (as of 5/12/20). Each LB species
carries a linear chromosome about 900 kbp in length
and multiple circular and linear low copy number
plasmids that are usually, but not always, in the 5-84
kbp range. These features have been demonstrated
directly for many of the defined LB species, including
Borrelia afzelii, Borrelia andersonii, Borrelia
bavariensis, Borrelia bissettiae, B. burgdorferi,
Borrelia filandensis, Borrelia garinii, Borrelia japonica,
Borrelia lusitaniae, Borrelia maritima, Borrelia
mayonii, Borrelia spielmanii, Borrelia turdi and
Borrelia valaisiana (Ferdows and Barbour, 1989;
Davidson et al., 1992; Casjens and Huang, 1993;
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Ojaimi et al., 1994; Casjens et al., 1995; Vitorino et
al., 2010; Mongodin et al., 2013; Kingry et al., 2016;
Casjens et al., 2018; Margos et al., 2019a; Margos et
al.,, 2019b; Margos et al., 2020) and all LB species
likely will have genomes of this type. The
chromosomes of these bacteria all have quite similar
gene contents, whereas the plasmids are more
variable (details below).

In light of their importance for disease pathogenesis
and maintenance of the enzootic cycle (see below
and Radolf and Samuels, 2021), the number and
diversity of the plasmids carried by LB species have
been the focus of much research. This enterprise,
however, has been hampered by their unusual
features. First, individual LB cells harbor a more
diverse plasmid complement than that of any other
bacterium - the sequenced genome of B. burgdorferi
type strain B31 has 21 plasmids, and several
additional plasmids appear to have been lost
between isolation of the strain in 1982 and the
completion of the complete genome sequence
(Casjens et al.,, 2000). Second, a number of the
plasmids have very similar sizes, and thus cannot be
separated by pulsed-field gel electrophoresis.
Consequently, mapping a gene to a particular
plasmid by Southern hybridization can be difficult.
Third, different plasmids in the same cell often carry
paralogous sequences that can be extremely similar
(Casjens, 2000; Casjens et al., 2000). This can and
does confuse both plasmid identification and
assembly of plasmid sequences. Thus, the complete
plasmid content of a particular LB strain is difficult to
ascertain without complete genomic sequence
analysis. Fortunately, advances in sequencing
technologies has made such analysis simpler and is
leading to a much better understanding of LB species
plasmid content (Casjens et al., 2012; Mongodin et
al., 2013; Margos et al., 2017b; Casjens et al., 2018).
Finally, assessing the true plasmid content of an LB
cell is further complicated by the fact that plasmids
can be lost during primary isolation; knowing whether
native plasmids have been lost from any strain
isolated in the laboratory is essentially impossible at
this time. Furthermore, many of the Borrelia plasmids
are readily lost during passage or manipulation in
vitro, and many clones of any given strain will have lost
one or more (Schwan et al.,, 1988; Xu et al., 1996;
Purser and Norris, 2000; Elias et al., 2002; Grimm et
al., 2003).

Overall, the 900-kbp chromosomes (often called the
“large” or “main” chromosome by workers in this field)
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carry the great majority of the genes that encode
metabolic enzymes, and the 400 to 650 kbp (in
different isolates) of plasmid DNAs carry the bulk of
the surface lipoprotein encoding genes. With the
notable exception of cp26 (see below), the plasmids
are not required for growth in culture (Sadziene et al.,
1993; Casjens et al., 1997b), but have often been
found to be required for mouse infectivity or tick
transmission in the laboratory (Schwan et al., 1988;
Xu et al., 1996; Purser and Norris, 2000; Purser et
al.,, 2003; Grimm et al., 2005; Revel et al., 2005;
Stewart et al., 2005; Strother et al., 2005; Strother
and de Silva, 2005; Lin et al., 2012; Radolf et al.,
2012). The chromosome carries tightly packed genes,
as is typical of bacteria, while many of the linear
plasmids have substantially lower gene densities and
many apparently decaying pseudogenes (Casjens,
2000; Casjens et al., 2000). Currently, the general
impression is that of an evolutionarily quite stable
chromosome that encodes the machinery required for
existence as a bacterial cell along with a rather large
menu of much more evolutionarily variable plasmids
that encode most of the proteins that interact with the
vertebrate and arthropod host environments
encountered by the bacteria (there are, however, a
small number of important metabolic enzymes
encoded by the plasmids and surface-exposed
proteins encoded by the chromosome; see below).

We note that references cited in this review were
chosen to allow the reader access to the latestliterature
and notnecessarily to creditdiscoverers, the originators
of ideas, or the first to obtain particular kinds of data.
Thus, cited articles are sometimes more recent
articles instead of those in which the original
discoveries were first reported.

Lyme Disease Borrelia Chromosomes

Borrelia burgdorferi B31 Chromosome

The complete 910,725-bp sequence of the isolate
B31 (the type strain of B. burgdorferi) linear
chromosome was published in 1997 (Fraser et al.,
1997). Its nucleotide composition is 28.6% G+C,and it
is predicted to contain 803 protein-encoding genes and
17 pseudogenes. The chromosomal genes have
been shown to be under intense purifying selection
(Tyler et al., 2018). The fraction of mutationally
inactivated chromosomal genes is among the lowest of
the analyzed bacterial genomes. Although smaller
genomes of free-living bacteria are known, this
chromosome size is near the small end of the
spectrum (e.g. Casjens, 1998)). The protein-encoding
genes occupy 93% of the chromosome, a typical
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value for a bacterial genome not undergoing current
reduction in size (Lynch, 2006). About 67% of the
genes are oriented such that they are transcribed away
from the center of the chromosome. GC skew
analysis and experimental evidence strongly suggest
the presence of a replication origin near the center of
the linear chromosome (Picardeau et al., 1999). The
chromosome of B31 carries five rRNA genes (two
23S, two 5S and one 16S) and 32 tRNA genes. The
former are clustered very near the center of the
chromosome. The tRNAs, predicted to encode
individuals specific for all 20 amino acids, are
scattered across the chromosome in seven clusters
and 13 single genes (Schwartz et al., 1992; Fraser et
al., 1997). Variable numbers of tandem repeats were
found in three genes: BB_0210, BB_0546 and
BB_0801 (Mongodin et al., 2013). BB_0210 encodes
a surface protein, Lmp1, which has been observed to
hamper chromosome sequence assembly from short-
read sequences such as lllumina likely due to
difficulties in assembling the tandem repeats (Tyler et
al., 2018).

Since the complete genome of B. burgdorferi strain
B31 was sequenced (Fraser et al., 1997; Casjens et
al., 2000), the Borrelia research community has
usually used the ‘locus tags’ in its GenBank annotation
as names for its genes and their encoded proteins (and
their homologues discovered in other isolates). Thus,
according to bacterial convention, chromosomal genes
are named ‘bbOxxx’ (lower case and italicized) in
ascending order from bb0001 through bb0853 across
the chromosome, and chromosomally encoded
proteins are named ‘BB_Oxxx’ (upper case and not
italicized, e.g. BB_0364). The B31 plasmid locus tag
names are similar but have the form ‘BB$xx’ in which ‘$’
indicates a letter, A through U, denoting the plasmid which
carries the gene (e.g. bba74 encodes protein BBA74
and lies on Ip54; bbs09 lies on cp32-3, etc.; see LB
plasmid section below).

Depending on the annotation pipeline, 60-85% of the
chromosome’s predicted genes have some similarity
to a gene in another organism whose role or function is
at least partly understood; about 10% are similar to
known genes in other organisms whose roles are
unknown; the remainder are unique to Borrelia and
have unknown functions (Fraser et al., 1997; Margos
et al., 2017c). The chromosome carries what appears
to be a rather minimal set of genes required for cell
maintenance and replication. These include genes for
cell wall biosynthesis (but not synthesis of
lipopolysaccharide); protein export and lipidation; DNA,
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RNA and protein biosynthesis; DNA repair; nucleotide
metabolism (but not de novo synthesis); membrane
lipid and phospholipid biosynthesis; glycolysis and a
few enzymes that provide substrates for the glycolytic
pathway, the bacterium’s sole mode for generating ATP.
A large and complete set of the genes known to be
required for motility and chemotaxis also is present,
as are a number of genes for transport of small
molecules across the cytoplasmic membrane. A major
conclusion from this bioinformatic analysis is that the
biosynthetic and intermediary metabolic capacity of
Borrelia is very limited. Genes that encode enzymes
that perform functions in respiration, amino acid
synthesis, nucleotide synthesis, lipid synthesis and
enzyme cofactor synthesis are almost completely
lacking, consistent with the many and fastidious
requirements for growth in culture, as well as its
restricted enzootic, host-associated lifestyle. Athough
originally no requirement for iron or iron transporter
genes were predicted (Posey and Gherardini, 2000),
in a subsequent paper a ferritin-like Dps (DNA-
binding protein from starved bacteria) protein with
iron and copper binding properties was described
(Wang et al., 2012). In most cases that have been
examined manganese- or zinc-dependent enzymes
are used instead of iron-dependent enzymes
(Nguyen et al., 2007; Ouyang et al., 2009; Groshong
and Blevins, 2014). Given this limited biosynthetic
capacity, the spirochete must acquire nearly all
carbohydrates, amino acids, nucleosides, lipids and
cofactors from its environment. Numerous transporter
and permease components are encoded on the
chromosome (with several others encoded on
plasmids); these include those for transport/uptake of
carbohydrates (14 genes) and amino acids/peptides
(15 genes) (Fraser et al.,, 1997; Corona and
Schwartz, 2015; Groshong et al., 2017). (See also
Radolf and Samuels, 2021, for additional discussion
of metabolism.)

The initial annotation of the B31 chromosome
suggested a surprisingly small number of genes
identified as encoding transcriptional regulators. This
was not expected as numerous B. burgdorferi genes
are known to be regulated by environmental signals
(Samuels, 2011; Radolf et al., 2012). Only two
alternative sigma factors (RpoS and RpoN) and two
two-component systems (Hk1-Rrp1 and Hk2-Rrp2)
initially were identified by sequence homology. Since
then several additional transcriptional regulators have
been identified and characterized, including BosR,
BadR, CsrA, Relsnus and DksA (Samuels, 2011;
Radolf et al., 2012; Groshong and Blevins, 2014;
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Arnold et al., 2018) (see Radolf and Samuels, 2021,
for more details).

Chromosomes of Other Lyme Disease Borrelia
species

The seminal publication of the genome of the B.
burgdorferi type strain B31 (Fraser et al.,, 1997)
revealed its complexity. It took several years before
the full closure of all plasmids was achieved and the
diversity of the plasmids, even within one species,
was fully appreciated (Casjens et al., 2000; Casjens
et al., 2012; Casjens et al., 2017; Casjens et al.,
2018). The stability and co-linearity of chromosome
and core plasmids (Ip54, cp26) between Borrelia
species was initially demonstrated by Gléckner et al.
(2004; 2006). These authors sequenced the
genomes of B. bavariensis PBi (at the time still
designated B. garinii) and B. afzelii PKo and showed
that the chromosomes of these two species were co-
linear with that of B. burgdorferi B31. The
chromosomes of PBi and PKo had only three
insertions and six and nine deletions of >100 bp,
respectively (Glockner et al., 2006). Two of these
insertions were >1000 bp; one resided within the
coding sequence of the basic membrane protein A
and the other was near the origin or replication. A
large indel of >600 bp in the genome of PBi was
found in the coding region of LMP1 (BB_0210) which
contains variable number of tandem repeats
(Mongodin et al., 2013; Tyler et al., 2018).

Subsequently determined genome sequences for
many of the 22 Lyme disease Borrelia species are
now available (Table 1), either as completed
genomes, draft genomes or in the form of raw reads
in the NCBI sequence read archive (SRA) (https://
www.ncbi.nim.nih.gov/sra) (Casjens et al., 2011a;
Casjens et al., 2011b; Schutzer et al., 2011; Schutzer
et al., 2012; Mongodin et al., 2013; lvanova et al.,
2014; Jacquot et al.,, 2014; Gatzmann et al., 2015;
Becker et al., 2016; Castillo-Ramirez et al., 2016;
Kingry et al., 2016; Margos et al., 2017a; Margos et
al., 2017b; Margos et al., 2017c; Margos et al., 2018;
Margos et al., 2019a; Margos et al., 2020). The
genome structure, i.e. its composition of a linear main
chromosome and a number of circular and linear
plasmids, is conserved in all species investigated
(Schutzer et al.,, 2012; Mongodin et al., 2013;
Ivanova et al., 2014; Becker et al., 2016; Kingry et
al., 2016; Margos et al., 2019a; Margos et al., 2020).
The chromosome of the different LB species varies in
size, ranging from 900 kbp (900,694 in B. chilensis)
to 922 kbp (922,901 in B. burgdorferi JD1) (Table 1).
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Right end extensions (plasmid fusion) of chromo-
somes have been described in B. burgdorferi , B.
mayonii and B. valaisiana (Casjens et al., 1997a;
Huang et al., 2004; Banik et al., 2011; Casjens et al.,
2012; Casjens et al., 2018) and has most recently
has been found in the B. turdi isolate TPT2017, in
which an Ip28-2-like plasmid was found fused to the
right end of its chromosome (Margos et al., 2019a).

The rRNA gene profiles of LB spirochetes were
described as consisting of one 16S rRNA locus that
is located approximately 2 kb upstream of tandemly
duplicated 5S-23S rRNA loci separated by an
intergenic spacer of approximately 200-350 bp
(Schwartz et al., 1992; Gazumyan et al., 1994); this
arrangement appeared to be similar in other LB
species (Ojaimi et al., 1994). However, differences in
the rRNA gene profiles have been identified in B.
bavariensis, B. afzelii, B. spielmanii, B. turdi and B.
yangtzensis which contain two 16S rRNA genes.
Other species, such as B. americana (3), B.
carolinensis (4), B. japonica (4) and B. kurtenbachii
(4) appear to have three or four 5S-23S rRNA loci
(Table 1).

In two isolates of B. andersonii, 19857 and 21038,
and the B. japonica isolate IKA2, a single 5S rRNA
locus and insertions in the second copy of the 23S
rRNA were reported (Marconi et al., 1995). Curiously,
two genome assemblies of B. bavariensis, isolates
NMJW1 and SZ, (erroneously named B. garinii in
GenBank), seem to possess only one 5S and one
23S rRNA locus but two 16S rRNA loci. However,
whether these deviations in the arrangement of the
rRNA loci are correct or may in some cases be due to
mis-assembly of sequence data needs to be
confirmed. In B. chilensis, 31 tRNAs and 1 non-
coding (nc) RNA are present (lvanova et al., 2014),
whereas the number of tRNAs and ncRNAs in the
genomes of the majority of LB species with
completed chromosome sequences in GenBank
were 32 and 3, respectively (Table 1).

In general, the synteny of the main chromosome
appears to be well conserved in most investigated LB
species. The length of the constant chromosomal
regions was reported to be approximately 903 kbp
with only a few indels or differences between the
chromosomes of LB species (although in some it
may be shorter (e.g. in B. bissettiae, B. chilensis or
B. maritima chromosomes are only 900 - 902 kbp;
Table 1) (Mongodin et al., 2013; Ivanova et al., 2014;
Margos et al., 2020). Interspecies differences in the
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three repeat-containing genes (bb0210, bb0546 and
bb0801) were found. In addition, indels larger than 25
bp differentiate the chromosomes of B. burgdorferi
and B. afzelii (Glockner et al., 2006; Mongodin et al.,
2013). Furthermore, compared to strain B31, B.
bavariensis isolate PBi and B. afzeli PKo had
duplications in the bmp gene region, five indels of
<330 bp in intergenic regions and indels of <150 bp
in genes bb0309, bb0704 and bb0749 (Glockner et
al., 2006; Mongodin et al., 2013). Additional
comparative genome analyses of B. maritima and its
closest relative B. bissettiae isolate DN127 showed
that B. maritima lacked five chromosomal protein
coding sequences, including three hypothetical
proteins, the orthologue of bb0049 and the gene
encoding competence protein ComEC/Rec2, but
included an additional three genes in its repertoire ---
a gene encoding an apolipoprotein N-acetyl-
transferase, a hypothetical protein and the arginine/
ornithine antiporter ArcD (Margos et al., 2020).

Although different statistical methods were used for
calculating genetic distances within and between
species, it is apparent that the genetic divergence is
much smaller within species than between species,
confirming previous data using MLST/MLSA (Margos
et al, 2009). Within B. burgdorferi only minor
differences between chromosomes were noted, e.g.
ZS7 and Bol26 differed by 0.084% and 94b and
29805 by 0.625% (Mongodin et al., 2013), whereas
distances calculated between species ranged from
2.8% - 8 % (Mongodin et al., 2013; Jacquot et al.,
2014). Consistent with this, the most recently
described LB species, B. mayonii and B. maritima
shared average nucleotide identities of 93.8% and
90.6%, respectively, with other LB species. Thus,
phylogenetic analyses confirm the genetic
distinctness of the different LB species, which is likely
related to their ecology (see below).

Lyme Disease Borrelia plasmids

Members of the Borrelia genus carry more plasmids
than any other bacteria. LB isolates that have been
analyzed carry between 7 and 21 different plasmids
(Figure 1). These plasmids are both linear and
circular and range from 5 to 84 kbp in size (Casjens
et al., 2000; Casjens et al., 2012; Kingry et al., 2016;
Casjens et al., 2017; Margos et al., 2017b; Casjens
et al,, 2018; Jabbari et al.,, 2018; Margos et al.,
2020). Most of the plasmids, except for cp26 (Byram
et al., 2004), are not required for growth in culture
(Sadziene et al., 1992; Casjens et al., 1997b). Table
2 lists the plasmid complement for the 32 LB isolates
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Table 1. Chromosomal genetic features of the Lyme Disease Borrelia species complex
Species Isolate name  No. of No. of rRNAs  Average Chromosome  No. of sequenced
tRNA/NcRNA rrs/rrf-rrl G+C%* size® genomes (source)
B. afzelii Pko 2/2 27.9 903690 11 (GB#)
HLJO1 32/3 2/2 28.3 905471 12 (SRA##)
K78 32/3 2/2 27.9 905949
Tom3107 32/3 2/2 28.1 905861
BO23 32/3 2/2 27.8 905349
B. americana SCW-41 nd 1/3 nd nd 1 (SRA)
B. bavariensis PBi 32/3 2/2 27.8 905817 1 (GB)
BgVir 32/3 2/2 28.2 905534 25 (SRA)
NMJW1 32/3 2/1 28.4 902789
Sz 32/3 2/1 28.4 902487
B. bissettiae DN-127 32/3 1/2 28.3 900755 2 (GB)
1 (SRA)
B. burgdorferi sensu  B31 31/12 1/2 28.1 910724 111 (GB, many draft)
stricto JD1 32/2 1/2 28.3 922801 16 (SRA)
CA382 32/3 1/2 28.6 910736
PAbe 32/3 172 28.5 910728
PALi 32/3 1/2 28.3 909921
MM1 32/3 172 28.2 908512
757 32/3 171 28.2 906701
B331 32/3 172 28.2 904573
N40 32/3 1/2 28.2 902191
B. californiensis CA446 3272 1/2 28.1 nd 1 (SRA)
B. carolinensis CA446 nd 1/ 4 nd nd 1 (SRA)
B. chilensis VA1 31/1 172 28.5 900694 1 (GB)
B. garinii 20047 32/3 1/2 28.1 906449 42 (GB, mostly draft)
Far04 29/3 1/2 nd nd 26 (SRA)
(1 partial
239)
B. japonica HO14 3372 1/ 4 28.1 nd 1 (SRA)
B. kurtenbachii 25015 3372 1/ 4 28.4 nd 1 (SRA)
B. lanei CA28-91 Nd Nd Nd Nd
B. lusitaniae PoTiB2 1/2 1 (SRA)
B. maritima CA690 33/1 172 27 902176 1 (GB)
B. mayonii M14-1420 32/3 172 27.8 904387 2 (GB)
M14-1539 32/3 1/2 27.8 904387
B. spielmanii PMew Nd 2/2 27.6 nd 1 (GB)
3 (SRA)
B. turdi TPT2017 3372 2/2 27.7 935973 3 (GB, draft)
T1990A 2/2 27.7 906931
T2084 33?2/ 2/2 27.6 901717
B. valaisiana V5116 32/2 172 27.4 913294 2 (GB)
Tom4006 32/3 1/2 28.0 912160 2 (SRA)
B. yangtzensis Okinawa 33/? 2/1 27.8 nd 1 (SRA)
CWe2

*may depend on whether and which plasmids are included
°Telomere regions may not be included in all samples

#GB=GenBank

##SRA=Sequence Read Archive

for which complete or nearly complete genome

sequences have been reported to date.

Plasmid types and nomenclature

B. burgdorferi plasmids were originally named in the
type strain B31 with “Ip” for linear plasmid and “cp”
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for circular plasmid and numerical designations of
their approximate kbp sizes as determined by
agarose gel electrophoresis and sequencing that did
not always reach the linear plasmid telomeres
(Fraser et al., 1997; Casjens et al., 2000). Naming
the plasmids in all strains according to their size,
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however, creates several difficulties: (i) most of the
plasmids are in the 25 to 31 kbp size range, so the
number of different names based only on size is
limited, (ii) plasmids from different isolates with
closely related segments can, nonetheless, harbor
major differences in size and organization, and (iii)
names based purely on size have no biological
significance. Naming plasmids according to more
biologically meaningful criteria would be more
informative. It was noticed early on that all of the B31
plasmids larger than 15 kbp carry a set of four genes,
usually in a contiguous cluster, that are predicted to
be involved in plasmid replication and maintenance.
These genes encode proteins that are members of
the LB protein families (PFams) named PFam32,
PFam49, PFam50 and PFam57/62 (originally defined
as paralogous families within strain B31 in Casjens et
al. (2000) and extended to other strains in Casjens et
al. (2012) (Figure 1). Smaller plasmids Ip5, Ip21 and
cp9 often lack one or more of these four gene types
but always carry a PFam57/62 gene. The PFam32
proteins are homologues of the well-studied ParA
proteins that play a central role in the partitioning of
many bacterial plasmids (Shih and Rothfield, 2006);
the other three families have no strong similarity to
genes of known function. Experimental studies have
strongly supported the notion that the PFam49,
PFam50 and PFam57/62 protein types are required
for plasmid maintenance (Stewart et al., 2001;
Eggers et al., 2002). The PFam32 proteins of circular
cp26 or linear Ip17 are apparently not required for
maintenance (Beaurepaire and Chaconas, 2005; Tilly
et al., 2012); however, the mutational analysis of Lin
et al. (2012) suggests that they are required for other
plasmids. PFam32 proteins are quite diverse and can
be robustly parsed into different sequence types;
strikingly, no LB cell has been found that carries two
plasmids that encode PFam32 proteins of the same
sequence type. This PFam32-type mutual exclusivity
currently holds true for the 669 sequenced plasmids
in 50 completely or nearly completely sequenced
isolates (423 plasmids in 29 isolates with completely
sequenced and published genomes (Table 2) and 21
additional unpublished LB genomes that carry 246
plasmids; Casjens, unpublished results). This
strongly suggests that two plasmids with the same
PFam32 type gene cannot coexist in the same cell
and so are incompatible in spite of the fact that this
protein is not always essential for plasmid
maintenance in the laboratory. Consequently, it has
been proposed that, when possible, LB plasmids be
named according to the PFam32 protein they encode
(reviewed by Casjens et al., 2006; 2010; 2018).
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Rather than inventing a completely new set of
plasmid names (the B31 names had been in use for
nearly a decade), each PFam32 type was given its
already existing B31 name (e.g., cp26, 1p28-2, Ip36,
etc.). As new PFam types were discovered in other
isolates, they were given new names of the same
style (e.g., Ip28-5 discovered in B. burgdorferi strain
N40; Ip28-8 discovered in B. burgdorferi strain 94a).
The various B31 Ip28 plasmids as well as Ip21, Ip25,
Ip36, 1p38 and Ip56 plasmids are all very variable in
size between strains, and all of these plasmids
contain many overlapping paralogous gene types.

Thus, when a newly discovered plasmid type
contains members of these same gene sets it is
given the next number in the Ip28 series which is
currently up to Ip28-13 (see below). Linear plasmids
that carry a cp32 type PFam32 gene are given a
name that corresponds to its cp32 type (e.g, a linear
plasmid with a cp32-6 type PFam32 gene would be
Ip32-6) (Casjens et al., 2017; Casjens et al., 2018).
Table 3 lists all the published plasmids and their size
ranges.

This PFam32 type nomenclature scheme has the
major advantage that plasmids of the same
compatibility type have related names, but it also has
disadvantages: (i) the PFam32 gene on a given
plasmid must be sequenced in order to determine its
final designation, and (ii) plasmids of the same
PFam32 type often differ substantially in gene
content (see below). PFam32 sequence types are
not limited to single species as most types are found
in multiple LB species (Casjens et al., 2018). Of
course, any biological nomenclature system will have
some complications, and LB isolates are no
exception. First, several cases exist in which
individual plasmids carry more than one apparently
intact PFam32 gene (though adhering to the “only
one copy of any PFam32 type gene per cell” rule).
There are examples of circular plasmids integrated
into linear plasmids (cp32-10 integrated into Ip56 in
B. burgdorferi strain B31 and cp32-11 into Ip54 in B.
finlandensis strain SV1), apparent end-to-end fusion
of linear plasmids 1p36 and 1p28-4 in B. burgdorferi
strain CA-11.2A, and fusion of two or more circular
plasmids (e.g., cp32-1 and cp32-5 in B. burgdorferi
strain JD1; fusion of parts of four cp32s in cp32-quad
in B. bissettiae strain DN127) (Casjens et al., 2012;
Casjens et al., 2018). The names of fused plasmids
have not always been consistent, but the
recommendation is that they be named with both
PFam32 types, for example “cp32-1+5". A second
more serious complication is that it is not known how
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Table 2. Total plasmid numbers in 32 Lyme Disease Borrelia isolates
Species Isolate (X") cp9 cp26 cp32? Ip5 Ip17  linears® Ip54 Total* Reference

B. burgdorferi

64b (A) - 1 98 - 1 7 1 18 Casjens, 2017

B31 (A) 15 1 8o 1 1 10 1 2125 Casjens, 2000

Bol26 (A) - 1 678 - 1 4 1 13 Casjens, 2017

PAli (A1) - 1 78 - 1 4 1 13 Margos, 2017

PAbe (A1) -1 76 - 1 49 1 1 Margos, 2017

ZST7(A) 1 68 - 1 6 1 14 Casjens, 2017

29805 (B) - 1 58 - 1 7 1 15 Casjens, 2017

N40 (B) 101 68 - 1 6 1 16 Casjens, 2017

WI91-23 (B) 2 1 78 1 1 9 1 21 Casjens, 2017

72a (C) - 1 68 - 1 4 1 13 Casjens, 2017

94a (C) 1 5 - 1 57 1 14 Casjens, 2017

118a (C) 1 88 - 1 8 1 19 Casjens, 2017

CA11_2a (C) -1 5 - 1 410 1 12 Casjens, 2017

MM1 (C") 1 1 6 - 1 5 1 15 Jabbari, 2018

156a (D) - 1 88 - 1 9 1 20 Casjens, 2017

297 (D) - 1 98 - 1 7 1 19 Casjens, 2017

JD1 (D) - 1 98 - 1 9 1 20 Casjens, 2017
B. “finlandensis”

SV1 - 1 4812 - 1 4 1 10 Casjens, 2018
B. bissettiae

DN127 1 1 98 - 1 5 1 16 Casjens, 2018
B. mayonii

MN14-1420 1 1 58 1 1 5 1 15 Kingry, 2016

MN14-1539 1 1 58 - 1 5 1 14 Kingry, 2016
B. bavariensis

PBi - 1 413 - 1 613 1 1113 Glockner, 2006

Margos, 2018

B. garinii

20047 - 1 218 - 1 518 1 >6 Margos, 2018-15

Far04 - 1 - - 1 4 1 7 Casjens, 2018

PBr - 1 28 - 1 6 1 1 Casjens, 2018
B. afzelii

ACA-1 - 1 48 - 1 7 1 14 Casjens, 2018-15

BO23 1 1 M - 1 513,14 1 >9

K78 - 1 4 - 1 6 1 13 Schuler, 2015

PKo - 1 78 - 1 7 1 17 Casjens, 2018
B. spielmanii

A14S8 17 1 47 - 1 57 1 13 Casjens, 2018
B. valaisiana

VS116 1 1 38 - 1 4 1 " Casjens, 2018
B. maritima

CAB90 - 1 2 - 1 3 1 7 Margos, 2019

Casjens, unpub

B. turdi

T1990A 1 1 32 - 1 3 1 10 Margos, 2019

TPT2017 - 1 32 - 1 4 1 10 Margos, 2019

T2084 - 1 32 - 1 3 1 9 Margos, 2019

The sequences were analyzed in the following references (Kingry et al., 2016; Casjens et al., 2017; 2018; Margos et al.,
2017; 2019; Jabbari et al., 2018). The Bbss chromosomal SNP type (Mongodin et al., 2013) is indicated in parentheses;
The SNP types were predicted for PAbe, PAli and MM1 chromosomes by our analysis of cp26, Ip54 and chromosome right
end (see text) (S. Casjens and W. Qiu, unpublished).

2Number of cp32 PFam32 compatibility types, not DNA molecules. Strain B31 may have had 9% cp32 (cp32-5) that was
lost before genome sequencing (Zuckert and Meyer, 1996; Casjens et al., 1997).

3This category includes all the linear plasmids except Ip5, Ip17 and Ip54 (see text).

4The number of different plasmid DNA molecules; fused plasmids counted as one.

5B31 may have had a second cp9 that was lost before genome sequencing (Miller et al., 2000).

6cp32-10 is integrated into the Ip56 linear plasmid (Casjens et al., 2000).

7Assembly of one or more of these plasmids sequences was incomplete.

80ne or more cp32s either truncated or fused with other cp32s.

SIncludes Ip28-1 since lllumina sequencing methods found some Ip28-1 sequences; it may have been lost in most cells in
the culture.

10Lp36 and Ip28-4 are fused end-to-end.

"The 297 chromosome has not been sequenced. Its chromosomal SNP type is inferred from the cp26 and Ip54 plasmids
(Mongodin et al., 2013).

12Cp32-11 is integrated into Ip54 (Casjens et al., 2018).

3There may be additional plasmids in this group whose sequences were not completely assembled.

14Lp54 and Ip38 are reported to be fused end-to-end in CA-11.2A.

15Sébastien Bontemps-Gallo, personal communication and unpublished; cp32s were not assembled; see relevant
GenBank entries.
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Table 3. Total Lyme Disease Borrelia plasmid numbers and sizes in 29 genomes from 9 species.

burgdorferi  finlandensis bissettiae mayonii afzelii garinii spielmanii valaisiana maritima  Size
range

171 1 1 2 3 2 1 1 1 (kbp)?
Plasmid
Ip5 2 - 1 - - - - - - 5
Ip17 17 1 1 2 3 2 1 1 1 15-28
Ip21 2 - - - - - - - - 15-19
Ip25 92 - 1 2 - 2 - 1 - 22-33
1p28-1 8 - - - - - - - - 24-30
1p28-2 5 1 - - 3 - - - 1 21-36
1p28-3 142 - 1 2 2 1 1 1 - 22-82
1p28-4 15 1 1 1 3 1 1 - 1 22-414
1p28-5 6 - - - - - - - - 24-28
1p28-6 6 - - - - - - - - 27-31
1p28-7 1 - 1 - 2 1 - - - 27-34
p28-8 1 - - 2 2 1 1 1 - 18-23
1p28-9 1 - - - 2 2 - - - 27-39
1p32-3 2 - - - - - - - - 17
p32-6 - 1 - - - - - - - 48
1p32-10 - - - - 2 1 - - - 30-42
1p32-12 - 1 - - - - - - - 53
Ip36 17 - - 2 - 2 2 2 1 17-464
Ip38 12 - - - 3 - 1 - - 20-39
Ip54 17 1 1 2 3 2 1 1 1 53-614
Ip56 6 - 1 - - - - - - 21-30*
cp9 82 - 1 2 - - 1 1 - 8-11
cp26 17 1 1 2 3 2 1 1 1 26-27
cp32's 108°% 3 7 10 15 2 4 3 1 27-32¢8

Below the species name is the number of genomes analyzed in the following references (Kingry et al., 2016; Casjens et
al., 2017; 2018; Margos et al., 2017; 2019; Jabbari et al., 2018); they are those in table 2 but not including strains PBi,
20047 and BO23 since their plasmids are likely incompletely described.

2|ncludes unsequenced 297 Ip25 and N40 1p28-3 and second B31 cp9 type (see Casjens et al., 2017).

3The upper size estimates can be slight underestimates since most sequences do not extend quite to the termini of the

plasmids (see Casjens et al., 2012).

4Sizes do not include neatly integrated ~30 kbp cp32s in B31 Ip56 and SV1 Ip54 or fused Ip36 and Ip28-4 in CA-11.2A
SNumber of cp32 apparently intact PFam32 genes and not DNA molecules (see text).
SAll apparently intact cp32s are between 27 and 32 kbp; however, a significant fraction of cp32s exhibit large deletions and

these can be as small as 13.5 kbp.

different the PFam32 proteins must be to define
different plasmid compatibilities. Although the
PFam32 proteins form well-defined clusters, there is
insufficient experimental evidence to determine
whether such clusters indeed always have different
compatibilities. The most closely related PFam32
types that must have different compatibilities, since
they reside in the in the same cell, are cp32-8,
cp32-10 and cp32-12, all of which are present in B.
burgdorferi strain JD1and are about 25% different in
amino acid sequence (see figure S1 in Casjens et al.,
2018). 1p28-1 and 1p28-9 (17-18% different
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PFam32s) have been arbitrarily split into different
PFam32 types (Casjens et al., 2017), whereas it has
been argued that Ip28-10 (Kingry et al., 2016) and
Ip28-8, at 12-15% different, may be the same
compatibility group (Casjens et al., 2018). However, it
should be emphasized that in the absence of finding
a cell that contains both types, experimental tests of
compatibility in these cases will be required to
ascertain whether these groups have the same or
different compatibilities. Finally, plasmids smaller
than ~15 kbp, Ip5 and cp9, often do not encode a
PFam32 protein and so cannot be categorized in this

Curr. Issues Mol. Biol. Vol. 42



Multipartite Genome of Borrelia

fashion. For example, B. burgdorferi strain WI91-23
(Casjens et al.,, 2017) and perhaps the original B.
burgdorferi B31 isolate (Miller et al., 2000) contain
two different cp9 plasmids that lack PFam32 genes,
indicating that there are multiple compatibility types
for this plasmid. These may correlate with differences
in their PFam57/62 proteins (which are encoded by
all LB species plasmids), but this remains
speculative.

Plasmid relationships and gene content

How many plasmid compatibility types exist in LB
species? Thirty-two different PFam32 types have
been reported (Casjens et al., 2018). These include
two types that were previously noted as: (i) a second
type of PFam32 gene on B. burgdorferi B31 1p28-1
(bbf13) and recently found as the only PFam32 gene
on a B. burgdorferi strain B331 plasmid named
Ip28-11 (Schwartz et al., unpublished), and (ii)
another type (unnamed because the plasmids they
reside on have not been completely sequenced or
described) present in contiguous sequences (contigs)
in a B. afzelii PKo draft genome sequence (locus_tag
BAPKO_2556) and a B. japonica HO14 draft genome
sequence (locus_tag SAMN02983004_01117). In
addition, two new types recently discovered in B.
turdi have been named [p28-12 and Ip28-13 (the
former designated Ip30 in (Margos et al., 2019a; S.
Casjens and W. Qiu, unpublished). This brings the
current total to 34 PFam32 types. Thus, with Ip5 and
at least two types of cp9, there appears to be a
minimum of 37 LB plasmid compatibility types,
suggesting that it would be theoretically possible that
a single cell could harbor 37 different plasmids. The
rate of discovery of new PFam32 types has greatly
diminished as more genome sequences have been
determined, so it is likely that nearly all extant types
are now known.

For LB strains in which the plasmid copy numbers
have been measured, the range is one to two copies
per chromosome. The relative staining intensities/bp
of all the plasmid and chromosome electrophoresis
bands are typically quite similar, suggesting that
plasmids are generally present in low copy number
(Hinnebusch and Barbour, 1992; Casjens and
Huang, 1993; Glockner et al., 2004; Tilly et al., 2012).
The observation that sequence coverage was 10-fold
higher for B. burgdorferi strain JD1 1p28-6 than for
other plasmids suggests that there may be
exceptions to this rule (Casjens et al., 2012). The LB
plasmids also have a number of additional interesting
and unusual features: (i) Only a small fraction of the
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plasmid genes encode proteins with recognizable
similarity to proteins outside of the Borrelia genus;
these include proteins related to previously known
plasmid partitioning proteins (above), small molecule
transporters, DNA restriction-modification systems,
and nucleotide and DNA metabolism enzymes. (ii)
The plasmids encode many N-terminally lipidated
proteins most of which are targeted to the outer
surface of the bacteria (e.g., Casjens et al., 2000;
Dowdell et al., 2017). These proteins are important
mediators of interactions between spirochetes and
their hosts and are potential vaccine and detection
targets. (ii) A large number of paralogous gene
families and paralogous intergenic sequences are
present on the plasmids (Casjens et al., 2000). (iv)
Like the main chromosome, the linear plasmids have
covalently closed hairpin ends (Barbour and Garon,
1987; Hinnebusch et al., 1990; Hinnebusch and
Barbour, 1991, 1992) (see Radolf and Samuels,
2021). (v) Most of the LB plasmid types appear to
have undergone structural rearrangements at a
significant frequency in nature, judging from
comparisons of cognate PFam32 type plasmids
present in different isolates. Each resulting structural
variant or “organizational subtype” is typically
restricted to a single species. The different plasmid
types and their rearrangements are discussed in
more detail below.

Cp9

Six of the seventeen B. burgdorferi complete genome
sequences and five of the fifteen genomes from nine
other LB species include a cp9. Although the cp9s
from B. burgdorferi do not carry a PFam32 gene,
those from the other LB species encode a unique
PFam32 type (Casjens et al., 2018). The different
species harbor different cp9 organizational subtypes,
and three are known in B. burgdorferi, including two
in strain WI91-23. The B. burgdorferi cp9s encode
PFam95 eppA genes (Champion et al., 1994; Miller
and Stevenson, 2003), and all cp9s encode PFam96
and PFam165 proteins, also called BppC and BppA,
respectively (El-Hage and Stevenson, 2002), which
also are encoded by all intact cp32 plasmids; the
roles of these proteins are not known. Cp9s may be
readily lost during in vitro passage (Grimm et al.,
2003), and there is no current evidence that they are
involved in virulence.

Cp26

All LB isolates analyzed to date carry very similar,
syntenic cp26 plasmids (Tilly et al., 1997; Terekhova
et al., 2006; Casjens et al., 2012; 2017; 2018) and it
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has been shown to be essential for growth in culture
in B. burgdorferi strain B31 (Byram et al., 2004;
Jewett et al., 2007a). These plasmids encode
proteins involved in GMP synthesis (Margolis et al.,
1994), chitobiose import (Tilly et al., 2004), host
integrin binding (Behera et al., 2008), oligopeptide
import (Bono et al.,, 1998), and the telomere
resolvase that creates the hairpin ends of the linear
replicons (Ravin et al., 2000; Kobryn and Chaconas,
2002) (see Radolf and Samuels, 2021). It also
encodes the important surface antigen lipoprotein,
OspC, that is expressed early in infection of a
mammalian host and is essential for establishment of
infection (Wilske et al., 1986; Grimm et al., 2004; Tilly
et al., 2006; Fingerle et al., 2007). ospC, one of the
most variable single-copy genes in the LB genome
(Mongodin et al., 2013), appears to have undergone
a number of short horizontal exchange events (Livey
et al.,, 1995; Qiu et al., 1997; Wang et al., 1999a;
Wang et al., 1999c; Barbour and Travinsky, 2010;
Brisson et al., 2010; Haven et al.,, 2011) Single
nucleotide polymorphism (SNP) tree analysis shows
that, in the strains whose whole genome sequences
have been determined, whole cp26 plasmids have
not exchanged between chromosomal lineages,
either within or between LB species (Mongodin et al.,
2013).

Cp32s

The cp32 plasmids are largely syntenic
bacteriophage prophages (see below) that can be
quite similar throughout their lengths - in some cases
99% identical over several kbp (which makes
unambiguous sequence assembly difficult without
very long run sequence technology). Most LB
isolates carry one or more cp32 plasmids (Casjens et
al.,, 1997b; lyer et al., 2003; Miller and Stevenson,
2003; Casjens et al., 2017; 2018). The two B. garinii
isolates and one B. maritima isolate whose genomes
have been sequenced have the fewest with two or
fewer (B. garinii Far04 is the only isolate that carried
no cp32s when its genome was sequenced) (Casjens
et al,, 2018; Margos et al., 2020). Their putative
phage virion assembly proteins (see below) are
presumably only expressed when the prophages are
induced to lytic growth (Zhang and Marconi, 2005),
but the cp32s also encode a number of surface
exposed lipoproteins that are expressed from the
prophage. The latter include the revA genes whose
surface lipoprotein products bind fibronectin
(Brissette et al., 2009a; Byram et al., 2015), the mip
encoded surface lipoproteins (Theisen, 1996; Yang et
al.,, 1999; Porcella et al., 2000), the bdr (Borrelia
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direct repeat) genes whose functions are unknown
(Zuckert et al., 1999; Zuckert and Barbour, 2000),
and the complex family of erp (also called ospE,
ospF or elp) genes whose various members have
been shown to encode surface lipoproteins that bind
to plasminogen (Brissette et al., 2009b), laminin
(Brissette et al., 2009c), and factor H complement
regulatory factor (Alitalo et al., 2002; Metts et al.,
2003; Kraiczy et al., 2004), as well as having
possible cell adhesin function (Antonara et al., 2007).

Twelve different types of PFam32 proteins are
encoded by the cp32 group of circular plasmids, and
these apparently can exist in the same cell (the name
cp32-2 is not currently in use as it has the same
PFam32 type as cp32-7 (Fraser et al., 1997; Casjens
et al., 2000). Relatively frequent homologous
recombination appears to shuffle sequences among
the cp32s as well as allowing fusions between them
(Brisson et al., 2013; Casjens et al., 2017; Margos et
al., 2017b). In addition, about 15% of the cp32s that
have been sequenced have undergone some
apparently nonhomologous organizational
rearrangements such as truncation, fusion and
inversion.

Lp5

Lp5 is a relatively rare small plasmid that has been
found only in two isolates of B. burgdorferi and one of
B. mayonii (Casjens et al., 2000; Kingry et al., 2016;
Casjens et al., 2017). They appear to encode only a
PFam57/62 plasmid maintenance protein, a
PFam137 protein of unknown function and several
pseudogenes. There is no current indication that Ip5
is involved in tick transmission or mouse virulence.

Lp17

Lp17, along with cp26 and Ip54, is one of the three
plasmids found in all natural LB isolates. It encodes
unique PFam32 and PFam57/62 plasmid
maintenance/compatibility proteins; in addition, all
known Ip17s encode homologues of B. burgdorferi
B31 proteins BBD9, 10, 11, 15 and 18. Except for
BBD18, a global regulator that affects the function of
the alternative sigma factor RpoS and thereby
controls the transition from mammalian host to tick
vector (Dulebohn et al., 2014; Hayes et al., 2014),
none of the other genes have a known function.
Curiously, among the 32 Ip17s in completely
sequenced genomes, there are currently 16 different
organizational variants (Figure 2) and nearly all are
restricted to one species. Nearly all such variants are
restricted to one species, but a single species can
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Figure 2. ORF maps of Ip17 plasmids. The horizontal bars represent all the currently sequenced and annotated Ip17 plasmids. identical background
colors indicate regions of homologous DNA in the different plasmids. The bacterial species and organizational subtypes are indicated by Roman
numerals on the right, and isolates that carry each subtype are indicated on the left. Selected genes are indicated by red arrows, and black "X"s mark
pseudogenes. B. burgdorferi paralogous family (PFam) numbers (Casjens et al., 2012) are indicated in the boxes above; "U"s in boxes are proteins for
which no intact gene is known in B. burgdorferi; "J's in boxes indicate strain B31 homologous proteins for which there is only one homologue in B31 (i.e.,
no PFam number exists); adeC, cspZ and fbn refer to adenine deaminase, complement regulator-acquiring surface protein Z and fibronectin binding
protein encoding genes, respectively. Selected strain B31 gene names are indicated above its map. This figure is reproduced with permission from

Casjens et al. (2018).

have up to seven different variants (as in the case of
B. burgdorferi where 17 isolates have been
sequenced (Casjens et al.,, 2017; Margos et al.,
2017b; Casjens et al., 2018; Jabbari et al., 2018;
Margos et al., 2020). Interestingly, all the LB Ip17
variants include alternate sequences (3-21 kbp long)
at their left ends, and all of these alternate left end
sequences encode proteins that are homologous to
proteins encoded by other linear plasmids.

Lp54

Lp54 plasmids are present in all LB isolates and are
relatively uniform in gene content and organization.
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Two exceptions are apparent fusions with Ip38 in
strain BO23 and with cp32-11 in SV1. One variation
among canonical, unfused Ip54s is the presence of
different 2-3 kbp left end extensions in (i) B. chilensis,
(ii) B. japonica and (iii) B. afzelii, B. garinii and B.
spielmanii that encode different proteins (Samuels et
al., 1993; Casjens et al., 2018). The lack of repeated
sequences on the Ip54s allows easier sequence
assembly, so more Ip54 plasmid sequences have
been reported than are present in the complete sets
of plasmids that are listed in Tables 2 and 3.
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Lp54 carries a number of genes that are important in
mouse infection and tick transmission. The
expression of one-third of Ip54 genes is regulated by
RpoS; these include genes required during both the
tick and mammalian phases of the spirochete life
cycle (Caimano et al., 2007; lyer et al., 2015;
Caimano et al., 2019). OspA and OspB are major
surface proteins that are expressed in ticks and are
important for vector colonization (Pal et al., 2004;
Yang et al., 2004; Tilly et al., 2012). Decorin binding
proteins (DbpA and B) are important in mouse
infection (Blevins et al., 2008; Shi et al., 2008;
Weening et al., 2008; Salo et al., 2015). BBA34
(OppAb5) is an oligopeptide binding protein that is
required for mammalian infection (Bono et al., 1998;
Groshong et al., 2017; Caimano et al., 2019) and
BBAS57 protein is critical for early infection success
(Bernard et al., 2018). Bestor et al. (2010; 2012) and
Promnares et al. (2009) used directed genetic
analysis to show that the BBA0O3 and BBA62 (Ip6.6)
proteins, respectively, are important during tick
transmission to mice. The PFam54 gene cluster on
Ip54, which encodes proteins BBA64-A73 in strain
B31, includes genes that affect host complement
function and/or bind host plasminogen (Wallich et al.,
2005; Hallstrom et al., 2013; Koenigs et al., 2013;
Hammerschmidt et al., 2016; Kraiczy, 2016). BBA64
is required for tick transmission (Gilmore et al.,
2010). The central portion of this tandem gene array
(e.g., B31 genes bba68-bba72) varies in gene
content and gene number both within and between
species (Qiu et al., 1997; Wywial et al., 2009). Four
conserved PFam54 genes make up the constant
outside portions of this cluster, and there are 28
different full-length gene types in the variable regions
of 28 LB genomes. The number of PFam54 genes in
the central variable region ranges from two in B.
chilensis to six or eight in B. afzelii, B. bissettiae, B.
garinii and B. valaisiana isolates (Casjens et al.,
2018). Essentially identical arrays are often present
in different isolates of the same species, and any
given array type is apparently restricted to a single
species. This observation, along with single
nucleotide polymorphism (SNP) tree analysis, shows
that whole Ip54 plasmids have not exchanged among
the LB species analyzed (Mongodin et al., 2013).

Other linear plasmids

The remaining LB plasmids are linear and vary in
size from 15 kbp to 82 kbp, although the vast majority
are between 24 and 40 kbp. These include Ip21,
Ip25, Ip28-1, -2, -3, -4, -5, -6, -7, -8, -9, -11, Ip32-3,
-6, -10, -12, -13, Ip36, Ip38 and Ip56 (Ip28-10 is not
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used here because it was used by Kingery et al.
(2016), and analyses of Ip28-11, -12 and -13
mentioned above have not yet been published) (see
Table 2). In addition, the left end of Ip17 (above) and
the right end of the chromosome (Banik et al., 2011;
Casjens et al.,, 2012; 2018) have a number of
different extensions that appear to be fragments
derived from these “other” plasmids. These plasmids
are discussed together since they have the following
common properties: (i) They contain numerous
similar sequence patches. (ii) Many of them have an
exceptionally low (for bacteria) density of protein
coding genes. (iii) They carry an unusually large (for
bacteria) number of pseudogenes with reading
frames that have been damaged by frame-disrupting
mutations and/or large deletions and insertions
relative to intact homologues. The ten B. burgdorferi
B31 plasmids which contain most (87%) of this
strain’s pseudogenes have a total predicted protein
coding fraction of 0.42, a much lower value than that
(>0.90) typical of bacterial DNA (Casjens, 2000). (iv)
Each PFam32 type includes plasmids from different
isolates of quite different lengths (see Table 3)
(Palmer et al.,, 2000; Casjens et al., 2012; 2017;
2018). (v) Finally, these plasmids have patchwork or
mosaic relationships wherein patches of similar
sequence appear to be more or less randomly
scattered. When two “cognate” (i.e., same PFam32
type) plasmids from this group are compared, they
typically contain patches of high sequence similarity
and yet may have immediately adjacent sequences
that are completely different. The rearrangements
that generated the mosaic relationship patterns
appear to be largely non-homologous (Casjens et al.,
2012; 2017; 2018). These observations suggest a
tumultuous history of (often duplicative) random
rearrangements followed by decay of broken and
redundant genes. The reasons for this type of
evolution remain mysterious.

Such apparently chaotic evolution has generated
multiple organizational subtypes for all of this group
of linear plasmid types. The number of such subtypes
is not small (e.g., see Ip17 section above), but the
fact that essentially identical cognate plasmids have
been found in many strains suggests that
nonetheless a limited number of subtypes exist for
each plasmid type. The rearrangement process that
generates these organizational subtypes is ongoing,
since different paralogous segments have diverged
to different degrees and individual subtypes are
nearly always limited to one species or one lineage
within a species (Casjens et al., 2017; 2018). On the
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other hand, the process is not so fast that every
isolate or lineage has a completely unique set of
organizational subtypes. The fact that no such
rearrangement has been observed during laboratory
cultivation indicates that such events are quite rare.
Nonetheless, a small number of exceptionally similar
plasmids have been found in more than one species.
In particular, nearly identical Ip5s in two B.
burgdorferi lineages and B. mayonii and extremely
similar Ip17s in a B. afzelii strain and a B. spielmanii
strain suggest that rare whole linear plasmid transfer
may occur (Casjens et al., 2017; 2018).

Plasmid roles in Lyme disease

Numerous directed gene knockout and global
scanning strategies have been used to identify
plasmids or encoded genes in B. burgdorferi strain
B31 that are required for infection of mice or survival
in and transmission by ticks (e.g., (Purser and Norris,
2000; Labandeira-Rey and Skare, 2001; Grimm et
al., 2005; Strother et al., 2005; Lin et al., 2012; Ellis
et al., 2013; Krupna-Gaylord et al., 2014; Troy et al.,
2016; Ramsey et al., 2017; Phelan et al., 2019) (see
Radolf and Samuels, 2021). These studies found
several plasmids, 1p25, Ip28-1, 1p36, Ip54 and cp26,
to be essential for strain B31 pathogenesis in mice,
while 1p25, 1p28-1 and Ip28-4 are critical for tick
transmission. Numerous individual genes on these
plasmids have been identified as having essential or
modulatory roles in these processes, including the
following: Ip28-1 carries the vIsE gene that encodes
an outer surface protein and the cassettes with which
vIsE exchanges sequences to produce antigenic
variation (Norris, 2014; Verhey et al., 2019) and arp
(Barthold et al., 2006). Lp25 contains the
nicotinamidase-encoding pncA gene that is critical for
mouse infection (Purser et al., 2003; Jewett et al.,
2011) and bptA which is essential for tick
transmission (Revel et al., 2005). Lp36 carries bbk13,
which encodes a non-surface-exposed membrane
protein important in early skin infection (Aranjuez et
al., 2019); bbk17 (adeC), which encodes adenine
deaminase, important for mouse infectivity (Jewett et
al., 2007b); bbk32, which encodes a surface exposed
lipoprotein that binds fibronectin and certain
glycosaminoglycans through its N-terminal domain
and inhibits the classical complement pathway
through its C-terminal domain (Probert and Johnson,
1998; Fischer et al., 2006; Seshu et al., 2006; Xie et
al., 2019); and bbk46, which is critical for evasion of
the humoral immune response in mice (Ellis et al.,
2013). The roles of individual genes on Ip54 and
cp26 were discussed above. Numerous other
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candidates for plasmid genes that play roles during
infection of mice or ticks have been identified by
various global strategies, but have not yet been
studied in detail (Lin et al., 2012; Dulebohn et al.,
2013; Ellis et al., 2013; Phelan et al., 2019). Although
they have not been shown to be directly important in
pathogenesis, strain B31 Ip25 and Ip56 genes that
encode restriction/modification proteins are
technically important in that their inactivation is
required for efficient transformation of B. burgdorferi
strain B31 cells by exogenous DNA (Lawrenz et al.,
2002; Kawabata et al., 2004; Rego et al., 2011). We
note that, because of the past rearrangements
among these plasmids, orthologs of these genes are
not always carried on plasmids of the same PFam32
type. For example, the vIsE gene/vis cassette system
is carried on Ip28-1, -3, -8, -9, Ip32-3, -6 or Ip36 in
different LB isolates, and pncA is found on Ip25,
Ip28-2 or Ip38 (Casjens et al., 2017; 2018).

Almost no genes with homology to previously known
virulence genes in other bacterial families have been
found in the LB. The one exception is a cluster of
genes (so far, always on an [p28-8 plasmid) that
encode, modify and probably export a short 25 amino
acid peptide toxin (Molloy et al., 2015). This toxin,
borreliolysin S, and its putative extensive
modifications are very similar to streptolysin S, a
cytolytic molecule produced by Streptococcus
pyogenes strains, whose mechanism of action is not
well understood. Members of this family of toxins are
reported to target eukaryotic or prokaryotic cells
(Quereda et al.,, 2017; Tsao et al., 2019).
Interestingly, this set of toxin forming genes is
present in some isolates of B. afzelii, B. spielmanii, B.
valaisiana, B. japonica and B. lusitaniae (its presence
in B. garinii is still uncertain), but they have not been
found in B. burgdorferi, B. finlandensis, B. mayonii, or
B. bavariensis isolates (Molloy et al., 2015; Casjens
et al, 2018; S. Casjens, unpublished). Thus, the
presence of the toxin genes does not correlate with
the LB species that cause human Lyme disease and
it is not a critical requirement for that disease,
although it could be involved in acrodermatitis
chronica atrophicans, a cell chronic inflammatory of
Lyme disease that is most commonly correlated with
B. afzelii infection (Maraspin et al., 2019).

Comparative Genomics

Typing methods

Typing of bacterial strains has great importance for
clinical and epidemiological studies, for diagnostics,
as well as for population genetic or evolutionary
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research of LB strains. While many PCR-based
approaches, especially for diagnostic purposes,
target single genes (based on time and financial
considerations), a technique that was termed
multilocus sequence typing (MLST) was invented in
the late 1990s and has been used with great effect
for bacterial epidemiology (Enright and Spratt, 1999;
Spratt, 1999; Urwin and Maiden, 2003) In addition to
methods described in this section, several other
molecular typing methods, including DNA-DNA
reassociation analysis, RNA gene restriction analysis
(ribotyping), DNA sequencing of 16S rRNA or other
conserved genes (e.g., fla, ospA, hbb), species-
specific PCR, PCR-based restriction fragment length
polymorphism (RFLP) analysis, pulsed-field gel
electrophoresis (PFGE), randomly amplified
polymorphic DNA (RAPD) fingerprinting, and
variable-number tandem repeat (VNTR), have been
developed and used for the identification and
classification of LB species (Wang et al., 1999b;
Farlow et al., 2002; Liveris, 2013). Except for OspC,
these methods rely largely on chromosomal loci for
typing determinations.

Discriminatory power varies among different
molecular typing methods. In general, whole
genome-based approaches such as PFGE, RAPD,
MLST and whole genome sequencing (WGS) have
the highest resolution. ospC typing was frequently
used to differentiate strains within the same species,
in particular in B. burgdorferi, and for disease
association studies (Seinost et al., 1999; Wang et al.,
1999¢; Qiu et al., 2002; Brisson and Dykhuizen,
2004; Hanincova et al.,, 2008; Qiu et al., 2008;
Wormser et al., 2008), but MLST is better suited than
ospC for differentiation of disease associated
sequence types (Hanincova et al., 2013) (see below).
Depending on the study purpose (i.e., required
discriminatory power) and available resources,
appropriate selection of one or more molecular typing
methods is critical to yield species, subtype and
strain-specific information. Multilocus sequence
typing/multilocus sequence analysis (MLST/MLSA)
and WGS have been widely employed for new
species delineation, epidemiology, population
genetics and evolutionary studies of different LB
species (Vitorino et al., 2008; Hoen et al., 2009;
Margos et al., 2009; Margos et al., 2010; Ogden et
al.,, 2010; Ogden et al., 2011; Vollmer et al., 2011;
Margos et al., 2012; Hanincova et al., 2013; Vollmer
et al., 2013; Jacquot et al., 2014; Carpi et al., 2015;
Gatzmann et al., 2015; Mechai et al., 2015; Castillo-
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Ramirez et al., 2016; Walter et al., 2016; Walter et
al., 2017; Tyler et al., 2018; Margos et al., 2020).

In this section, the focus will be on the following
methods: rrs-rrlA (16S-238S) intergenic spacer (IGS)
typing, rrf-rrl (5S-23S) IGS typing, ospC typing,
MLST/MLSA and WGS analysis. These methods can
be employed alone or in combination for molecular
characterization of LB cultured isolates and directly
or indirectly on uncultivated organisms in ticks,
mammalian host reservoirs and human clinical
specimens. Most PCR based methods can be used
for molecular typing of B. burgdorferi directly in a
variety of field-collected and clinical specimens, but
mixed infections which have been reported in many
sample types (Qiu et al., 2002; Vitorino et al., 2008;
Hoen et al., 2009; Ogden et al., 2010; Vollmer et al.,
2011; Mechai et al., 2015; Walter et al., 2016), may
not be disentangled (Margos et al., 2011). Some
molecular typing methods (i.e., ribotyping, PFGE,
RAPD) do require pure cultured spirochetes.
Selection of particular genotypes or strains of B.
burgdorferi during in vitro cultivation has been
demonstrated (Norris et al., 1997; Liveris et al., 1999)
and this potential “culture bias” needs to be
considered in data interpretation when cultured
isolates are used for molecular typing studies.

rrs-rrlA (16S-23S) intergenic spacer (IGS)

As described earlier, LB species possess a unique
rRNA gene organization that is distinct from that of
other prokaryotes (Schwartz et al., 1992; Ojaimi et
al., 1994). In B. burgdorferi, the rRNA gene locus
consists of a single 16S rRNA gene (rrs) followed by
a large intergenic spacer that varies in size among
different LB species. This is followed by a tandem
repeat of 23S rRNA-5S rRNA genes in most LB
species that is separated by a short spacer of
200-350 bp (Schwartz et al., 1992; Gazumyan et al.,
1994; Ojaimi et al., 1994; Fraser et al., 1997). Two
different rRNA-based PCR-RFLP typing methods
have been developed for B. burgdorferi, targeting
either the rrs-rrlA spacer or the rrfA-rriB spacer
(Postic et al., 1994; Liveris et al., 1995; Rijpkema et
al., 1995).

PCR amplification of the proximal 941 bp of the rrs-
rrlA spacer followed by RFLP analysis using
restriction endonuclease digestion distinguishes B.
burgdorferi strains into three ribosomal spacer types
referred to as RST1, RST2 and RST3. Studies have
shown that RST types correlate with pathogenic
potential in humans and mice (Liveris et al., 1999;
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Wormser et al., 1999; Wang et al., 2001; Wang et al.,
2002; Wormser et al., 2008). Application of this typing
scheme to uncultivated spirochetes from LD patients
and field-collected ticks showed that both may be
simultaneously infected with one or more distinct
genotypes of B. burgdorferi (Liveris et al., 1999;
Ranka et al., 2004). The rrs-rrlA spacer PCR product
can be subjected to direct sequencing and sequence
polymorphism within the first 250 nucleotides of this
PCR product, resulting in delineation of 10 distinct
Intragenic Sequence (IGS) types (Bunikis et al.,
2004). Using this approach, 127 B. burgdorferi
clinical isolates were classified into 16 IGS types and
demonstrated linkage disequlibrium between the rrs-
rrlA 1GS and ospC loci, indicating a lack of random
distribution of the plasmid that harbors ospC
(Hanincova et al., 2008) (see section below on
population genomics).

rrfA-rriB (6S-23S) 1IGS

The 5S-23S IGS was used extensively for species
determination via PCR-RFLP, sequencing or reverse
line blot analysis (e.g., Postic et al., 1994; Rijpkema
et al., 1995; Postic et al., 1998; Saint Girons et al.,
1998; Kurtenbach et al., 2001). It is still used today
for sample screening and LB species determination,
as well as for resolving mixed LB species infection,
(e.g., Jenkins et al, 2012; Coipan et al., 2016;
Blazejak et al., 2018). While single locus approaches
appear attractive and economical for sample
screening or diagnostic purposes, the problems
associated with single locus approaches for bacterial
species determination or strain characterization are
well known. Single loci provide a genealogy only for
the targeted locus not for the organism, do not buffer
against exchange of genetic material and PCR may
show differential sensitivity (Urwin and Maiden, 2003;
Lager et al.,, 2017). Phylogenetic analyses of IGS
sequences may give deceptive results in species
assignment, as exemplified by B. afzelii, B. lanei
(previously named genomospecies 2), and B. garinii/
B. bavariensis (Postic et al., 2007; Margos et al.,
2009; Coipan et al.,, 2016; Margos et al., 2017a;
Sabitova et al., 2018).

ospC typing

As noted, OspC is essential for B. burgdorferi to
establish a productive initial infection in mammals
(Tilly et al., 2006). ospC was among the first single
gene loci to be targeted for strain typing and has
been used most widely for B. burgdorferi strain
differentiation. B. burgdorferi samples are most
commonly genotyped by amplifying a 617 bp region
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of ospC (Seinost et al., 1999; Wang et al., 1999c; Qiu
et al,, 2002). ospC typing has been employed to
investigate B. burgdorferi genetic diversity in
environmental samples (e.g. ticks) (Wang et al.,
1999c; Qiu et al.,, 2002; Brisson and Dykhuizen,
2004; Barbour and Travinsky, 2010) and different
allelic variants are associated with a differential
capacity to cause disseminated infection in mammals
(Seinost et al., 1999; Wormser et al., 1999; Wang et
al., 2001; 2002; Wormser et al., 2008). ospC is one
of the most highly polymorphic gene in LB species;
by convention, ospC major groups are designated
using the criteria that ospC alleles are <2% different
within a group and >8% divergent between groups
(Wang et al., 1999c). Approximately 25 ospC major
groups have been identified in B. burgdorferi
populations (Barbour and Travinsky, 2010; Tyler et
al., 2018). Aspects of ospC in relation to population
genomics are presented in later sections.

MLST and MLSA

MLST and MLSA (the application of MLST at the
genus level) were developed from MultiLocus
Enzyme Electrophosis (MLEE) and provide a
sensitive method for bacterial strain characterization
and species delimitation (Enright and Spratt, 1999;
Spratt, 1999; Urwin and Maiden, 2003; Bishop et al.,
2009). Typical MLST/MLSA schemes are based on
evolutionary congruent (Loza Reyes, 2010)
housekeeping loci and certain criteria should be
considered for selecting such genes (Urwin and
Maiden, 2003). These include that the chosen
housekeeping genes: i) are scattered across the
linear chromosome to avoid local bias, ii) should not
be flanked by genes under strong positive selection
pressure as this may influence the neighboring
genes, and iii) all should have similar levels of
genetic diversity so that each gene contributes to
phylogenetic analyses and no single gene dominates
a tree generated by use of the concatenated
sequences.

Although several MLST/MLSA schemes have been
introduced for LB, several of these depart from
typical MLST in that they combine different
categories of loci, such as genes encoding outer
surface proteins, conserved housekeeping genes, or
noncoding loci (Bunikis et al., 2004; Qiu et al., 2004;
Richter et al., 2006; Postic et al., 2007). If loci that
are not evolutionary congruent are combined in
phylogenetic analyses, mixture models must be
applied (Loza Reyes, 2010). The MLST scheme
described here (Margos et al., 2008) adheres to the
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principles of MLST systems as originally intended
(Spratt, 1999; Urwin and Maiden, 2003). It has been
integrated into the MLST database maintained at the
University of Oxford at https://pubmist.org/borrelia
(Jolley et al., 2004; Jolley, 2009; Margos et al.,
2015a).

The MLST method developed for the B. burgdorferi
sensu lato species complex (Margos et al., 2011)
also has been utilized in modified form for relapsing-
fever species (Margos et al.,, 2015a; Boden et al.,
2016; Fingerle et al., 2016; Kingry et al., 2018; Stete
et al, 2018) (see Radolf and Samuels, 2021). It
permits characterization of isolates at the different
levels required for evolutionary, epidemiological and
population/landscape genetic studies. The method
consists of three steps: i) data acquisition, ii) data
assembly and iii) analysis (reviewed by (Margos et
al., 2011)). Data acquisition involves sample
collection, DNA extraction, targeted PCR of
housekeeping loci and sequencing, either by Sanger
sequencing or via lllumina MiSeq sequencing (Kingry
et al,, 2018). Comparison of sequence fragments
with each other or to isolates in the MLST database
allows species identification, determination of DNA
variation in strains and species, as well as
identification of recombination. It reflects the
evolutionary history of bacterial isolates more
realistically than single locus approaches.

As the method considers single point mutation
differences, amplicons need to be sequenced in
forward and reverse directions for comparison when
using Sanger sequencing. Good quality sequences of
the same fragment length as available through the
MLST website (https://pubmlst.org/borrelia) permit
obtaining allele numbers. The allele number for each
locus results in a chain of eight integers which
corresponds to the allelic profile of the isolate and
defines the sequence type (ST). Novel alleles or
novel sequence types must be submitted to the
MLST database (via the curator, see https://
pubmist.org/borrelia/submission of data) to obtain
sequential numbers. For analysis of MLST/MLSA
data either concatenated sequences for all loci or
allelic profiles can be used in downstream methods
such as phylogenetic analysis, eBURST/goeBURST
(Francisco et al.,, 2012), or population genetics
methods. Currently, the Borrelia MLST database
(https://pubmist.org/borrelia) contains data for >3,100
isolates and >900 STs (as of 05.05.2020).
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The species threshold level, adjusted to the MLST
loci employed in this system, was determined to be
0.017 (Margos et al., 2009) and is comparable to the
species threshold suggested by DNA-DNA
hybridization (Postic et al., 2007). As for DNA-DNA
hybridization, slight variations in genetic differences
around the threshold may be observed using MLST.
This poses the question whether such isolates should
be regarded as new species. For example, when B.
yangtzensis was described, some isolates were
below the species threshold compared to the type
strain but not compared to other isolates of the
species. It was concluded that all isolates should
belong to the same species (Margos et al., 2015b),
indicating that slight variations around the species
threshold should be considered when proposing new
species. Also, when delineating new LB species by
MLSA, ecological data should be taken into account
whenever possible as this has been an important
consideration when describing new bacterial species
in general (Cohan, 2002).

Whole Genome Sequencing

Next generation sequencing (NGS) has advanced
bacterial genome sequencing at a very fast pace
(reviewed by Niedringhaus et al., 2011; Kulski, 2016;
Levy and Myers, 2016). However, sequencing and
assembly of LB genomes using NGS methods has
shown that in addition to accurate short-read
methods, technologies that provide long-reads
covering several thousand bases (such as Oxford
Nanopore Technology (ONT) or Pacific Bioscience
single molecule real-time (SMRT) technology) are
required for complete genome assembly, including
plasmids (Kingry et al., 2016; Margos et al., 2017b;
Gofton et al., 2018; Kuleshov et al., 2020). The value
of completed bacterial genomes vs. high-quality draft
status has been emphasized (Casjens et al., 2000;
2012) (see plasmid section above) and analyses that
are contingent on multi-copy genes important for
bacterial niche adaptation can only be achieved
using completed genomes (Margos and Becker,
unpublished).

Currently, the most commonly used technologies for
bacterial genome sequencing are lllumina, Pacific
Bioscience, and Oxford Nanopore technologies. The
principles of these sequencing technologies are well
described in several reviews (Niedringhaus et al.,
2011; Kulski, 2016; Levy and Myers, 2016). All three
technologies have been used for sequencing LB
genomes. The accuracy of sequences is best with
lllumina. However, due to the shortness of reads (600
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bp max) difficult regions in the genome (in particular
plasmid sequences) may not be completely
assembled using only lllumina reads (Margos et al.,
2017b; 2017c; Tyler et al.,, 2018; Margos et al.,
2019a; 2020). For example, repetitive sequences on
the chromosome (e.g. Imp1) prevent complete
assembly of these genomic elements (Tyler et al.,
2018; Margos et al., 2019a). Good results have been
obtained with the PacBio RSIl system sequencing
often in combination with lllumina technology to
correct small insertions/deletions. However, it has
been noted that plasmids may appear incorrectly
fused in the assembly or a single plasmid may
consist of two or more contigs even using SMRT
technology (Margos et al., 2017b; Gofton et al., 2018;
Kuleshov et al., 2020). Another issue is that long
sequence “overhangs” can be found at the ends of
the resulting contigs due to the adapters added
during SMRT library production and circular
sequencing; these overhangs must be removed. On
the other hand, SMRT sequencing provides valuable
information on telomere regions of linear replicons
which may be difficult or impossible to obtain with the
other sequencing methods (Margos and Casjens,
unpublished). Although ONT provides the longest
reads, the error rate in DNA sequencing is high
(Margos et al., 2017b). This may have an effect on
genome assembly. Assembly software available for
hybrid assembly such as SPAdes (Bankevich et al.,
2012) or Canu (Koren et al., 2016) will not always
assemble all plasmids accurately; there may be
several copies of the same plasmid or plasmids may
be lost during assembly (in particular cp32s) (Margos
and Casjens, unpublished).

There is great utility of WGS for species and strain
typing as well as for phylogenetic investigations.
Without doubt, WGS provides the highest level of
resolution for isolate discrimination. MLST data and
sequences for other genes are easily extracted from
WGS data and this provides an opportunity to
compare isolates between studies (e.g.Gatzmann et
al., 2015; Becker et al., 2016; Castillo-Ramirez et al.,
2016; Walter et al., 2017; Tyler et al., 2018). Tools for
MLST and genomic analyses are available via several
websites, among them https://pubmist.org/borrelia/ or
the website of the Center for Genomic Epidemiology
(http://www.genomicepidemiology.org/). Several
studies have shown that phylogenies based on a
larger number of conserved single copy genes (i.e.,
more than eight MLST genes) or genomic SNPs
provide better node support even for internal nodes
(Becker et al., 2016; Tyler et al, 2018). Some
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examples and details are given in the following
section.

Genome phylogeny and biogeography

The application of next-generation sequencing
methods to cultured LB species (Jacquot et al., 2014;
Gatzmann et al., 2015; Becker et al., 2016; Tyler et
al.,, 2018) and B. burgdorferi-infected ticks using an
oligo-capture approach (Carpi et al., 2015; Walter et
al., 2017) permitted assembly of the chromosome
and contiguous sequences (contigs) for several,
more or less completed, plasmids. These data
allowed the re-construction of robust phylogenies
based on chromosomal or genomic SNPs or large
numbers of orthologous single copy genes with high
support for external and even internal nodes
(Mongodin et al., 2013; Becker et al., 2016; Tyler et
al.,, 2018). The utility of genomics for phylogenetic/
biogeographic analyses is briefly described here as
the biogeography of species and their populations
are described in more detail in Radolf and Samuels
(2021).

Investigations on Lyme disease risk in the United
States revealed a pattern of distinct hotspots in the
Northeast, the Midwest and California (Bacon et al.,
2008; Schwartz et al., 2017). The pattern of Lyme
disease occurrence is driven by the distribution of tick
vectors (Diuk-Wasser et al., 2006) and wildlife hosts
(Hanincova et al., 2006; Hamer et al., 2010; Ostfeld
et al., 2018). Lyme disease risk also was affected by
historical events impacting the distribution of Ixodes
vectors and their reproductive hosts (Barbour and
Fish, 1993; Spielman, 1994) followed by independent
expansions of Ixodes spp. and B. burgdorferi in the
Northeast and Midwest US (Hoen et al., 2009) (see
also Radolf and Samuels, 2021). The pattern of
sequence type distribution demonstrated that the
focal B. burgdorferi populations east (NE and MW
USA) and west of the Rocky Mountains were
genetically distinct but phylogenetically related (Hoen
et al., 2009; Margos et al., 2012; Hanincova et al.,
2013). These data also suggested that B. burgdorferi
had been resident in North America for several
thousand, if not millions of years (Hoen et al., 2009),
findings that were confirmed by phylogenomic
analyses of B. burgdorferi from North America
(Walter et al., 2017). The predicted (Ogden et al.,
2006) and recently observed population expansion of
I. scapularis and B. burgdorferi into Canada (Ogden
et al.,, 2010; 2011) indicated an influx of B.
burgdorferi genotypes from the different focal
populations of the USA likely driven by conseg-
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uences of climate change (Ogden et al., 2006;
Mechai et al., 2015; Tyler et al., 2018). Unique
genotypes found in Canada, both by MLST and
genome analyses (Mechai et al., 2015; Tyler et al.,
2018), clustered next to rare genotypes from the USA
(Walter et al., 2017) which suggested that these are
also likely to originate from the USA (Tyler et al.,
2018) (Figure 3). All phylogenetic/phylogenomic
investigations conducted to date showed that B.
burgdorferi populations do not cluster according to
geography; that is, Northeast, Midwest and California
isolates are intermingled in phylogenies and even
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European isolates form clades nested between North
American clades (Figure 3) (Hoen et al., 2009;
Hanincova et al., 2013; Castillo-Ramirez et al., 2016;
Walter et al., 2017; Tyler et al., 2018; but see Qiu et
al., 2008). While this is suggestive of migration
events between Europe and North America and
perhaps numerous migration events between
populations within North America, the exact nature or
mechanisms of these exchanges (and whether they
are historical or contemporary) is currently unknown
(Qiu et al., 2008; Castillo-Ramirez et al., 2016; Walter
et al., 2017). Some B. burgdorferi genotypes isolated
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Figure 3. Population structure of B. burgdorferi inferred from genomic data. The figure shows a midpoint rooted phylogenetic tree of the B.
burgdorferi chromosome generated via the SNVPhyl pipeline. All sequences are currently published full sequences from samples collected in North
America and Europe. Color coding indicates the geographic occurrence of the samples: blue = USA only; red = Canada only, yellow = USA and Canada;
violet = Europe. Letters to the right of the tree indicate the ospC major groups of the strains. Likelihood values for branches with a value less than 0.9 are

shown. Reprinted with permission from (Tyler et al., 2018).
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Figure 4. Phylogeny of 17 Lyme disease Borrelia species. Homologous sequences of chromosomal single copy genes were identified via BLASTn (v.
2.2.26) using B. burgdorferi B31 as reference (for details see Becker et al. 2016). DNA sequences of 113 genes were aligned in muscle (v. 3.8.31) and
an unrooted maximum clade credibility tree was generated in BEAST (v.1.7.5). The tree contains 115 samples belonging to 17 of the currently known
species. The nodes (branches) are very well supported; posterior probabilities are given next to the nodes. Scale bar corresponds to number of
base substitutions per site. In the tree, B. chinensis takes a more basal position compared with other species. Two major lineages corresponding to
a predominantly Eurasian clade and another predominantly North American clade are discernible. Figure modified from (Margos et al., 2020), with

permission.

from patients in Europe were more closely related to
North American genotypes than to tick-associated
European genotypes; genome analyses suggested
that these individuals may have acquired their
infection in the USA (Castillo-Ramirez et al., 2016).

Approximately 90 genomes of various LB species
were sequenced and used in combination with 18
previously published genomes for phylogenomic
analyses (Becker et al.,, 2016). Phylogenetic
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reconstruction based on >100 conserved chromo-
somal single copy genes revealed that the
genospecies formed clearly distinguishable clusters
corresponding to (predicted) host associations.
Populations of only two species (as investigated by
MLST), namely B. lusitaniae and B. bavariensis,
formed clusters that corresponded to geography
(Vitorino et al., 2008; Margos et al., 2013). These
data implied that LB host associations are an
important driver of diversification and speciation but
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that vector associations may also drive speciation
(Gatzmann et al., 2015; Becker et al., 2016). There
was strong node support throughout the tree and its
topology, suggesting that host switching followed by
speciation occurred several times in the evolutionary
history of the LB species complex and is still ongoing.
A phylogenetic tree for 17 LB species is presented in
Figure 4.

A particularly interesting example relates to B. garinii
and B. bavariensis. B. garinii is considered one of the
most heterogeneous species within the LB species
complex (Jacquot et al., 2014). Its wide distribution
throughout Eurasia, in the Northern Hemisphere
(including rarely the Atlantic coast of North America
(Smith et al., 2006; Munro et al., 2019)) and Southern
Hemisphere (Comstedt et al., 2011) is likely owing to
its adaptation to terrestrial and sea birds as hosts
and its ability to utilize several tick species as vectors
(Ixodes ricinus, Ixodes persulcatus, Ixodes. uriae and
Ixodes pavilovsky) (Gomez-Diaz et al., 2011; Vollmer
et al., 2011; Mukhacheva and Kovalev, 2013; Vollmer
et al, 2013; Norte et al, 2020). It has been
speculated that the absence of B. garinii from
terrestrial transmission cycles of North America may
be due to vector incompetence of I. scapularis and I.
pacificus (reviewed by Margos et al., 2019b). The
population structure of B. garinii differs from that of B.
afzelii (another widely distributed species throughout
Eurasia) in that B. garinii MLST sequence types are
more geographically mixed than those of B. afzelii;
this has been attributed to migration patterns of their
hosts (at least at a European scale) (Vollmer et al.,
2011; Vollmer et al., 2013; Jacquot et al., 2014;
Munro et al., 2019; Norte et al., 2020).

The closest related species to B. garinii is B.
bavariensis with which it shares a most recent
common ancestor (Margos et al., 2013; Gatzmann et
al., 2015; Becker et al., 2016) (Figure 4). Speciation
of B. bavariensis was likely due to a host switch from
bird to rodent (Hu et al., 2001; Huegli et al., 2002).
Phylogeographic analyses employing genetic data
suggested that B. bavariensis has undergone a
recent range expansion, invading Europe from Asia,
its likely geographic origin. This range expansion was
accompanied by a drastic genetic bottleneck,
suggesting that the colonization of Europe was a
single event, probably coinciding with a vector switch.
Phylogenomics and biogeographic investigation
confirmed the existence of two B. bavariensis
populations, one in Eastern Europe/Asia that utilizes
I. persulcatus as vector and a Western European
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population adapted to /. ricinus. Genome analyses of
the chromosome and two plasmids (Ip54 and cp26)
confirmed a strong genetic bottleneck in, and
supports the hypothesis for clonal expansion of, the
European B. bavariensis population (reviewed in
Margos et al., 2019b). Genes that were found under
positive selection in genome analysis in the
European population included nine chromosomal loci
(BG_0142, BG_0275, BG_0298, BG_0327,
BG_0359, BG_0368, BG_0706, BG_0748, BG_0827
although the latter showed a high value for
recombination) and two loci on Ip54 (BGA04, BGA37)
(Gatzmann et al., 2015).

Genome analysis of B. maritima, a species described
from California, revealed a small genome comprised
of a chromosome and only seven plasmids, two
circular and five linear (Margos et al.,, 2020). It
remains to be investigated whether this is indicative
of a narrow host and vector association. In the
phylogenetic reconstruction from MLST data, B.
maritima isolate CA690 was positioned close to the
European species B. afzelii, whereas in the genomic-
based phylogeny it formed a sister clade to B.
chilensis and occupied a basal position compared to
other LB species occurring in North America
(Fedorova et al., 2014; Margos et al., 2020) (Figure
4). These data particularly highlight the utility of
whole genome analyses for elucidation of
phylogenetic relationships.

Lyme Disease Borrelia population genomics
Con-specific genomic groups in bacteria: selection or
rare recombination?

Population genomics quantifies genome-scale
genetic variations within natural populations of a
single biological species and aims to understand
underlying evolutionary processes including
mutation, recombination, genetic drift and natural
selection (Li et al., 2008; Ellegren, 2014). Population
genomics can be studied through large-scale
comparisons of DNA sequences of natural
populations, and with the advent of high-throughput
DNA sequencing technologies this term is replacing
the more commonly used term *“population
genetics” (Luikart et al., 2003). For bacterial species,
an absence of apparent genetic barriers to DNA
exchange makes it challenging to analyze genetic
diversification within populations as an evolutionary
process distinct from genetic divergence between
populations (Rocha, 2018). Like some other obligate
and vector-borne parasites, however, LB bacteria
show strong species-specific geographic distributions

Curr. Issues Mol. Biol. Vol. 42



Multipartite Genome of Borrelia

such that genomic variations within and between
populations can be productively analyzed
(Kurtenbach et al., 2006; Margos et al., 2012;
Jacquot et al., 2014; Qiu and Martin, 2014; Seifert et
al., 2015; Walter et al., 2016).

Unlike eukaryotes, bacteria can often exchange DNA
across large phylogenetic distances. Recombination
among con-specific bacterial strains is not negligible,
but occurs at a rate that is not as high as in sexual
eukaryotes (Smith et al., 1993; Rocha, 2018). The
promiscuous nature and intermediate rates of
bacterial recombination make the study of genomic
variations challenging in practice. One apparent
difficulty is the decreased statistical confidence in
classification of species and strains based on
phylogenetic reconstruction, which assumes an
absence of recombination. Special phylogenetic
methods are often necessary to either identify and
exclude recombination hotspots prior to phylogenetic
reconstruction or to estimate recombination rates in
conjunction with strain phylogeny (Marttinen et al.,
2012; Ansari and Didelot, 2014).

Furthermore, quantifying bacterial recombination
rates is critical for identification of genes under
adaptive evolution in bacterial pathogens. For
example, loci encoding serotype-determining surface
antigens often exhibit the highest recombination rates
as well as the highest sequence variability in the
genomes of pathogenic bacteria, including E. coli and
LB bacteria (Haven et al., 2011; Bobay et al., 2015).
Indeed, recombination is a universal genetic
mechanism for acceleration of species adaptation,
without which beneficial mutations may not be
maintained due to interference with each other (“Hill-
Robertson effect”) and deleterious mutations cannot
be easily purged (“Muller's Ratchet”) (Muller, 1964;
Hill and Robertson, 1966).

The limited but non-negligible levels of recombination
in bacteria result in a mosaic genomic structure,
whereby genetic variations are strongly linked across
the entire chromosome yet are unlinked at
recombination hotspots (Milkman and Bridges, 1990;
Smith et al., 1993). As such, a limited number of
distinct sequence types - far fewer than one would
expect from random recombination but more than
one would expect from strict clonality - exist within
bacterial populations and are known as “clonal
frames” (Milkman and Bridges, 1990). Here we refer
to these clonal frames or genome-sequence clusters,
representing recognizable evolutionary lineages
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within a con-specific LB population, as genome-wide
linkage groups or “genomic groups” for short.
Contrary to the original and long-enduring belief that
the presence of genomic groups within a con-specific
bacterial population is primarily a reflection of low
recombination rates, recombination typically occurs
at a higher frequency than de novo mutations in
bacterial pathogens, supporting the critical role
natural selection plays in the maintenance of
genomic groups (Smith et al., 1993). Indeed, in the
absence of natural selection such as adaptive
diversification, a recombination rate on par with the
rate of mutation is sufficient to render genomic
groups within a bacterial population unrecognizable
(Fraser et al., 2007). In the subsequent sections, a
review of studies identifying the genomic groups
within LB populations based on phylogenetic
reconstruction of DNA sequences from across the
main chromosome is presented. The role of natural
selection targeting two highly variable surface
antigen loci (ospC and vIs) in maintaining con-
specific genomic groups in LB populations is then
examined.

LB populations contain well defined genomic groups

Diverse genomic groups co-exist within LB
populations, often infecting a single tick and
presumably a single vertebrate host (Rauter and
Hartung, 2005; Andersson et al., 2013; Di et al.,
2018). Multilocus linkage disequilibrium (nonrandom
distribution of genetic alleles) among LB strains was
first noted at three genetic loci (p93, fla, and ospA)
based on a number of isolates which are now
recognized as distinct LB species (Dykhuizen et al.,
1993). Subsequently, linkage disequilibrium was
observed within natural populations within the same
LB species as well, between alleles at two distinct
loci (Qiu et al., 2002), at multiple loci (Bunikis et al.,
2004; Hanincova et al., 2008; Margos et al., 2008;
Qiu et al., 2008; Hanincova et al., 2013) and, most
importantly in terms of defining genomic groups, at
the whole genome level (Mongodin et al.,, 2013;
Walter et al., 2017; Tyler et al., 2018). It should be
noted that genome-wide linkage disequilibrium is
particularly strong within LB populations that have
experienced recent expansion, such as those in the
northeastern USA and southern Canada (Qiu et al.,
2002; Margos et al., 2012; Tyler et al., 2018). When
sampling is performed over a wider geographic area
with a longer history of indigenous populations, such
as those in Western and Midwestern US and Europe,
decay of linkage disequilibrium is noted especially
between plasmid-borne loci (e.g, ospC) and
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chromosomal loci (e.g., IGS) (Travinsky et al., 2010;
Margos et al., 2012; Hanincova et al., 2013).

Con-specific genomic groups within LB populations
displaying distinct evolutionary lineages are
maintained to a greater extent by natural selection
than by a low genetic recombination rate (Brisson
and Dykhuizen, 2004; Haven et al., 2011). Indeed,
rates of homologous recombination among coexisting
B. burgdorferi strains in the Northeast US is about
three times the rate of point mutations based on a
comparison of three co-existing genomes (Qiu et al.,
2004). A subsequent simulation-based study showed
that diversifying selection at a single surface-antigen
locus was sufficient to overcome sequence-
homogenizing effects of recombination and maintain
the coexistence of within-population genomic groups
(Haven et al., 2011). Recombination occurs more
frequently within than between LB species in areas
where they coexist, perhaps due to vector and host
specialization providing more opportunities for strain
mixing (Jacquot et al., 2014; Gatzmann et al., 2015).
Nevertheless, cross-species horizontal transfers of
whole plasmids in nature have been documented
among coexisting LB species, including Ip5 exchange
between B. mayonii and B. burgdorferi in the Midwest
US, Ip56 exchange between B. bissettiae and B.
burgdorferi in Western US, Ip17 exchange between
B. spielmanii and B. afzelii in Europe, and [p28-9
exchange between B. burgdorferi and B. garinii or B.
afzelii in Europe (Casjens et al., 2018).

The genomic diversity of LB species and populations
within them has profound public-health and clinical
consequences. First, LB species differ in ecological
prevalence, human pathogenicity, and clinical
manifestations. In the USA, B. burgdorferi is the
predominant pathogenic LB species, present in over
50% of adult Ixodes scapularis ticks in the Midwest
and Northeast (Greay et al., 2018; Chauhan et al.,
2019; Tokarz et al.,, 2019). While humans are
incidental hosts, B. burgdorferi is pathogenic to
humans and has caused over 275,000 cases of
Lyme disease from 2008-2015 (Schwartz et al,
2017). On the other hand, B. mayonii, a more
recently discovered LB species in the Midwest USA,
has a prevalence of ~2% in ticks and causes acute
spirochaetaemia (Pritt et al., 2016; Cross et al.,
2018). No documented human disease has been
associated with other recognized North American LB
species (with the possible exception of B. bissettiae
DNA in human serum; see Girard et al., 2011),
including B. americana, B. andersonii, B.
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californiensis, B. carolinensis, B. kurtenbachii, B.
lanei and the most recently named B. maritima
(Barbour, 2019; Margos et al.,, 2020). In Eurasia,
human infections are caused more frequently by LB
species associated with mammalian hosts (B. afzelii,
B. burgdorferi, B. bavariensis, and B. spielmanii) than
by those associated with bird and lizard hosts (B.
garinii, B. lusitaniae, and B. valaisiana) (Stanek and
Reiter, 2011; Coipan et al., 2016). Remarkably, B.
bavariensis is infrequently found in the tick vectors in
Europe, but was frequently isolated from human
patients (Margos et al., 2013; Springer et al., 2020).
For B. bissettiae, a single human isolate has been
obtained in Germany from a patient without travel
history, whereas two human isolates exist for B.
lusitaniae (Collares-Pereira et al., 2004; de Carvalho
et al., 2008; Margos et al., 2016). In Europe, the
prevalence of B. bissettiae in ticks is extremely low
(Coipan et al., 2016) and B. lusitaniae is moderately
prevalent in countries around the Mediterranean Sea
(Baptista et al., 2004). It has been proposed that B.
valaisiana is non-pathogenic to humans because no
single human isolate has been obtained to date
(Margos et al., 2017d), although the species is found
as frequently in Ixodes ricinus ticks (the vector of
Borrelia species in Europe) as other known human-
pathogenic Borrelia species (Rauter and Hartung,
2005). It remains an open question whether some
Borrelia species do not cause human disease
because they are rare in the environment or utilize
tick vectors that do not bite humans at any frequency.

Second, genomic groups within B. burgdorferi vary in
disease propensities. At least 18 B. burgdorferi
genomic groups, corresponding to major sequence
variations at ospC (allelic types A-O, T, and U) co-
segregate with chromosome-based phylogeny in
northeast USA populations (Wang et al., 1999c;
Barbour and Travinsky, 2010; Di et al., 2018). Initially,
four groups (ospC types A, B, |, and K) were found to
be strongly associated with disseminated (i.e.
extracutaneous) Lyme disease (Seinost et al., 1999).
This was confirmed and expanded to include ospC
type H (Wormser et al., 2008). A subsequent MLST-
based study demonstrated that there are B.
burgdorferi sequence types (ST) with different
capacities to cause disseminated infection in humans
(Hanincova et al., 2013). Considering that all ospC
groups vary in human virulence, invasiveness of
different ospC type clonal groups has been ranked by
scaling the frequency of their presence in blood and
cerebrospinal fluid cultures by their natural
prevalence in ticks (Figure 5) (Dykhuizen et al.,
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2008). Decreasing levels of ospC type diversity from
tick to skin, blood, synovial fluid and cerebrospinal
fluid as biological niches have been further confirmed
by (Brisson et al., 2011).

Third, population genomics holds the promise of
unbiased identification of molecular mechanisms
underlying variations in clinical manifestations among
LB strains (Seifert et al., 2015; Tufts et al., 2019). In
the following sections, patterns of molecular
polymorphisms at two highly variable surface antigen
loci, ospC and vIsE, are summarized and the
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Figure 5. Genomic groups in B. burgdorferi from Northeast and Midwest
United States. A phylogenetic tree of published complete B. burgdorferi
genomes (n=14) (Mongodin et al., 2013) (left) was reconstructed based
on nucleotide sequences at 20 loci, chosen randomly based on their
approximate equal spacing on the main chromosome (BB_0057,
BB_0178, BB_0198, BB_0199, BB_0228, BB_0243, BB_0251,
BB_0253, BB_0259, BB_0271, BB_0328, BB_0344, BB_0369,
BB_0388, BB_0435, BB_0512, BB_0545, BB_0548, BB_0622, and
BB_0809). Sequences were translated, codon-aligned, and
concatenated using MUSCLE (Edgar, 2004) and BpWrapper (Hernandez
et al., 2018). An approximate maximum likelihood tree was inferred using
FastTree (Price et al., 2010). All branches shown are supported by >0.9
bootstrap values. The tree was mid-point rooted and plotted using the
APE package in R (Paradis et al., 2004). Phyogenetic groups (2"
column), major OspC allelic types (3 column), and an invasiveness rank
(4™ column, “NA” for not available) were marked for each strain
(Dykhuizen et al., 2008; Casjens et al., 2017). The nearly perfect linkage
disequilibrium (and, in fact, the one-to-one correspondence) between
major-group OspC alleles and distinct genomic groups suggests the
critical role of OspC in maintaining within-species genomic diversity.
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molecular and evolutionary mechanisms involved in
sustaining LB prevalence in nature and pathogenicity
in humans are discussed.

ospC variability: a serotype- and lineage-determinant
of Lyme disease Borrelia

Two main selective forces have been proposed as
evolutionary mechanisms that maintain the even and
stable coexistence of diverse con-specific genomic
groups within local LB populations despite the
presence of recombination (Brisson et al., 2012;
Andersson et al., 2013; Qiu and Martin, 2014; Seifert
et al., 2015). First, the various LB genomic groups
may prefer different vertebrate host species (Brisson
and Dykhuizen, 2004; Mechai et al., 2016; Tufts et
al., 2019). Second, diverse LB genomic groups may
be maintained by negative frequency-dependent
selection by which strains displaying rare antigenic
variants have higher fitness than strains carrying
more common antigen alleles (Haven et al., 2011;
Durand et al., 2015; Durand et al., 2017a). The ospC
locus encodes the major serotype determinant in LB
(Wilske et al., 1993; Barbour and Travinsky, 2010).
As noted earlier, it is also the most variable non-
paralogous gene in the LB genome (Mongodin et al.,
2013). The nearly one-to-one correspondence
between the sequence allele types of OspC and B.
burgdorferi genomic groups in the Northeast USA
supports the mechanism of immune-mediated
balancing selection for maintaining diverse coexisting
genomic groups (Figures 3 and 5) (Attie et al., 2007;
Hanincova et al., 2008); ospC alleles are highly
divergent from one another (an average of ~15%
pairwise differences in amino acid sequences of
different OspC proteins) (Wang et al., 1999c). This
pattern of genetic variation at immune-dominant loci
is expected from, and strongly supports, the
predominance of negative frequency-dependent
selection in shaping microbial populations in nature,
including those of LB (Haven et al., 2011; Andersson
et al., 2013; Jacquot et al., 2014; Durand et al., 2015;
Strandh and Raberg, 2015).

Critical ecological and evolutionary roles of ospC in
shaping population structure of natural B. burgdorferi
populations from the Northeast US are manifested,
first, by a nearly complete linkage disequilibrium
between sequence variations at ospC and genetic
variations elsewhere in the genome (Figures 3 and 5)
(Wang et al.,, 1999c; Hanincova et al., 2008;
Wormser et al.,, 2008; Haven et al., 2011). The
linkage disequilibrium is high, but less than complete
at a larger geographic scale in the Western USA
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(Barbour and Travinsky, 2010; Travinsky et al., 2010;
Tyler et al,, 2018). On the other hand, population
genomic studies on B. afzelii, B. garinii and B.
burgdorferi in Europe showed lower level of linkage
disequilibrium between ospC and chromosomal loci,
likely caused by linkage decay in older populations
(Jacquot et al., 2014). Second, as noted above, ospC
is the most polymorphic non-paralogous locus in the
genome, driven by a high rate of recombination that
spills over to its genomic neighbors (Figure 6). Third,
B. burgdorferi strains with major sequence variations
at ospC are rather evenly represented in local
populations among infected Ixodes ticks, consistent
with expectations of negative frequency-dependent
selection (Rannala et al., 2000; Qiu et al., 2002; Di et
al., 2018). However, this was not found in a
population of B. afzelii sampled at one habitat in
Switzerland over a period of 11 years where one
OspC major group dominated (Durand et al., 2017b).

A closer look at ospC sequence variability among 10
LB species reveals non-uniform selective pressures
among gene regions associated with functional and
structural domains (Figure 6). The first 18 codons
(nucleotide positions 1-54) encode a signal peptide
and are conserved not only for amino acid
sequences (low evolution rates at 15t and 2" codon
positions), but also for synonymous nucleotides (low
rates at the 3™ codon positions) (Wang et al., 1999c).
Following the signal peptide, the N-terminal
membrane-tethering motif (codons 19-30, or
nucleotide positions 55-123) lacks sequence
conservation (Kumru et al., 2011). The OspC
molecules form dimeric a-helical bundles that are
covalently anchored on the outer membrane
(Kumaran et al., 2001; Eicken et al., 2002; Kumru et
al., 2011). The a-helices (e.g., a1, a2, and a3) tend to
be conserved at 15t and 2" codon positions but not at
the 3 codon position, indicating influence of
purifying selection. The surface-exposed regions
(e.g, B1 and B2) tend to evolve at nearly the same
rates among the three codon positions, indicating
influence of positive selection driven by antagonistic
co-evolution with host immune defense (Figure 6). LB
strains differing in ospC alleles are immunologically
distinct and wildlife hosts are frequently infected by
multiple LB strains carrying distinct ospC alleles
(Andersson et al., 2013; States et al., 2014; Bhatia et
al., 2018). Serotype-determining antibody-binding
epitopes have been mapped to hypervariable
regions, making it challenging to design broadly
effective OspC-based diagnostics or vaccines
(Buckles et al., 2006; lvanova et al., 2009; Baum et
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al., 2013; Izac et al., 2019). An OspC-based vaccine
designed with a linear concatenation of eight
serotype-specific epitopes has been approved for
veterinary use against Lyme disease in dogs
(Earnhart and Marconi, 2007; lzac and Marconi,
2019). The potential of conserved regions of ospC
(Figure 6) as immune-protective vaccinogens against
a broad array of coexisting LB strains within local
endemic regions of Lyme disease remains to be
explored (lvanova et al., 2009; Baum et al., 2013).

vis variability: fast sequence and duplicative evolution
Lyme disease Borrelia express numerous
lipoproteins in a highly regulated fashion during its
enzootic life cycle (Radolf et al., 2012) (see Radolf
and Samuels, 2021). For example, OspA is highly
expressed during tick infection and OspC is
expressed during initial mammalian host invasion
(Tilly et al., 2006; Mulay et al., 2009; Caimano et al.,
2019). In contrast, the vils (vmp [variable major
protein]-like sequences) family of lipoproteins is
expressed during persistent infection of vertebrate
hosts (Tilly et al., 2013; Norris, 2014; Chaconas et
al., 2020), a key mechanism of antigenic variation in
LB underlining its evasion host adaptive immunity.
Comparative sequence analysis revealed distinct
patterns of genomic variation, perhaps reflective their
distinct biological functions. For example, OspA
sequences vary greatly between LB species, but
show minimal variation within species. In contrast,
OspC sequences are substantially different both
between and within LB species. The vis locus varies
in both gene sequence, as well as in copy number,
even within the same LB species (Mongodin et al.,
2013; Tufts et al., 2019).

The vis system of antigenic variation in LB was
discovered by sequence homology to the vip/vsp
(variable large/small protein) system in relapsing
fever (RF) Borrelia (Zhang et al., 1997; Norris, 2014;
Barbour, 2016) (See Radolf and Samuels, 2021).
This system consists of a plasmid-borne expression
locus, vIsE, for the variable surface antigen protein
and an adjacent set of typically 10-20 tandem
unexpressed “vIs” cassettes containing variants of
the vIsE sequence (Figure 7). Genetic variation at the
vIsE expression locus is mediated by frequent non-
homologous recombination between the silent vis
cassettes and the expression locus (Coutte et al.,
20009; Lin et al., 2009; Norris, 2014; Chaconas et al.,
2020). Similar to the vmp system in RF Borrelia,
capsule variability in Neisseria and the Variant
Surface Glycoprotein (VSG) system in Trypanosoma,
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Figure 6. Association of ospC sequence variability with its molecular function and structure. (Top 3 Panels) Within-population evolutionary rates at ospC
and its neighboring loci (BB_B18 [guaA] and BB_B22). Genomic sequences at the three loci from 14 B. burgdorferi strains from Northeast USA (same
strains as in Figure 5) were aligned by preserving codon positions using BIOALN of the BpWrapper sequence utilities (Hernandez et al., 2018). X-axis
shows genomic coordinates of the B31 cp26 plasmid and a genome map of the region. Y-axis shows the number of nucleotide substitutions at the three
nucleotide positions within each codon, calculated with the program DNACOMP of the PHYLIP package (Felsenstein, 1989). (Bottom panel)
Evolutionary rates at the ospC locus among 32 LB strains of 10 LB species. The species include B. burgdorferi (16 strains; 118a, 156a, 29805, 64b, 72a,
94a, B31, BOL26, JD1, MM1, N40, PAbe, PAli, ZS7, CA-11-2A, and WI91-23), B. spielmanii (A14S), B. afzelii (ACA-1, K78, Tom3107, and PKo),
B.bavariensis (BgVir and PBi), B. bissettiae (DN127), B. garinii (Far04 and PBr), B. mayonii (MN14-1420 and MN14-1539), B. finlandensis (SV1), B.
valaisiana (Tom4006 and VS116), and B. chinensis (VA1). The positions of two functional domains (the signal peptide and the outer-membrane
anchoring domain) and the secondary structural elements of OspC (Eicken et al., 2002; Kumru et al., 2011) are indicated above the panel.
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Figure 7. Copy-number and sequence variations at the vis locus. Genomic map of the vis locus in 10 B. burgdorferi strains. MLST phylogeny (left) was
derived from Figure 5. Individual cassette sequences were originally identified manually (Casjens et al., 2017) and re-derived here by using HMMER
(Potter et al., 2018) with B31 vis sequences (Zhang et al., 1997) as queries. vISE expression locus is indicated in yellow. Note that the absence of vIsE,
located in the telomeric regions of linear plasmids, in most strains is mostly likely due to incomplete genome assemblies.

generation of random and abundant genetic variants
mediated by intra-genomic recombination serve as a
population-level adaptive mechanism (Vink et al.,
2012; Graves et al., 2013; Chaconas et al., 2020).

The viIs system in LB bacteria varies in both
paralogous copy numbers and in cassette sequences
(Graves et al., 2013) (Figure 8). Greater sequence
similarity of vis cassettes within than between the
closely related strains (Figure 8) could be due to
either concerted evolution or rapid duplication and
loss of gene copies (Nei and Rooney, 2005).
Concerted evolution is the mechanism by which
paralogous gene copies (e.g., ribosomal RNA genes)
in a species evolve non-independently from each
other and converge in DNA sequences by intra-
genomic recombination (Elder and Turner, 1995).
The gene birth-death hypothesis, on the other hand,
proposes a mechanism by which sequences
converge by independent gene duplications and
losses while mutations accumulate, also
independently, among paralogous gene copies (Nei
and Rooney, 2005). The birth-death mechanism
appears to be a more parsimonious model that does
not require the assumption of the additional process
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of intra-genomic recombination. Gene tree analysis
of vis cassettes from sequenced B. burgdorferi
genomes supports the birth-death model of vis
cassette evolution. First, the cassette copy number
varies among the closely related B. burgdorferi
strains, suggesting frequent gene duplications and
losses (Figure 7).

Second, cassette sequences have diverged greatly
within the same genome, suggesting that mutations
accumulate independently among cassette copies,
with a lack of (or infrequent) intra-genomic
recombination (Figure 8). Third, vis cassettes among
the most recently diverged sister-group B. burgdorferi
strains do not sort into strain-specific sequence
groups, as one would expect from concerted
evolution. Examples of recently diverged sister
groups include B31/64b/PAbe, 72a/118a, and 94a/
MM1 (Figure 8). Fourth, although distantly related
genomic groups tend to show strain-specific
vls cassette sequences, exceptions exist. For
example, SNP Groups D (156a) and E (JD1) are a
pair of distantly related sister groups (Figure 5), but
their vis sequences fail to evolve into distinct strain-
specific lineages as one would expect from concerted
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Figure 8. An unrooted maximum likelihood tree of vis cassette protein
sequences. Genomes analyzed are those in Figure 3 plus 72a and 94a
(Figure 5). Tree shows fast divergence of vis cassette sequences within
and among con-specific genomic groups. Each tip represents a single
cassette sequence. All branches are supported by a bootstrap value of
0.9 or greater, as determined by FastTree (Price et al., 2010). Clades
(i.e., monophyletic groups) are colored by “SNP Group”, referring to
phylogenetic groups defined by chromosomal SNPs (Mongodin et al.,
2013). This tree is an update of a previously published study using a
similar set of genomes (Graves et al., 2013).

evolution within each strain (Figure 8). It is possible
that natural selection has kept the vis cassettes in
these two strains from diverging from each other.
Further comparative analysis of vIs sequences
among closely related genomes would enable
quantification of precise rates of cassette duplication,
gene loss, mutation, intra-genomic recombination,
and natural selection in this key antigenic variation
system responsible for LB persistence in hosts.

Deep homology between diverse mechanisms of
antigenic variation in Borrelia

The antigenic variation systems in LB and the RF
Borrelia apparently descended from a common
ancestral molecular system (Norris, 2006). While the
two systems share characteristics such as sequence
homology, structural resemblance, plasmid-borne
locations, and antigenic variation mediated by
recombination between archival and expressed
copies, they have diverged in genomic organization
and molecular mechanisms of recombination. For
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example, the archival copies in RF Borrelia are
dispersed among plasmids, whereas the vis
sequences are arranged in tandem arrays of
cassettes adjacent to vIsE on a single linear plasmid
(Norris, 2006; Barbour, 2016; Casjens et al., 2017;
Casjens et al., 2018) (Figure 7).

Furthermore, sequence and structural analyses revealed
a deep molecular homology between vis and ospC
systems of antigenic variation. VISE, OspC, and Vsp
share a similar, predominantly a-helical molecular
structure (Kumaran et al., 2001; Eicken et al., 2002;
Kumru et al.,, 2011). Genetic complementation
experiments showed interchangeable roles for OspC and
VISE in maintaining infection in immune-deficient mice,
but they have divergent molecular functions in early and
persistent infections, respectively, in natural hosts (Tilly et
al.,, 2013). Primers targeting the upstream and
downstream conserved regions of the ospC locus could
also be successfully used to amplify a fullHlength vsp
gene in B. miyamotoi (an RF Borrelia), hinting at shared
gene regulatory mechanisms (Di et al., 2018). In sum,
the three main molecular systems of antigenic variations
in Borrelia, including the ospC and vis systems in LB and
the vsp/vip system in RF Borrelia, likely share a common
evolutionary origin. Comparative analyses among closely
related LB genomes would further illuminate the origin,
diversification, and functions of these highly adaptable
molecular systems that are keys to LB survival as an
obligate tick-borne parasite of vertebrates.

Population genomics is indispensable for recon-
structing biogeographic histories of natural LB
populations (Margos et al.,, 2012; Gatzmann et al.,
2015; Walter et al., 2017; Tyler et al., 2018). In
addition, population analyses of con-specific genomic
groups are essential for uncovering mechanisms of
LB evolution in nature including recombination,
genome divergence driven by adaptation to host and
vector, and genome diversification driven by host
immunity (Kurtenbach et al., 2006; Qiu and Martin,
2014; Seifert et al., 2015; Becker et al., 2016).
Furthermore, population genomics informs the
investigation of key genes and genetic mechanisms
(e.g., ospC and vis cassettes) associated with
invasion of, and persistence in, hosts including
humans (Mongodin et al., 2013; Jacquot et al., 2014;
Seifert et al., 2015).

Bacteriophages of the Lyme disease Borrelia

The ¢BB-1 bacteriophage

A number of studies in which supernatants of B.
burgdorferi cultures were examined by electron
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microscopy have reported the presence of tailed
bacteriophage-like particles (Hayes et al., 1983;
Barbour and Hayes, 1986; Neubert et al., 1993;
Schaller and Neubert, 1994; Eggers and Samuels,
1999; Eggers et al., 2000). Sequence analysis also
recognized that several B. burgdorferi plasmids could
be prophages (see below). These observations have
been borne out by more directed studies in strain
CA-11.2A, where the supernatant yielded phage-like
particles with symmetrical heads and apparently
contractile tails (Eggers and Samuels, 1999; Eggers
et al., 2000; 2001a). These particles were purified
and shown to contain the cell’'s complement of cp32
DNA molecules in a linearized form (Eggers and
Samuels, 1999) (Figure 9). This phage has been
designated ¢BB-1.

The presence of cp32 DNA in the particles strongly
suggests that these plasmids are prophage. With the
exception of B. garinii strain Far04, cp32-like
plasmids have been found in all other LB species that
have been analyzed (see plasmid section above);
however ¢BB-1 or similar phage particles have been
detected in the supernatants of only a small number
of B. burgdorferi strains and in one B. bissettiae
strain following spontaneous release or after
treatment with sub-lethal concentrations of 1-
methyl-3-nitroso-nitroguanidine  (MNNG), mitomycin
C, or ethanol (Eggers and Samuels, 1999; Eggers et
al., 2000; 2016). eBB-1 has not yet been propagated
by lytic growth in the laboratory, and the reason(s) for
this failure are not yet understood. Possibilities
include: i) a high propensity to form a stable lysogen;
ii) possible genetic defects in the machinery required
for prophage induction; iii) a technical inability to
generate a ‘lawn’ of B. burgdorferi cells in which to
detect viral plaques; iv) a lack of sensitivity in the
methods needed to detect phage from a small
percentage of cells that are undergoing lysis; and/or
(v) the absence in vitro of unique signals that induce
fully lytic growth, such as might be found in either the
tick vector or mammalian host.

Horizontal gene transfer (HGT) in B. burgdorferi
appears to primarily involve the cp32s and other
plasmid-borne loci consisting of fragments <2kb
(Stevenson and Miller, 2003; Qiu et al., 2004;
Schulte-Spechtel et al., 2006; Barbour and Travinsky,
2010; Haven et al., 2011; Brisson et al., 2012; 2013;
Hanincova et al., 2013; Mongodin et al., 2013). The
demonstration that ¢BB-1 can transduce a cp32
between two cells of the same B. burgdorferi strain
and between different B. burgdorferi strains,
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suggests the possibility that ¢BB-1 is capable of
enhancing the genetic diversity observed in the
complement of cp32 plasmids found in different B.
burgdorferi isolates (Casjens et al., 1997b; Caimano
et al., 2000; lyer et al., 2003; Stevenson and Miller,
2003; Casjens et al.,, 2018). Furthermore, the
observation that ¢BB-1 can package small
heterologous E. coli/B. burgdorferi shuttle vectors
and transduce them between different B. burgdorferi
strains (Eggers et al., 2016), suggests that this phage
may act in generalized transduction, as well. With
many bacteriophage, a small percentage (<1%) of
the capsids are filled with bacterial host DNA rather
than phage genomic DNA (Stanton, 2007; Thierauf et
al., 2009; Muniesa et al., 2011; Penades et al., 2015).
This mispackaging is thought to likely occur, at least
in part, when the phage packaging mechanism
recognizes packaging sequence homologs
throughout the bacterial genome (Thierauf et al.,
2009). Although the role of generalized transduction
in HGT in naturally-occurring spirochetes is not yet
well understood, “directed mispackaging” could be
one factor as to why some non-phage genes, such
as ospC, appear to be more likely than others to be
subject to HGT and selective retainment in B.
burgdorferi (Dykhuizen and Baranton, 2001; Brisson
and Dykhuizen, 2004; Qiu et al., 2004; Attie et al.,
2007).

cp32 as prophage

The cp32s share organizational properties with the
genomes of other tailed bacteriophages.
Comparative genomic studies of double-stranded
DNA bacteriophage groups, such as the A-like family
of phages, have shown that their genomes are
genetic mosaics in which each has an overall
conserved gene order, with occasional non-
homologous genes inserted into the genomes of
different phages (Casjens et al., 1992; Hendrix, 2002;
Casjens, 2005; Hendrix and Casjens, 2006; Casjens,
2008); this pattern is similar to that observed among
the cp32s (Casjens et al., 1997b; Caimano et al.,
2000; Casjens et al., 2000; Stevenson et al., 2000b;
Stevenson and Miller, 2003). The 32-kb circular
plasmids can have long stretches of nearly identical
DNA, broken by three regions of significant
variability; these regions correspond to the
partitioning/compatibility regions that allow several
cp32 isoforms to be stably maintained in a single
isolate (see plasmid section above), and two regions
that encode multiple families of differentially-
expressed OspE/OspF/Elp and Mip lipoproteins
(Marconi et al.,, 1996; Porcella et al., 1996;
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Figure 9. B. burgdorferi bacteriophage @BB-1 virions. Phage particles
from the supernatant of an MNNG-treated culture of B. burgdorferi
strain CA-11.2A were negatively stained for transmission electron
microscopy with phosphotungstic acid; bar is 45 nm. Reproduced from
Eggers et. al (Eggers et al., 2001b) with permission of the publisher.

Stevenson et al., 1996; Zuckert and Meyer, 1996;
Casjens et al., 1997b; Akins et al., 1999; Yang et al.,
1999; Caimano et al., 2000; Casjens et al., 2000;
Porcella et al., 2000; Yang et al., 2003; Casjens et
al., 2012).

cp32 phage-like genes

Two genes that encode proteins with homology to
phage virion head assembly proteins are present on
the cp32s. Genes L43 (and paralogues on other
cp32s; L43 is on cp32-8 in B. burgdorferi strain B31)
and LO1 (and paralogues) encode a putative phage
large subunit terminase and a portal protein,
respectively (Casjens et al., 2000; Eggers et al.,
2000; 2001a). Terminases form the ATP-dependent
motors that translocate phage DNA into virions, and
the portal proteins form the hole through which the
DNA is packaged into the preformed phage heads
(Catalano, 2005; Prevelige and Cortines, 2018).
These two proteins are the most highly conserved
tailed-phage proteins, and no homologues have been
found that have different functions (Casjens, 2003).
The presence of these genes strongly supports the
notion that cp32 plasmids are in fact prophages. The
positions of genes L43 and LO1 (and cp32 paralogs)
are consistent with the typical arrangement of virion
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head assembly genes in other dsDNA temperate
bacteriophages, where the large terminase and portal
are often the second and third genes, respectively, in
the phage’s late operon (see below) (Casjens, 2003;
2005; 2008). In contrast to L43 and LO1, a majority of
the predicted proteins encoded on the cp32s have no
homologues in current databases outside of B.
burgdorferi, while the structural proteins for ¢BB-1
have not yet been identified. This lack of homology
may not be surprising, as virion structural proteins
are known to be extremely variable, and many phage
structural proteins have no recognizable
homologues, even among proteins with identical
functions in other phages (Casjens et al., 1992;
Hendrix et al., 1999; 2000; Casjens, 2003; 2005).
The known dsDNA tailed phages with genomes in the
20-60 kbp range typically have a single large operon
that is expressed late in lytic infection and contains
the 20-30 genes required for virion assembly and
lysis (Casjens, 2005; 2008). The putative terminase
and portal protein genes on the cp32s are followed
by 25-30 contiguous genes, which are transcribed in
the same direction, have no homologues outside the
cp32s, and remain uncharacterized (Casjens et al.,
2000). We previously have proposed that this region
is likely the “late operon” of @BB-1 (Eggers et al.,
2000; 2001a).

As part of their survival strategy, bacteriophages
escape from their host cell by degrading the cell wall
and lysing the cell after a cycle of lytic growth. To do
this, all tailed bacteriophages encode an endolysin
that degrades the cell wall and a holin whose
permeabilization of the membrane allows the
endolysin access to the cell wall thus controlling the
timing of cell lysis (Young and Blasi, 1995). The
genes that encode these proteins are sufficiently
variable that they are often not recognizable in
nucleotide sequence (Wang et al.,, 2000; Young,
2002). The function of these lysis genes necessitates
that their expression be tightly controlled (holins in
particular are lethal to bacteria (Young and Blasi,
1995), and they most often are clustered at the
beginning or the end of the late operon (Casjens et
al., 1992; Ford et al., 1998). On the cp32s, blyA (L23
and its paralogs) lies near the distal end of the
putative phage late operon; the blyA protein product
has membrane-disruptive activity and has been
shown to mediate the release of both the phage
lambda encoded endolysin (Damman et al., 2000)
and an E. coli host-encoded cytolysin (Ludwig et al.,
2007) in surrogate systems. These results suggest
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that blyA may encode a holin, although no cp32-
encoded endolysin has yet been identified.

Late operons are not expressed from the uninduced
prophage DNA and are only expressed during lytic
growth of the phage; thus, the above model predicts
that these genes will only be expressed during
“inducing” conditions. A second, slightly weaker,
prediction of the model is that these genes will in fact
be co-transcribed as an operon. Zhang and Marconi
(2005) used RT-PCR across the gene boundaries to
demonstrate that the thirty genes from BBL42 to
BBL28 (using cp32-8 as a typical cp32) are in fact
co-transcribed after B. burgdorferi cells are exposed
to the @BB-1-inducing agent MNNG, and that these
genes are apparently not expressed in uninduced
cells. Other DNA array transcription studies are
largely in agreement that most of these genes are
expressed minimally, if at all, in the absence of
induction (Ojaimi et al., 2003; Anderton et al., 2004;
Tokarz et al., 2004). The expression of these genes
is influenced by the B. burgdorferi stringent response
regulator, Relsou; @ B. burgdorferi strain in which this
protein was inactivated exhibited a marked increase
in their expression (Drecktrah et al., 2015). These
data are completely consistent with the proposal that
this block of genes comprise a late phage operon.
Curiously, the expression pattern of blyA is an
exception to this rule and not what is expected for a
lethal holin. An increase of the blyA transcript, in the
absence of a concomitant increase in the expression
of other genes within the late phage operon, has
been observed with an increase in temperature
(Ojaimi et al., 2003), after treatment with a
bactericidal antibody (Anderton et al.,, 2004) and in
the mammalian host (Zhang and Marconi, 2005).
Thus, the blyA (and the adjacent blyB) gene appears
to be under different regulatory control from the rest
of the putative cp32 late operon genes.
Consequently, a final determination as to whether
BlyA is in fact a holin awaits further experimentation.
Similarly, the cp32 bdr genes (R27 in cp32-4 and
paralogs), the most promoter distal member of this
gene cluster, appear to be expressed under non-
inducing conditions and so may not be part of a late
operon (Zuckert et al., 1999; Roberts et al., 2000).

There also are cp32 genes outside of the putative
late operon that have homology to phage-related
genes; these include those encoding the PFam161,
PFam165, and PFam96 proteins. The pfam96 gene
is predicted to be a recombinase. The genes for
PFam161 and PFam165 encode a single-stranded
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DNA binding protein and a DNA nuclease,
respectively, and were renamed ssbP and nucP
(Chenail et al., 2012). The products of these genes
could play a role in the circularization of the linear
¢BB-1 genome into cp32 or in phage-mediated
recombination. Tokarz et al. (2004) observed that
members of all three of these PFams are upregulated
in response to blood, a stimulus that B. burgdorferi
encounters during the blood meal within the tick
vector or during infection of the mammalian host.
Chenail, et al. (2012) demonstrated that ssbP and
nucP are up-regulated by the transcription factor,
BpaB, which also represses gene expression from
the cp32 ospE/ospF/elp loci (see below) and is itself
encoded on each cp32 within the region responsible
for plasmid replication and maintenance. Chromatin
immunoprecipitation using an antibody specific for
BpaB revealed other cp32 binding sites for this
transcription factor, including several within the
putative late phage operon near the genes encoding
the putative terminase and portal protein genes and
one near the blyA (holin) gene. The coordinated
regulation of the “early” and “late” genes of many
better studied plasmid prophages remains rather
poorly understood (Ravin et al., 2000; Lobocka et al.,
2004; Lehnherr, 2006), so an understanding of these
findings in a larger context is difficult at this time.

Each cp32 also encodes a set of genes that are
involved in their replication and stable maintenance,
including the PFam57, PFam32, and PFam49 genes
(see plasmid section above). PFam57 and the
untranslated region directly upstream were found to
be essential and sufficient for replication of the
prophage plasmid (Eggers et al., 2002). The PFam32
paralogs have significant homology to the partitioning
gene, parA (Zuckert and Meyer, 1996; Casjens et al.,
1997b, 2000; Stevenson et al., 2000a). Homologues
of parA are found on a number of well-studied low
copy number plasmids, including two E. coli
prophages, P1 and N15, which exist as auto-
nomously replicating plasmids (Austin and Abeles,
1985; Grigoriev and Lobocka, 2001; Surtees and
Funnell, 2003; Lobocka et al., 2004). Finally, the
PFam49 genes found downstream of the PFam32
paralogs encode the transcription factor and
predicted ParB homolog, BpaB (Stevenson et al.,
1996; Stevenson et al.,, 2000b; Eggers et al., 2002;
Burns et al., 2010; Jutras et al., 2012).

Lysogenic conversion

Most prophages alter their hosts, often by modifying
the bacterial surface, through expression of their
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“host conversion” genes (Cheetham et al., 1995;
Casjens and Hendrix, 2002; Canchaya et al., 2003;
Casjens, 2003; Hendrix and Casjens, 2006; Dion et
al., 2020), and the cp32s appear to be no exception.
The cp32s express several families of proteins that
have been well-studied. These include the Mip, Bdr,
Rev, BapA and OspE/OspF/Elp proteins (Gilmore
and Mbow, 1998; Skare et al., 1999; Yang et al.,
1999; Zuckert et al., 1999; Porcella et al., 2000;
Bauer et al., 2001; Miller and Stevenson, 2003;
Zhang et al., 2005; Stevenson et al., 2006; Brissette
et al.,, 2008; Brissette et al., 2009b; Kenedy and
Akins, 2011; Lin et al., 2015). All these are
membrane proteins, many demonstrate increased
expression during the bloodmeal, and most have
been shown to be on the cell surface. While the
functional roles for many of these gene products are
not known, an exception is OspE and related proteins
that are able to bind complement factor H and so
appear to play a role in the ability of B. burgdorferi to
evade the host complement system (Hellwage et al.,
2001; Alitalo et al.,, 2002; Stevenson et al., 2002;
Metts et al., 2003; McDowell et al., 2004; Miller and
Stevenson, 2004; Hovis et al., 2006; Kenedy and
Akins, 2011). Additionally, OspF and related proteins
may act as adhesins during B. burgdorferi infection
and have been shown to bind to host cell heparin
sulfate glycosaminoglycans on glial epithelial cells
(Antonara et al., 2007; Antonara et al., 2011; Lin et
al., 2015). Thus, these genes appear to be involved
in the interactions between the pathogenic bacterium
and its host, and so can be considered lysogenic
conversion genes.

A multiplicity of prophages

In many bacterial systems, prophages have evolved
ways to enhance the resistance of their bacterial
hosts to superinfection by similar phages that might
represent a threat (i.e., cause cell death) (Bondy-
Denomy et al., 2016). ¢BB-1 represents an unusual
group of bacteriophages, in that there can be as
many as nine quite similar prophages resident in a
single cell. Although the PFam32 proteins play a role
in determining the maintenance and compatibility of
prophage plasmids (see plasmid section above), it is
not clear what role, if any, these proteins have in the
mechanisms governing superinfection. Furthermore,
Eggers, et al. (2016) reported differences in the
efficiency with which ¢BB-1 transduces DNA
packaged from one B. burgdorferi strain into either
the same strain or into other B. burgdorferi strains.
These data suggest that differences in surface
receptors, restriction modification systems (Lawrenz
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et al.,, 2002; Kawabata et al., 2004; Rego et al.,
2011), resident plasmid complements, or other as-
yet-unidentified factors may influence the initial
establishment of a new prophage. The entire
complement of cp32s within a given isolate is
represented in the extracellular supernatant after
prophage induction and are all presumably packaged
individually within @BB-1 capsids (Eggers et al,
2001b). Additionally, the putative structural and
functional phage genes on different cp32s are highly
conserved; thus, we anticipate that all cp32s might
well be packaged within virtually identical capsids,
whether or not all individual cp32s are still fully
functional prophages. For example, two B31
plasmids, cp32-4 and cp32-9, have frameshift
mutations in one and seven putative late phage
operon genes, respectively (Casjens et al., 2000;
Eggers et al., 2000); however we have observed, that
cp32-4 and/or cp32-9 (the two plasmids were
indistinguishable by the methods used) are packaged
in abundance within @BB-1 capsids released from B.
burgdorferi strain B31 (C. H. Eggers and D. S.
Samuels, unpublished).

Several other B. burgdorferi plasmids (for example,
cp9, cp18, Ip54, Ip56 and Ip28-2) contain DNA that is
homologous to virion structural protein genes and so
may be phage-related. Cp9 plasmids in B.
burgdorferi and other LB species appear to have
evolved from cp32 plasmids by a series of inversion
and deletion mutations (Champion et al., 1994; Dunn
et al., 1994; Stevenson et al., 2000b). Similarly, cp18
plasmids present in strains B. burgdorferi 297 and
N40 appear to be defective prophages that arose
from deletions of the putative late phage operons on
cp32s (Stevenson et al., 1997; Caimano et al., 2000).
Both of these plasmid types may represent satellite
phages that lack structural and functional phage
genes but rely on the machinery encoded on cp32s
to spread through a population. B. burgdorferi strain
B31 Ip56 contains an integrated cp32 (Casjens et al.,
2000). This integration, which appears to be a rather
recent event, occurred in the middle of a putative late
operon gene, and two of its other late operon genes
have frameshift mutations (Casjens et al., 2000),
suggesting that the late operon of this cp32 is
beginning to decay; such decay is characteristic of
prophage genes that are no longer under selection
(Canchaya et al.,, 2003; Casjens, 2003). Ip54
contains twenty noncontiguous genes that are similar
(but diverged) in sequence to the putative cp32 late
operon genes (including the putative terminase and
portal genes). However, in this region of Ip54 (from
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approximately BB_A31 to BB_A55), there are two
large insertions, one deletion and one substitution
relative to the cp32 sequences (Casjens et al., 2000).
Thus, whether Ip54 is a productive prophage is
unclear; neither this plasmid nor Ip56 has been
observed in preparations of phage from induced B.
burgdorferi cultures. One other linear plasmid, Ip28-2
(and its relatives 1p28-6, Ip28-7 and [p28-9), is only
very distantly related to the cp32s, but also carries a
cluster of genes that may be phage-related (Eggers
et al., 2001a; Casjens et al., 2018). These genes
should encode a potential large subunit terminase
(G21), a portal (G20), a tape-measure protein (G08)
that is responsible for determining tail length in other
bacteriophages (Hendrix, 1988), and several proteins
(G10, G22, G23 and G27) with very distant homology
to other phage proteins. Linear plasmids with these
genes are found in other LB species as well, but an
Ip28-2-like genome has not yet been demonstrated to
be packaged into phage virions. Given that a number
of different bacteriophages have been observed in
association with LB, however, one of these could
potentially be derived from a more intact 1p28-2 or
related plasmid.

Future prospects

Determination of the complete genome sequence of
the B. burgdorferi type strain B31, including the
chromosome and all plasmids, in the year 2000 was
a major step forward in the study of the Lyme
disease bacteria as it opened the door to many new
experimental avenues. Complete genome sequences
of other B. burgdorferi isolates and a number of other
LB species in the subsequent two decades has
provided a much more detailed and refined picture of
genetic variation and relationships within and among
these LB lineages. This information also formed the
basis for more accurate strain typing and lineage
tracking, as well as disease diagnosis and detection
of LB spirochetes. Since NextGen sequencing is
much cheaper and faster, elucidation of many more
complete LB genome sequences is expected in the
near future. This information should make analyses
of LB phylogeny, population biology, as well as host
species and phylogeographic correlations, much
more robust and informative. The genome
sequences of LB species that do not cause human
disease may point the way towards identification of
genes important in human Lyme disease.

Although significant and ongoing progress has been

made in understanding the roles of particular LB
genes in mouse infection, much remains to be
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learned. Understanding of the molecular patho-
genesis of Lyme disease, especially in humans,
remains quite incomplete. Further, the possible loss
of plasmids during the initial isolation of LB from their
natural hosts still causes uncertainty in such studies.
Genetic manipulation of LB and the use of mutant LB
spirochetes in animal infection studies has been
largely limited to the B31 strain of B. burgdorferi in
laboratory mice. This is due to technical
considerations and the current inability to modify
DNA of most other isolates. Overcoming these
difficulties in future studies of other B. burgdorferi
lineages and LB species should lead to new insights
in the molecular pathogenesis of Lyme disease.
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