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Abstract The genus Borrelia contains two groups of

organisms: the causative agents of Lyme disease and

their relatives and the causative agents of relapsing

fever and their relatives. These two groups are

morphologically indistinguishable and are difficult to

distinguish biochemically. In this work, we have

carried out detailed comparative genomic analyses on

protein sequences from 38 Borrelia genomes to

identify molecular markers in the forms of conserved

signature inserts/deletions (CSIs) that are specifically

found in the Borrelia homologues, and conserved

signature proteins (CSPs) which are uniquely present

in Borrelia species. Our analyses have identified 31

CSIs and 82 CSPs that are uniquely shared by all

sequenced Borrelia species, providing molecular

markers for this group of organisms. In addition, our

work has identified 7 CSIs and 21 CSPs which are

uniquely found in the Lyme disease Borrelia species

and eight CSIs and four CSPs that are specific for

members of the relapsing fever Borrelia group.

Additionally, 38 other CSIs, in proteins which are

uniquely found in Borrelia species, also distinguish

these two groups of Borrelia. The identified CSIs and

CSPs provide novel and highly specific molecular

markers for identification and distinguishing between

the Lyme disease Borrelia and the relapsing fever

Borrelia species. We also report the results of average

nucleotide identity (ANI) analysis on Borrelia gen-

omes and phylogenetic analysis for these species

based upon 16S rRNA sequences and concatenated

sequences for 25 conserved proteins. These analyses

also support the distinctness of the two Borrelia

clades. On the basis of the identified molecular

markers, the results from ANI and phylogenetic

studies, and the distinct pathogenicity profiles and

arthropod vectors used by different Borrelia spp. for

their transmission, we are proposing a division of the

genus Borrelia into two separate genera: an emended

genus Borrelia, containing the causative agents of

relapsing fever and a novel genus, Borreliella gen.

nov., containing the causative agents of Lyme disease.
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Introduction

The genus Borrelia is an important pathogenic group

of helical shaped, motile organisms that form a highly
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distinct, monophyletic lineage within the phylum Spi-

rochaetes (Paster 2011; Wang and Schwartz 2011).

Members of this genus are the causative agents of both

Lyme disease, which is currently the most prevalent

vector-borne disease in North America and temperate

regions of Eurasia, and relapsing fever, which is a

disease endemic to many disparate regions of the world

(Lindgren and Jaenson 2006; Cutler 2010; Adams et al.

2013). Currently, the genus Borrelia contains 37 species

which are carried by arthropod vectors and exhibit

varying pathogenicity in mammalian and avian hosts

(Margos et al. 2011; Wang and Schwartz 2011; Parte

2014). These species can be separated into two main

groups based upon their pathogenicity profiles. The first

group, containing the causative agents of Lyme disease,

is commonly referred to as the Borrelia burgdorferi

sensu lato complex, whereas the other group contains

the causative agents of relapsing fever (Postic et al.

1990; Baranton et al. 1992; Wang et al. 1999; Margos

et al. 2011; Wang and Schwartz 2011). Although, these

two groups are morphologically indistinguishable from

each other, their members can be distinguished from

each other based on the arthropod vectors which

transmit them and by a limited number of biochemical

and genetic tests (Wang et al. 1999; Margos et al. 2011;

Wang and Schwartz 2011). Our current understanding

of the taxonomy and evolutionary relationships among

the Borrelia species is based largely on DNA–DNA

hybridization studies, 16S rRNA gene sequence ana-

lysis and multilocus sequence analysis (MLSA) (Mar-

gos et al. 2011; Wang and Schwartz 2011). Although

these studies provide evidence suggesting separation of

the members of the genus Borrelia into two distinguish-

able groups, due to lack of other reliable molecular,

morphological, or biochemical characteristics that can

distinguish these groups, no formal recognition of these

two distinct groups of Borrelia has thus far been made

(Wang and Schwartz 2011).

Whole genome sequences for members of the genus

Borrelia are becoming increasingly available in public

databases. There are currently 38 genomes from 18

species of Borrelia available in the NCBI database

(NCBI 2014). These genomes provide a valuable

resource to gain insight into the evolutionary history of

this group of organisms and to identify novel shared

molecular characteristics that are specific for this

group of organisms. One useful comparative genomic

approach, pioneered by our lab, involves the identi-

fication of conserved signature indels (CSIs), which

are insertions/deletions uniquely present in protein

sequences of organisms from the group of interest, and

conserved signature proteins (CSPs), which are line-

age specific proteins found only in the group of interest

(Gupta and Griffiths 2006; Gupta 2010; Naushad et al.

2014). Due to the specificity of these markers (viz.

CSIs and CSPs) for particular groups of bacteria, they

represent molecular synapomorphies (markers of

common evolutionary decent) which can be used to

identify and demarcate specific bacterial groups in

clear molecular terms. Additionally, whole genome

sequences are also enabling the use of other compu-

tational algorithms to determine the overall genome

similarity among different organisms (Richter and

Rosselló-Móra 2009).

Our recent comparative analysis of Spirochaetes

genomes has identified 38 CSIs that clearly delimit the

major groups within the phylum and were used to revise

the taxonomy of the phylum as a whole (Gupta et al.

2013b). In this work, we extend these studies by

examining, in detail, the evolutionary relationships

among the Borrelia species employing different phy-

logenetic and comparative genomic approaches. These

analyses have identified 31 CSIs and 82 CSPs that are

commonly shared by all sequenced Borrelia species.

More importantly, these studies have identified of 53

CSIs and 25 CSPs, which serve to clearly distinguish

the two main groups of Borrelia species and provide

novel molecular markers to demarcate them in defin-

itive terms. The distinctness of these two groups of

Borrelia species is also supported by the results of an

average nucleotide identity (ANI) analysis of Borrelia

genomes and by phylogenetic trees constructed based

upon 16S rRNA sequences and concatenated protein

sequences. On the basis of the identified molecular

markers, phylogenetic studies, and other evidence

presented here, it is proposed that the genus Borrelia

should be divided into two separate genera: an emended

genus Borrelia, containing the causative agents of

relapsing fever and a novel genus, Borreliella gen. nov.,

containing the causative agents of Lyme disease.

Methods

Phylogenetic sequence analysis

Phylogenetic analysis was performed on a concate-

nated sequence alignment of 25 highly conserved
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Table 1 Characteristics of the Borrelia genomes used for phylogenetic and comparative analysis

Strain Name Accession

number

Size

(Mb)

GC % Chromosomes Plasmids Genome source

Borrelia afzelii ACA-1 ABCU02 0.90 27.86 1 14 (Casjens et al. 2011b)

Borrelia afzelii HLJ01 NC_018887 0.91 28.30 1 – (Jiang et al. 2012b)

Borrelia afzelii PKo NC_017238 0.90 27.90 1 17 (Casjens et al. 2011b)

Borrelia anserina BA2 CP005829 0.90 29.50 1 – Rocky Mountain Laboratoriesa

Borrelia bavariensis PBiT NC_006156 0.90 28.12 1 11 (Glöckner et al. 2004)

Borrelia bissettii DN127 NC_015921 0.90 28.33 1 16 (Schutzer et al. 2012)

Borrelia burgdorferi 118a ABGI02 0.90 28.21 1 19 (Schutzer et al. 2011)

Borrelia burgdorferi 156a ABCV02 0.91 28.10 1 19 (Schutzer et al. 2011)

Borrelia burgdorferi 29805 ABJX02 0.89 28.26 1 15 (Schutzer et al. 2011)

Borrelia burgdorferi 64b ABKA02 0.91 28.39 1 18 (Schutzer et al. 2011)

Borrelia burgdorferi 72a ABGJ02 0.91 28.16 1 13 (Schutzer et al. 2011)

Borrelia burgdorferi 94a ABGK02 0.91 28.22 1 13 (Schutzer et al. 2011)

Borrelia burgdorferi B31T NC_001318 0.91 28.18 1 21 (Fraser et al. 1997)

Borrelia burgdorferi Bol26 ABCW02 0.91 28.59 1 10 (Schutzer et al. 2011)

Borrelia burgdorferi CA-11.2A ABJY02 0.91 28.37 1 12 (Schutzer et al. 2011)

Borrelia burgdorferi CA382 NC_022048 0.91 28.60 1 – UCIb

Borrelia burgdorferi CA8 ADMY01 0.90 28.50 1 – UCIb

Borrelia burgdorferi JD1 NC_017403 0.92 28.30 1 20 (Schutzer et al. 2011)

Borrelia burgdorferi N40 NC_017418 0.90 28.24 1 16 (Schutzer et al. 2011)

Borrelia burgdorferi WI91-23 ABJW02 0.90 28.29 1 20 (Schutzer et al. 2011)

Borrelia burgdorferi ZS7 NC_011728 0.91 28.23 1 14 (Schutzer et al. 2011)

Borrelia crocidurae Achema NC_017808 0.92 29.06 1 39 (Elbir et al. 2012)

Borrelia duttonii Ly NC_011229 0.93 28.02 1 16 (Lescot et al. 2008)

Borrelia garinii BgVir NC_017717 0.91 28.23 1 2 (Brenner et al. 2012)

Borrelia garinii Far04 ABPZ02 0.89 27.83 1 7 (Casjens et al. 2011b)

Borrelia garinii NMJW1 NC_018747 0.90 28.40 1 – (Jiang et al. 2012a)

Borrelia garinii PBr ABJV02 0.90 27.83 1 11 (Casjens et al. 2011b)

Borrelia hermsii HS1 NC_010673 0.92 29.81 1 2 (Dai et al. 2006)

Borrelia hispanica CRI AYOU01 0.94 28.00 1 – (Elbir et al. 2014b)

Borrelia miyamotoi LB-2001 NC_022079 0.91 28.70 1 – (Hue et al. 2013)

Borrelia parkeri HR1 CP007022 0.92 28.90 1 – (Barbour and Miller 2014)

Borrelia parkeri SLO CP005851 0.92 28.90 1 – Rocky Mountain Laboratoriesa

Borrelia persica No12 AYOT01 0.92 28.70 1 – (Elbir et al. 2014a)

Borrelia recurrentis A1 NC_011244 0.93 27.51 1 7 Unité des Rickettsiesc

Borrelia sp. SV1 ABJZ02 0.95 28.27 1 9 (Casjens et al. 2011a)

Borrelia spielmanii A14S ABKB02 1.01 27.69 1 8 (Schutzer et al. 2012)

Borrelia turicatae 91E135 NC_008710 0.92 29.10 1 – Rocky Mountain Laboratoriesa

Borrelia valaisiana VS116T ABCY02 0.91 25.83 1 11 (Schutzer et al. 2012)

Genomic information was collected from: http://www.ncbi.nlm.nih.gov/genomes/
T type strain
a Rocky Mountain Laboratories: Genome sequenced by the Laboratory of Human Bacterial Pathenogenesis at Rocky Mountain

Laboratories
b UCI: Genome sequenced by the department of Microbiology and Molecular Genetics at the University of California, Irvine
c Unité des Rickettsies: genome sequenced by Unité des Rickettsies at Centre National de Référence
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proteins (viz. ArgRS, DnaK, EF-G, EF-Tu, GyrA,

GyrB, Hsp60, Hsp70, IleRS, RecA, RpoB, RpoC,

SecY, ThrRS, TrpRS, ValRS, and ribosomal proteins

L1, L2, L5, L6, S3, S8, S9, S11, and S12) which

represent a subset of the core proteins present in all

bacteria that are widely used for phylogenetic analysis

(Harris et al. 2003; Charlebois and Doolittle 2004;

Ciccarelli et al. 2006; Vinuesa 2010; Gao and Gupta

2012b; Gupta et al. 2013b). Sequences for these

proteins were obtained from the NCBI database for 38

sequenced Borrelia species (Table 1) and Treponema

pallidum Nichols which was used to root the tree.

Multiple sequence alignments for these proteins were

created using Clustal_X 1.83 (Jeanmougin et al. 1998)

and concatenated into a single alignment file. Poorly

aligned regions from this alignment file were removed

using Gblocks 0.91b (Castresana 2000). The resulting

alignment, which contained 12,129 aligned amino

acids, was used for phylogenetic analysis. The max-

imum likelihood tree based on 1,000 bootstrap repli-

cates of this alignment was constructed using MEGA

6.0 (Tamura et al. 2013) employing the Le and

Gascuel (Le and Gascuel 2008) substitution model.

A 16S rRNA gene sequence based phylogenetic tree

was also created based on 53 sequences that included

representative strains of all cultured Borrelia species

(Supplemental Table 1). 16S rRNA gene sequences

larger than 1,200 bp were obtained for all type strains

classified under the genus Borrelia in release 115 of the

SILVA database (Quast et al. 2013). 16S rRNA gene

sequences were also obtained for representative strains

from Borrelia species without a cultured type and for

T. pallidum Nichols which was used to root the tree. A

maximum likelihood tree based on these sequences was

created using 1,000 bootstrap replicates of the 16S

rRNA sequence alignments in MEGA 6.0 (Tamura

et al. 2013) employing the General Time-Reversible

(Tavaré 1986) substitution model.

Average nucleotide analysis

Average nucleotide identity values were calculated in

order to assess the relatedness of the sequenced

Borrelia genomes using the JSpecies v1.2.1 program

(Richter and Rosselló-Móra 2009) which utilized an

algorithm developed by Goris et al. (2007) to analyze

the sequence identity of pairwise genome alignments

created using the BLAST v2.2.26 program (Altschul

et al. 1997).

Identification of conserved signature indels

To identify CSIs that are commonly shared by the

different groups of Borrelia, BLAST searches (Altsc-

hul et al. 1997) were performed using each protein in

the genome of Borrelia recurrentis A1 as queries.

These searches were performed using the default

BLAST parameters against all available sequences in

the GenBank non-redundant database. For those

proteins for whom high scoring homologues (E

values \ 1e-20) were present in other Borrelia spe-

cies, multiple sequence alignments were created using

the Clustal_X 1.83 program (Jeanmougin et al. 1998).

These alignments were visually inspected for the

presence of insertions or deletions that were flanked on

both sides by at least 5-6 conserved amino acid

residues in the neighbouring 30–40 amino acids.

Indels that were not flanked by conserved regions were

not further considered, as they do not provide useful

molecular markers (Gupta 2010; Naushad et al. 2014).

The specificity of potentially useful indels for sub-

groups within of the genus Borrelia was further

evaluated by carrying out detailed BLAST searches on

short sequence segments containing the indel and the

flanking conserved regions (60-100 amino acids long).

To ensure that the identified signatures are only

present in Borrelia homologues, 250 BLAST hits with

the highest similarity to the query sequence were

examined for the presence or absence of these CSIs. In

this work, we report the results of CSIs that are specific

for different groups within the Borrelia and where

similar CSIs were not observed in any other bacteria in

the top 250 BLAST hits. The sequence alignment files

presented here contain sequence information for all

sequenced species within the genus Borrelia. How-

ever, due to space constraints, different strains of the

sequenced species are not shown, but they all

displayed similar sequence characteristics.

Identification of conserved signature proteins

To identify proteins that are uniquely present in

various groups of Borrelia, BLAST searches (Altschul

et al. 1997) were performed using each protein in the

genomes of B. burgdorferi B31 and B. recurrentis A1

as queries. These searches were performed using the

default BLAST parameters against all available

sequences in the GenBank non-redundant database.

Proteins were considered CSPs if either all significant
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hits were from well-defined groups of Borrelia or

which involved a large increase in E values from the

last hit belonging to a particular group of Borrelia to

the first hit from any other bacteria and the E values for

the latter hits were [1e-04, indicating weak similarity

that could occur by chance (Gao and Gupta 2007;

Naushad et al. 2014). In most cases, the lengths of

various significant hits were very similar to those of

the query proteins.

Results

Genomic characteristics of the sequenced Borrelia

Genome sequences for 38 Borrelia strains comprising

18 different species, which are currently available in

the NCBI genome database, were used in these

analyses. Some characteristics of these Borrelia

genomes are summarized in Table 1. The genomes

of most Borrelia species/strains, in addition to

containing a linear chromosome, harboured large

numbers of linear and circular plasmids, which is

very unique among the prokaryotes (Chaconas 2005;

Chaconas and Kobryn 2010). The chromosome sizes

of the sequenced Borrelia fell within a narrow range

between 0.89 and 1.01 Mb, with G?C content ranging

between 25.83 and 29.81 %.

Phylogenetic sequence analysis

The current understanding of the phylogeny of the

genus Borrelia is largely based on phylogenetic trees

constructed using 16S rRNA, flagellin or housekeep-

ing gene sequences (Fukunaga et al. 1996; Margos

et al. 2009; Wang and Schwartz 2011). In this work,

we have constructed a phylogenetic tree of the

sequenced Borrelia species using concatenated

sequences for 25 conserved housekeeping and ribo-

somal proteins (Fig. 1). Members of the genus Bor-

relia have shown some competence for the lateral

transfer of tRNA synthetases (Ibba et al. 1997).

However, phylogenetic trees based on concatenated

sequences for a large number of unlinked and

conserved loci minimize the effect of any instances

of lateral gene transfer and provide greater resolving

power than trees based on any single gene or protein

(Rokas et al. 2003; Wu et al. 2009). In the

concatenated protein tree, the sequenced Borrelia

species clustered into two distinct monophyletic and

strongly supported clades, which were separated by

long branches. One of these clades consisted of the

Lyme disease causing B. burgdorferi species (B. burg-

dorferi sensu stricto) and its relatives (B. burgdorferi

sensu lato), while the other clade was comprised of the

relapsing fever Borrelia (B. recurrentis) and its

relatives (Fig. 1). These two clades of Borrelia are

also clearly distinguished in a phylogenetic tree for

3,737 genome sequenced prokaryotes, which was

constructed based upon [400 proteins (Segata et al.

2013).

A phylogenetic tree was also constructed based on

the 16S rRNA gene sequences, which included

representatives from all cultured Borrelia species

(Fig. 2). Except for Borrelia turcica, all Borrelia

species were grouped into two distinct clades similar

to those seen in the concatenated protein tree. How-

ever, an earlier study showed that B. turcica clusters

with several unnamed Borrelia isolates in a mono-

phyletic clade related to the relapsing fever Borrelia

(Takano et al. 2010). The members of the genus

Borrelia have also been observed to branch into two

distinct clades in a number of earlier phylogenetic

studies based on 16S rRNA and other individual

genes/protein sequences (Takano et al. 2010; Margos

et al. 2011; Wang and Schwartz 2011).

Conserved signature indels that distinguish the two

clades of Borrelia

CSIs and CSPs that are restricted to a given group of

related species provide useful molecular characteris-

tics for evolutionary studies (Gupta 1998; Rokas and

Holland 2000; Gao and Gupta 2012a). Recently, CSIs

have been used to define novel taxonomic groups and

to propose important taxonomic changes for groups of

bacteria (viz. Aquificae, Bacillus, Chloroflexi, Neis-

seriales, Spirochaetes, Synergistetes and Thermotoga)

at different taxonomic ranks (Bhandari and Gupta

2012; Adeolu and Gupta 2013; Bhandari et al. 2013;

Gupta et al. 2013a, b; Gupta and Lali 2013; Bhandari

and Gupta 2014). In this work we have carried out

comprehensive comparative analyses of Borrelia

genomes in order to identify CSIs that clarify the

relationship between the Borrelia. These studies have

identified 31 CSIs that are specifically found in protein
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homologues from members of the genus Borrelia as

currently defined and absent in homologues from all

other sequenced bacterial groups. Fifteen of these 31

CSIs are identified for the first time in this work,

whereas the remaining 16 CSIs were identified in our

earlier analysis of the phylum Spirochaetes (Gupta

et al. 2013b). One example of a novel CSI that is

uniquely found in all of the sequenced species from the

genus Borrelia is shown in Fig. 3. In the example

shown, a 3 aa insert in a conserved region of the

bacterial rod-shaped determining protein MreB is

uniquely present in all sequenced Borrelia species, but

it is not found in sequences from any other Spiro-

chaetes or other phyla of bacteria (Fig. 3). Sequence

information for the 14 other novel CSIs that are also

specific for the genus Borrelia is presented in Supp.

Fig. 1–14 and a summary of all 31 Borrelia specific

CSIs is presented in Table 2.

Our analyses have also identified 53 CSIs that are

specific for or distinguish between the two main clades

of Borrelia species, which are observed in the

phylogenetic trees. Of these, seven CSIs are specific

for the Lyme disease Borrelia clade, whereas another

eight novel CSIs are uniquely found in the Borrelia

species that are part of the relapsing fever clade.

Examples of a CSI specific for the Lyme disease

Borrelia clade and a CSI specific for the relapsing

fever Borrelia clade are shown in Fig. 4. Figure 4a

shows a 1 aa insert in a conserved region of

Recombinase A that is uniquely found in all eight

sequenced species from the Lyme disease Borrelia

clade, whereas Fig. 4b shows a 1 aa deletion in the

nicotinamide-nucleotide adenylyltransferase protein

that is specific for members of the relapsing fever

Borrelia clade. Sequence information for other CSIs

that are specific for these two clades of Borrelia

Fig. 1 A maximum

likelihood phylogenetic tree

of 38 sequenced members of

the genus Borrelia based on

the concatenated amino acid

sequences of 25 conserved

proteins. Bootstrap values

are shown at branch nodes.

The Lyme disease and

relapsing fever clades of

Borrelia are marked. The

letterT refers to the type

strain of the species
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species are presented in Supp. Fig. 15–27 and Table 3.

In addition to these 15 CSIs found in widely distrib-

uted proteins, 38 other CSIs in proteins that are mainly

found in Borrelia species also serve to distinguish the

Lyme disease Borrelia clade from the relapsing fever

Borrelia clade. Because homologues for these

proteins, or the conserved regions where these CSIs

are present in these proteins, are not found in other

bacteria, it is difficult to infer whether these CSIs

represent insertions or deletions in the two groups.

However, these CSIs still serve to distinguish between

the two groups of Borrelia. One example of a 3 aa

Fig. 2 A maximum likelihood tree based on the 16S rRNA

gene sequences of representative strains of Borrelia. Bootstrap

values are shown at branch nodes. The Lyme disease and

relapsing fever clades of Borrelia are marked. The letter T refers

to the type strain of the species. The accession numbers of the

16S rRNA gene sequences used in this analysis are provided in

Supplemental Table 1
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indel in a Borrelia specific protein of unknown

function that distinguishes the Lyme disease Borrelia

clade from the relapsing fever Borrelia clade is shown

in Fig. 5. Sequence information for 37 other CSIs in

different proteins that are of a similar kind is presented

in Supp. Fig. 28–64 and Table 4.

Fig. 3 A partial sequence alignment of the rod shape-deter-

mining protein MreB, showing a CSI (boxed) that is uniquely

present in all members of the genus Borrelia. Sequence

information for a single Borrelia strain from each of the 18

sequenced Borrelia species and a limited number other bacteria

is shown here, but unless otherwise indicated similar CSIs were

detected in all members of the indicated group and not detected

in any other bacterial species in the top 250 BLAST hits. The

dashes in the alignments indicate identity with the residue in the

top sequence. GenBank identification (GI) numbers for each

sequence are indicated in the second column. Sequence

information for 30 other CSIs that are specific for all sequenced

Borrelia species is provided in Supplemental figures 1–14 and

Table 2
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Conserved signature proteins which are specific

for Borrelia or distinguish its two clades

Another useful category of molecular markers whose

discovery has been enabled by comparative genomic

analysis are conserved signature proteins (CSPs) that

are uniquely present in different lineages of prokary-

otes. Due to the specific presence of these genes/

proteins in particular lineages of bacteria, they again

provide useful molecular markers of common

evolutionary decent for identifying and demarcating

different bacterial groups in clear molecular terms.

Our analyses of Borrelia genomes in this regard have

led to identification of 107 proteins which are uniquely

found either in all (or most) sequenced Borrelia

species or are specific for only the Lyme disease

Borrelia clade or the relapsing fever Borrelia clade.

The results of BLAST searches for three CSPs that are

specific to either all sequenced Borrelia, members of

the Lyme disease Borrelia, or members of the

Table 2 Conserved signature indels that are specific for all sequenced Borrelia species (both the Lyme disease Borrelia (Borreliella)

and the relapsing fever Borrelia)

Protein Name GI number Figure number Indel size Indel position

Rod shape-determining protein MreB 187918570 Figure 3 3 aa ins 205–244

Flagellar motor switch protein FliM 119953077 Sup. Fig. 1 7 aa ins 8–65

ATP-dependent protease peptidase subunit 119953095 Sup. Fig. 2 3 aa ins 60–91

Mg2? transporter MgtE 119953171 Sup. Fig. 3 1 aa ins 163–230

Mg2? transporter MgtE 119953171 Sup. Fig. 4 4 aa ins 347–412

Cobyric acid synthase CobQa 187918297 Sup. Fig. 5 1 aa del 147–184

Jag protein 119953232 Sup. Fig. 6 2 aa ins 121–180

CTP synthetase 119953361 Sup. Fig. 7 6 aa insb 388–411

Chaperonin GroEL 187918505 Sup. Fig. 8 1 aa del 310–379

Ribose ABC transporter ATP-binding protein 15595022 Sup. Fig. 9 30 aa insb 356–427

Phosphopantetheine adenylyltransferase 51598955 Sup. Fig. 10 2 aa ins 31–90

Asparaginyl-tRNA synthetase 365992288 Sup. Fig. 11 1 aa del 186–236

Chemotaxis protein CheY 119953336 Sup. Fig. 12 4 aa ins 66–121

Zn-ribbon protein 187918568 Sup. Fig. 13 1 aa ins 204–236

Chemotaxis protein CheW 15594910 Sup. Fig. 14 10 aa ins 51–119

Phosphofructokinase 219685531 (Gupta et al. 2013b) 6 aa ins 275–319

50S ribosomal protein L4 224534698 (Gupta et al. 2013b) 1 aa ins 103–136

tRNA pseudouridine 55 synthase 203284699 (Gupta et al. 2013b) 2 aa ins 143–178

Translation elongation factor Tu 203284386 (Gupta et al. 2013b) 1 aa del 330–369

Histidyl-tRNA synthetase 187918014 (Gupta et al. 2013b) 1 aa del 273–301

Seryl-tRNA synthetase 187918098 (Gupta et al. 2013b) 1 aa del 231–264

Spoiiij-associtated protein 219684344 (Gupta et al. 2013b) 3 aa ins 114–154

Nicotinate phosphoribosyltransferase 187918492 (Gupta et al. 2013b) 1 aa del 134–159

Ribose 5-phosphate isomerase 119953435 (Gupta et al. 2013b) 1 aa ins 86–110

Ribonuclease Z 195941574 (Gupta et al. 2013b) 2 aa ins 64–94

Hypothetical protein BGAFAR04_0762 386859948 (Gupta et al. 2013b) 1 aa ins 206–236

Signal recognition particle, subunit FFH/SRP54 119953471 (Gupta et al. 2013b) 1 aa ins 374–412

Hypothetical protein BSV1_0075 15594416 (Gupta et al. 2013b) 1 aa del 52–97

Aspartyl/glutamyl-tRNA amidotransferase subunit A 119953137 (Gupta et al. 2013b) 1 aa ins 364–402

Ribosomal RNA methyltransferase 203284234 (Gupta et al. 2013b) 1 aa ins 15–48

LysM domain/M23/M37 peptidase domain protein 224534310 (Gupta et al. 2013b) 1 aa ins 320–365

a Protein or indel containing region of the protein missing in two members of the Borrelia
b Indel was of different size in Lyme disease and Relapsing fever Borrelia
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relapsing fever Borrelia are shown in Table 5. As seen

from this Table, high scoring homologues for these

proteins are only found in different Borrelia species

belonging to their specified clades, but not in any other

bacterial organism. Thus, similar to the CSIs, these

CSPs again are distinctive characteristics of the

species from these clades and provide valuable

molecular markers for their identification and demar-

cation. Of the CSPs that we have identified, 82

proteins are uniquely present in all or most of the

sequenced Borrelia species and they are likely distin-

guishing characteristics of all members of the recently

described family Borreliaceae (Table 6; Gupta et al.

2013b). In some cases, the homologues of these

proteins were not detected in a few isolated strains of

Borrelia. However, in every case, the proteins were

not present in any other bacterial group, suggesting

that the strains lacking these homologues have either

undergone gene loss or that they are earlier branching

lineages within these clades. In addition to the CSPs

that are specific for all Borrelia (or the family

Borreliaceae), we have also identified 21 CSPs whose

homologues are only found in the Lyme disease

Borrelia (Table 7) and four other CSPs, which are

restricted to members of the relapsing fever Borrelia

(Table 7). Some characteristics of the different CSPs

are summarized in Tables 6 and 7. The cellular

functions of most of these CSPs are unknown, but

they may be related to some of the distinguishing

properties exhibited by their specified clades.

Average nucleotide analysis

DNA–DNA hybridization is a commonly used method

to determine the relatedness of different organisms and

for assignment of species to either the same or different

genera (Thompson et al. 2013). However, concerns

have been raised about the scalability and reproduc-

ibility of these studies (Rosselló-Mora 2006). The

availability of genome sequences have now made it

possible to calculate pairwise ANI values between

different genomes, which are analogous to DNA

homology values (Richter and Rosselló-Móra 2009).

We have compared the ANI values for all available

genome sequenced Borrelia species (Fig. 6). The ANI

values for different members within the genus Borrelia

range between 73.03 and 99.34 % identity. However,

based upon the comparisons of the ANI values, the

Borrelia species can again be divided into two distinct

clusters. One cluster, consisting of the members of the

Lyme disease Borrelia, had intercluster ANI values

which ranged between 91.33 and 98.06 % identity. The

other cluster, which consisted of the members of the

relapsing fever Borrelia, had intercluster ANI values

which ranged between 82.51 and 99.34 % identity

(Fig. 6). In contrast to the high ANI values for species

within the two clusters, the ANI values of Borrelia

species between the members of the two clusters were

significantly lower, ranging between 73.03 and

74.85 % identity, indicating that the members of these

clusters are distinct from each other.

Discussion

Genetic differences between the Lyme disease and

relapsing fever Borrelia have been observed in a

number of earlier studies (Postic et al. 1990; Fukunaga

et al. 1996; Ras et al. 1996; Valsangiacomo et al. 1997;

Margos et al. 2009). However, due to lack of distinct

characteristics that can clearly distinguish the Lyme

disease Borrelia from the relapsing fever Borrelia, it

has proven difficult to reliably distinguish species from

these two groups. This is responsible for the failure to

diagnose or misdiagnosis of Lyme disease Borrelia in

many individuals and also an underreporting of the

overall incidence of this disease in the population

(Wright et al. 2012; Ljostad and Mygland 2013).

Detailed comparative analyses on genome sequences

from Borrelia species that is reported here have

identified numerous discrete molecular characteristics

that are specifically shared by either members of the

Lyme disease Borrelia clade or the relapsing fever

Borrelia clade. The molecular markers described in this

work provide novel and highly specific means for

identification of members of the Lyme disease Borrelia

group by either molecular sequence based (e.g. PCR,

pyrosequencing, etc.) methods (Ahmod et al. 2011;

Dunaj et al. 2013) or immunological methods (Wright

et al. 2012; Ljostad and Mygland 2013).

Fig. 4 Partial sequence alignments of (a) the protein Recombi-

nase A showing a one amino acid insertion (boxed) identified in

members of the Lyme disease Borrelia (b) the protein Nicotin-

amide-nucleotide adenylyltransferase showing a one amino acid

deletion identified in members of the relapsing fever Borrelia.

These CSIs were not found in the sequence homologues from any

other sequenced bacteria. Sequence information for other Lyme

disease or relapsing fever Borrelia specific CSIs is presented in

Supplemental figures 15–27 and summarized in Table 3

b
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The results reported here from multiple lines of

investigations provide compelling evidence that the

known Borrelia species are comprised of at least two

evolutionary distinct groups of organisms correspond-

ing to the Lyme disease Borrelia clade and the

relapsing fever Borrelia clade. The different lines of

investigation that support the distinctness of these two

clades can be briefly summarized as follows:

1. In phylogenetic trees based on the 16S rRNA gene

or concatenated sequences for 25 conserved

proteins, the species from these two groups

formed distinct and strongly supported clades

that are separated from each other by long

branches.

2. This work has identified 7 CSIs and 21 CSPs that

are uniquely present in all of the genome

Table 3 Conserved signature indels found in widely distributed proteins that are specific for either members of the Lyme disease

Borrelia (Borreliella) or the relapsing fever Borrelia

Protein name GI number Figure number Indel size Indel position Specificity

Recombinase A 492960118 Figure 4A 1 aa ins 228–272 Lyme disease Borrelia

Trigger factor Tiga 386854012 Sup. Fig. 15 2 aa ins 106–142 Lyme disease Borrelia

Chemotaxis protein CheY 15594760 Sup. Fig. 16 1 aa del 197–231 Lyme disease Borrelia

DNA polymerase III subunit beta 410679212 Sup. Fig. 17 1 aa del 135–176 Lyme disease Borrelia

Translation factor Sua5 15595079 Sup. Fig. 18 2 aa ins 149–182 Lyme disease Borrelia

Ferrous iron transporter A 51598605 Sup. Fig. 19 1 aa del 88–126 Lyme disease Borrelia

Glucose-6-phosphate isomerase 493478887 Sup. Fig. 20 1 aa ins 81–134 Lyme disease Borrelia

Nicotinamide-nucleotide adenylyltransferase 187918635 Figure 4B 1 aa del 31–61 Relapsing fever Borrelia

Hypothetical protein BRE16 203287484 Sup. Fig. 21 3 aa ins 64–98 Relapsing fever Borrelia

Hypothetical protein BDU327 203284245 Sup. Fig. 22 6 aa ins 866–907 Relapsing fever Borrelia

Hypothetical protein BT0471b 119953261 Sup. Fig. 23 1 aa del 216–261 Relapsing fever Borrelia

L-lactate permease 386859838 Sup. Fig. 24 1 aa ins 195–239 Relapsing fever Borrelia

1-phosphofructokinase 203288064 Sup. Fig. 25 1 aa del 101–139 Relapsing fever Borrelia

GTP-binding protein 203288075 Sup. Fig. 26 2 aa ins 42–87 Relapsing fever Borrelia

Sodium/panthothenate symporter 119953591 Sup. Fig. 27 1 aa ins 421–454 Relapsing fever Borrelia

a Indel also identified in one member of the relapsing fever Borrelia
b Protein or indel containing region of the protein missing in a member of the Lyme disease Borrelia

Fig. 5 A partial sequence alignment of a Borrelia lineage

specific protein with currently unknown function (Hypothetical

protein BB0838) showing a three amino acid insertion (boxed)

which distinguishes the Lyme disease and relapsing fever

Borrelia. Sequence information for other CSIs present in

Borrelia lineage specific proteins is presented in Supplemental

figures 28–64 and summarized in Table 4

1060 Antonie van Leeuwenhoek (2014) 105:1049–1072

123



sequenced species from the Lyme disease Bor-

relia clade and eight CSIs and four CSPs that are

specific for the relapsing fever Borrelia clade. The

unique and mutually exclusive presence of these

molecular characteristics in these two groups of

species provides compelling evidence that they

are derived from distinct ancestors. The identified

molecular markers also provide reliable means for

Table 4 Conserved signature indels in Borrelia-specific proteins or protein regions that distinguish members of the Lyme disease

Borrelia (Borreliella) from the relapsing fever Borrelia

Protein name GI number Figure number Indel size Indel position

Hypothetical protein BB0838 15595183 Figure 5 3 aa 525–584

Hypothetical protein BRE32 203287500 Sup. Fig. 28 2 aa 170–226

Hypothetical protein Q7M33 386859258 Sup. Fig. 29 1 aa 261–317

Hypothetical protein BRE47 203287515 Sup. Fig. 30 5 aa 60–124

L-proline transport system ATP-binding protein 203287610 Sup. Fig. 31 1 aa 276–344

Penicillin-binding protein 203284062 Sup. Fig. 32 1 aa 573–618

Hypothetical protein Q7M131 386859356 Sup. Fig. 33 1 aa 163–213

Hypothetical protein BT0110 119952912 Sup. Fig. 34 2 aa 136–176

Hypothetical protein BT0110 15594456 Sup. Fig. 35 2 aa 269–308

Glutamate racemase 15594446 Sup. Fig. 36 6 aa 189–252

RNA methyltransferase RsmE 187917941 Sup. Fig. 37 1 aa 132–170

DNA mismatch repair protein mutL 386859437 Sup. Fig. 38 4 aa 299–346

Putative lipoprotein 203287684 Sup. Fig. 39 3 aa 160–214

Membrane protein 492960813 Sup. Fig. 40 1 aa 204–250

Hypothetical protein BRE314 203287766 Sup. Fig. 41 1 aa 56–94

Methylgalactoside ABC transporter ATP-binding protein 496157995 Sup. Fig. 42 1 aa 349–397

Hypothetical protein BRE355 203287806 Sup. Fig. 43 1 aa 345–400

Sensory transduction histidine kinase 15594765 Sup. Fig. 44 1 aa 88–149

DNA polymerase III subunit delta 15594800 Sup. Fig. 45 2 aa 11–58

Hypothetical protein Q7M860 203288267 Sup. Fig. 46 2 aa 166–225

Hypothetical protein KK90081 492960371 Sup. Fig. 47 1 aa 39–88

Hypothetical protein Q7M140 203284060 Sup. Fig. 48 2 aa 346–378

Hypothetical protein BG0159 365992302 Sup. Fig. 49 1 aa 32–70

Outer membrane protein 496158025 Sup. Fig. 50 1 aa 145–194

Transglycosylase SLT domain-containing protein 365992320 Sup. Fig. 51 1 aa 253–301

Cell division protein FtsZ 111115124 Sup. Fig. 52 1 aa 338–385

Excinuclease ABC subunit C 365992353 Sup. Fig. 53 1 aa 302–340

Hypothetical protein BG0519 365992363 Sup. Fig. 54 1 aa 75–122

Hypothetical protein BBIDN1270545 343127844 Sup. Fig. 55 4 aa 32–81

Hypothetical protein BBUN400354 365992340 Sup. Fig. 56 3 aa 6–67

Hypothetical protein BBUZS70553 365992365 Sup. Fig. 57 1 aa 82–145

Hypothetical protein BB0554 365992367 Sup. Fig. 58 1 aa 71–130

Hypothetical protein BB0554 365992367 Sup. Fig. 59 2 aa 512–579

Hypothetical protein BBUCA803285 365992388 Sup. Fig. 60 1 aa 29–77

Methyl-accepting chemotaxis protein 203288113 Sup. Fig. 61 2 aa 70–129

Chemotaxis protein 365992392 Sup. Fig. 62 1 aa 116–179

Chemotaxis protein 365992392 Sup. Fig. 63 1 aa 252–315

Hypothetical protein L14403475 496157774 Sup. Fig. 64 1 aa 119–186
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the demarcation of these two clades in molecular

terms.

3. Whole genome ANI analyses of Borrelia gen-

omes show that species from within either the

Lyme disease Borrelia group or the relapsing

fever Borrelia group had much higher ANI values

when compared to other members of their group

(range 82.51–99.34 %) than with members of the

opposing Borrelia group (range 73.03–74.85 %).

4. The species from these two groups differ in terms

of their pathogenicity profiles and the character-

istics of the arthropod vectors which are involved

in their transmission. The species which are part

of the Lyme disease clade are transmitted via

arthropod vectors that are hard tick species related

to the Ixodes ricinus complex, while a majority of

the members of the relapsing fever Borrelia clade

are transferred by soft-bodied ticks within the

family Argasidae (Table 8).

Taxonomic implications

The evidence obtained from different lines of inves-

tigations summarized above provides compelling

evidence that the known Borrelia species are com-

prised of two main clades corresponding to the ‘‘Lyme

disease Borrelia and its relatives’’ and the ‘‘relapsing

fever Borrelia and its relatives’’. Of these two main

groups, the Lyme disease Borrelia clade, based upon

branching in the 16S rRNA gene tree and concatenated

protein tree is comprised of the following 14 validly

named species: B. afzelii, B. americana, B. bavarien-

sis, B. burgdorferi, B. carolinensis, B. garinii, B.

japonica, B. kurtenbachii, B. lusitaniae, B. sinica, B.

spielmanii, B. tanukii, B. turdi, and B. valaisiana. All

other currently validly named Borrelia species are part

of the relapsing fever Borrelia clade. The observations

presented in this work make a strong case for division

of the existing genus Borrelia into two different

Table 5 Species specificity of selected conserved signature proteins

Protein specificity

(GI number)

function

All Borrelia

(15594428)

hypothetical

Lyme disease

Borrelia (Borreliella)

(365992370)

hypothetical

Relapsing fever

Borrelia

(203288331)

inclusion protein

Organism E valuea Length E valuea Length E valuea Length

Borrelia burgdorferi B31 0 432 7.43e-111 174 – –

Borrelia sp. SV1 0 432 2.45e-103 174 – –

Borrelia bissettii DN127 0 418 4.98e-93 174 – –

Borrelia spielmanii A14S 0 431 1.95e-92 174 – –

Borrelia garinii NMJW1 0 432 4.27e-90 174 – –

Borrelia afzelii HLJ01 0 431 1.38e-88 174 – –

Borrelia valaisiana VS116 0 431 2.65e-94 174 – –

Borrelia bavariensis PBi 0 432 3.00e-89 174 – –

Borrelia duttonii Ly 9.83e-154 428 – – 3.00e-56 471

Borrelia crocidurae str. Achema 1.39e-153 428 – – 0 600

Borrelia recurrentis A1 6.58e-153 428 – – 0 622

Borrelia hispanica CRI 1.00e-141 427 – – 0 622

Borrelia persica No12 4.00e-137 427 – – 1.00e-24 543

Borrelia turicatae 91E135 1.63e-154 427 – – 4.00e-03 347

Borrelia hermsii HS1 1.95e-145 427 – – 3.00e-11 575

Borrelia parkeri HR1 4.00e-157 427 – – 3.00e-03 329

Borrelia anserina BA2 1.00e-153 427 – – 2.00e-05 577

Borrelia miyamotoi LB-2001 8.45e-145 428 – – 1.40e-02 146

Next Best BLAST Hitb 7.09e00 1071 4.00e00 1463 1.07e02 1998

a E values smaller than 1.00e-180 are reported as 0
b Next best BLAST hits for protein 15594428, 365992370, and 203288331 are from Leeuwenhoekiella blandensis, Trichomonas

vaginalis, and Sulfolobus islandicus, respectively
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Table 6 Conserved signature proteins that are specific for all sequenced Borrelia species (both the Lyme disease Borrelia (Bor-

reliella) and the relapsing fever Borrelia)

GI number Function Length GI number Function Length

11496678a Hypothetical 277 15594922a Hypothetical 195

11496904 Membrane protein 281 15594962 Hypothetical 122

11497011a Hypothetical 165 15594973 Hypothetical 241

11497031 Hypothetical 183 15594999 Hypothetical 380

11497034a Hypothetical 168 15595012 Hypothetical 183

15594347 Hypothetical 190 15595018 Hypothetical 171

15594374 Hypothetical 349 15595019 Hypothetical 348

15594390 Hypothetical 133 15595020 Hypothetical 287

15594412 Hypothetical 229 15595053 Hypothetical 107

15594419 Hypothetical 186 15595062 Hypothetical 160

15594421 Hypothetical 469 15595118 Hypothetical 144

15594428 Hypothetical 432 15595168 Hypothetical 123

15594448 Hypothetical 173 15595171 Hypothetical 171

15594456 Hypothetical 454 15595177 Hypothetical 274

15594469 Hypothetical 92 15595185a Hypothetical 538

15594470 Hypothetical 240 203287492 Hypothetical 168

15594501 Hypothetical 144 203287514 Hypothetical 349

15594508 Hypothetical 582 203287540 Hypothetical 488

15594525 Flagellar protein 164 203287546 Hypothetical 351

15594538 Hypothetical 246 203287657 Hypothetical 747

15594557 Hypothetical 344 203287666 Hypothetical 571

15594558 Hypothetical 217 203287785 Hypothetical 557

15594572 Hypothetical 233 203287970 Hypothetical 429

15594579 Hypothetical 275 203288080 Serine/threonine kinase 564

15594605 Hypothetical 337 364556647a Hypothetical 272

15594632 Flagellar protein 143 364556751a Hypothetical 212

15594652 Hypothetical 278 364556796a Hypothetical 164

15594653 Hypothetical 358 365992285 Hypothetical 106

15594667 Hypothetical 352 365992310a Hypothetical 217

15594697 Hypothetical 377 365992317a Hypothetical 256

15594698 Hypothetical 599 365992340 Hypothetical 280

15594705a Hypothetical 141 365992358 Lipoprotein 129

15594718 Hypothetical 255 365992367 Hypothetical 622

15594754 Hypothetical 209 365992388 Lipoprotein 222

15594757 Hypothetical 259 365992397 Hypothetical 590

15594805 Hypothetical 237 365992403 Hypothetical 473

15594870 Hypothetical 140 365992414 Hypothetical 424

15594871 Hypothetical 607 365992415 Hypothetical 337

15594880 Hypothetical 257 365992417 Hypothetical 219

15594894 Hypothetical 132 365992425 Hypothetical 493

15594919a Hypothetical 283 365992432 Hypothetical 181

a Protein missing in some members of Borrelia
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genera corresponding to the Lyme disease Borrelia

clade and the relapsing fever Borrelia clade. Ideally,

the genus name Borrelia should be retained for the

Lyme disease Borrelia clade, which includes the best

known species from this genus, B. burgdorferi, the

first identified causative agent of Lyme disease

(Barbour 1984). However, the type species of the

genus Borrelia, Borrelia anserina, is a part of the

relapsing fever clade. Hence, the genus name Borrelia

must be retained for the relapsing fever clade (Bergey

1925; Lapage et al. 1992; Wang and Schwartz 2011).

Therefore, species from the Lyme disease clade must

be transferred to a new genus indicating their

distinctness from the relapsing fever clade (viz. the

emended genus Borrelia). To minimize confusion

among scientists and other health care professionals,

we are proposing that the species that are part of the

Lyme disease clade should be transferred to a new

genus, Borreliella gen. nov. The proposed name

retains much of the original name of the genus

Borrelia, thus it is unlikely that the species with the

new names (e.g. B. burgdorferi) could be confused

with any other unrelated species. The emended

description of the genus Borrelia and a description

of the newly proposed genus, Borreliella gen. nov,

containing 14 new combinations, are provided below.

Emended description of the genus Borrelia

(Swellengrebel 1907) (approved lists 1980)

Organisms are helical, 0.2–3 lm in diameter and

3–180 lm in length. Cells do not have hooked ends.

Periplasmic flagella overlap in the central region of the

cell. Cells are motile, host-associated and microaero-

philic. The diamino acid component of the peptido-

glycan is L-ornithine. Organisms are chemo-

organotrophic and utilize carbohydrates or amino

acids as carbon and energy sources. Members of this

genus are the causative agents of relapsing fever. The

G?C content of the genomic DNA is 27–32 (mol%).

The type species is B. anserina (Bergey 1925)

(Approved Lists 1980) (Skerman et al. 1980).

Organisms from this genus are distinguished from

all other bacteria examined to date by the CSIs and

conserved signature proteins described in this report

(Tables 3, 4, 7).

Description of Borreliella gen. nov.

Borreliella (Bor.re’li.el’la. N.L. fem. dim. n. Borre-

liella, named after Amédée Borrel, a French

bacteriologist)

Organisms are helical, 0.2–0.3 lm in diameter and

20–30 lm in length. Cells do not have hooked ends.

Periplasmic flagella overlap in the central region of the

cell. Cells are motile, host-associated and microaero-

philic. The diamino acid component of the peptido-

glycan is L-ornithine. Organisms are chemo-

organotrophic and utilize carbohydrates or amino

acids as carbon and energy sources. Members of this

genus are the causative agents of Lyme disease. The

Table 7 Conserved signature proteins that are specific for

either members of the Lyme disease Borrelia (Borreliella) or

the relapsing fever Borrelia

GI number Function Length

CSPs that are specific for Lyme disease Borrelia

11496594 Lipoprotein 192

11496595 Hypothetical 227

11496690a Hypothetical 142

11496704 Hypothetical 155

11496896 S1 Antigen 417

11496905 Hypothetical 79

11496906 Lipoprotein 277

11496908 Lipoprotein 68

11496925 Membrane protein 257

11496937 Hypothetical 414

11496964 Lipoprotein 179

11496966 Hypothetical 201

11497026 Hypothetical 345

11497073b Hemolysin 67

15594723 Hypothetical 220

15594749a Hypothetical 138

15594801 Hypothetical 201

15594976a Hypothetical 104

364556745a Hypothetical 241

364556746a Hypothetical 321

365992370 Hypothetical 174

CSPs that are specific for relapsing fever Borrelia

203288331 Inclusion protein 622

203288332 Lipoprotein 619

203288333a Lipoprotein 477

203288334a Hypothetical 765

a Protein missing in some members of the specified clade
b Multiple copies of this CSP are present in the genome
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G?C content of the genomic DNA is 26–29 (mol%).

The type species is B. burgdorferi comb. nov.

Organisms from this genus are distinguished from

all other bacteria examined to date by the CSIs and

conserved signature proteins described in this report

(Tables 3, 4, 7).

Description of Borreliella afzelii comb. nov.

Basonym: Borrelia afzelii (Canica et al. 1994)

The description of the species is the same as the

description given for B. afzelii by Canica et al. (1994).

The species exhibits the genus properties and contains

the CSIs and CSPs indicated in the description of

Borreliella.

Type Strain: VS461T (=ATCC 51567T = CIP

103469T = DSM 10508T)

Description of Borreliella americana comb. nov.

Basonym: Borrelia americana (Rudenko et al. 2010)

The description of the species is the same as the

description given for B. americana by Rudenko et al.

(2010). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: SCW-41T (=ATCC BAA-1877T =

DSM 22541T)

Description of Borreliella bavariensis comb. nov.

Basonym: Borrelia bavariensis (Margos et al. 2013b)

The description of the species is the same as the

description given for B. bavariensis by Margos et al.

(2013a, b). The species exhibits the genus properties

and contains the CSIs and CSPs indicated in the

description of Borreliella.

Fig. 6 A summary of the results of average nucleotide identity analysis performed on the sequenced members of the genus Borrelia.

Cells with higher ANI values are highlighted. ANI results for multiple strains of the same species have been averaged
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Table 8 Distinguishing characteristics of the Lyme disease Borrelia (Borreliella) and the relapsing fever Borrelia

Species DNA homology

witha
ANI with Vectora,b,c Diseasea,b,c

B. hermsii B. burgdorferi B. hermsii B. burgdorferi

Lyme disease Borrelia

B. afzelii 16 46 74.6 92.4 Ixodes ricinus

I. persulcatus

Lyme disease

B. americana – – – – I. pacificus

I. minor

Possible cause of Lyme

disease

‘‘B. andersonii’’ – – – – I. dentatus Possible cause of Lyme

disease

B. bavariensis – – 74.5 92.3 I. ricinus Lyme disease

‘‘B. bissettii’’ – – 74.4 94.7 I. scapularis

I. minor

I. ricinus

I. pacificus

Possible cause of Lyme

disease

B. burgdorferi 30–44 100 74.4 100 I. scapularis

I. pacificus

I. ricinus

I. persulcatus

Lyme disease

‘‘B. cliforniensis’’ – – – – I. pacificus

I. jellisonii

I. spinipalpis

Possible cause of Lyme

disease

B. carolinensis – – – – I. minor Possible cause of Lyme

disease

B. garinii 27 55 74.5 92.4 I. ricinus

I. persulcatus

I. hexagonus

I. nipponensis

Lyme disease

B. japonica 17 50–53 – – I. ovatus Possible cause of Lyme

disease

B. kurtenbachii – – – – I. scapularis Possible cause of Lyme

disease

B. lusitaniae – – – – I. ricinus Possible cause of Lyme

disease

B. sinica – 58 – – I. ovatus Possible cause of Lyme

disease

B. spielmanii – – 74.5 91.7 I. ricinus Possible cause of Lyme

disease

B. tanukii – 50 – – I. tanukii I. ovatus Possible cause of Lyme

disease

B. turdi – 58 – – I. turdus Possible cause of Lyme

disease

B. valaisiana – 51–65 74.6 92.2 I. ricinus

I. columnae

I. granulatus

Possible cause of Lyme

disease

‘‘B. yangtze’’ – – – – Haemaphysalis

longicornis

I. granulates

Possible cause of Lyme

disease
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Table 8 continued

Species DNA homology

witha
ANI with Vectora,b,c Diseasea,b,c

B. hermsii B. burgdorferi B. hermsii B. burgdorferi

Relapsing fever Borrelia

B. anserina 53–63 – 87.9 74.0 Argas miniatus A.

Persica

A. reflexus

Avian borreliosis

B. baltazardii – – – – – Relapsing fever

B. brasiliensis – – – – Ornithodoros

brasiliensis

–

B. caucasica – – – – O. verrucosus Relapsing fever

B. coriaceae 44–50 – – – O. coriaceus Possible cause of

Epizootic bovine

abortion

B. crocidurae 32–35 – 84.7 74.2 O. sonrai Relapsing fever

B. dugesii – – – – O. dugesi Relapsing fever

B. duttonii 17 – 84.6 74.2 O. moubata Relapsing fever

B. graingeri – – – – O. graingeri Relapsing fever

B. harveyi – – – – – Relapsing fever

B. hermsii 100 30–44 100 74.4 O. hermsi Relapsing fever

B. hispanica – – 84.9 74.0 O. erraticus Relapsing fever

B. latyschewii – – – – O. tartakov

O. tartakowskyi

Relapsing fever

‘‘B. lonestari’’ – – – – Amblyomma

americanum

Possible cause of

Southern tick-

associated rash illness

(STARI)

B. mazzottii – – – – O. talaje Relapsing fever

B. merionesi – – – – O. erraticus Relapsing fever

B. microti – – – – O. erraticus Relapsing fever

B. miyamotoi sensu

lato

45 13–14 86.7 74.3 I. persulcatus

I. scapularis

Acute febrile illness

B. parkeri 77 – 90.6 74.6 O. parkeri Relapsing fever

B. persica – – 84.8 73.9 O. tholozani Relapsing fever

B. recurrentis – – 84.7 74.2 Pediculus humanus Relapsing fever

B. theileri – – – – Rhipicephalus

decoloratus

R. evertsi

Boophilus micropus

Bovine borreliosis

B. tillae – – – – O. zumpti Avian borreliosis

B. turicatae 86 – 90.7 74.6 O. turicatae Relapsing fever

B. venezuelensis – – – – O. rudis Relapsing fever

B. turcica \20 \20 – – Hyalomma aegyptium –

– Not determined
a Adapted from (Wang and Schwartz 2011)
b Adapted from (Margos et al. 2011)
c Adapted from (Barbour 2005)
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Type Strain: PBiT (=DSM 23469T = BAA-2496T)

Description of Borreliella burgdorferi comb. nov.

Basonym: B. burgdorferi (Johnson et al. 1984)

The description of the species is the same as the

description given for B. burgdorferi by Johnson et al.

(1984). The species exhibits the genus properties and

contains the CSIs and CSPs indicated in the descrip-

tion of Borreliella.

Type Strain: B31T (=ATCC 35210T = CIP 102532T

= DSM 4680T)

Description of Borreliella carolinensis comb. nov.

Basonym: Borrelia carolinensis (Rudenko et al. 2011)

The description of the species is the same as the

description given for B. carolinensis by Rudenko et al.

(2011). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: SCW-22T (=ATCC BAA-1773T =

DSM 22119T)

Description of Borreliella garinii comb. nov.

Basonym: Borrelia garinii (Baranton et al. 1992)

The description of the species is the same as the

description given for B. garinii by Baranton et al.

(1992). The species exhibits the genus properties and

contains the CSIs and CSPs indicated in the descrip-

tion of Borreliella.

Type Strain: 20047T (=ATCC 51383T = CIP

103362T = DSM 10534T)

Description of Borreliella japonica comb. nov.

Basonym: Borrelia japonica (Kawabata et al. 1994)

The description of the species is the same as the

description given for B. japonica by Kawabata et al.

(1994). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: HO14T (=ATCC 51557T = JCM 8951T)

Description of Borreliella kurtenbachii comb. nov.

Basonym: Borrelia kurtenbachii (Margos et al. 2013a)

The description of the species is the same as the

description given for B. kurtenbachii by Margos et al.

(2013a, b). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: 25015T (=ATCC BAA-2495T =

DSM 26572T)

Description of Borreliella lusitaniae comb. nov.

Basonym: Borrelia lusitaniae (Le Fleche et al. 1997)

The description of the species is the same as the

description given for B. lusitaniae by Le Fleche et al.

(1997). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: PotiB2T (=CIP 105366T)

Description of Borreliella sinica comb. nov.

Basonym: Borrelia sinica (Masuzawa et al. 2001)

The description of the species is the same as the

description given for B. sinica by Masuzawa et al.

(2001). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: CMN3T (=DSM 23262T = JCM 10505T)

Description of Borreliella spielmanii comb. nov.

Basonym: Borrelia spielmanii (Richter et al. 2006)

The description of the species is the same as the

description given for B. spielmanii by Richter et al.

(2006). The species exhibits the genus properties and

contains the CSIs and CSPs indicated in the descrip-

tion of Borreliella.

Type Strain: PC-Eq17N5T (=CIP 108855T = DSM

16813T)

Description of Borreliella tanukii comb. nov.

Basonym: Borrelia tanukii (Fukunaga et al. 1997a)

The description of the species is the same as the

description given for B. tanukii by Canica et al. (1994).

The species exhibits the genus properties indicated in

the description of Borreliella.

Type Strain: Hk501T (=ATCC BAA-127T = JCM

9662T)

Description of Borreliella turdi comb. nov.

Basonym: Borrelia turdi (Fukunaga et al. 1997b)

The description of the species is the same as the

description given for B. turdi by Fukunaga et al.
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(1997). The species exhibits the genus properties

indicated in the description of Borreliella.

Type Strain: Ya501T (=ATCC BAA-126T = JCM

9661T)

Description of Borreliella valaisiana comb. nov.

Basonym: Borrelia valaisiana (Wang et al. 1997)

The description of the species is the same as the

description given for B. valaisiana by Wang et al.

(1997). The species exhibits the genus properties and

contains the CSIs and CSPs indicated in the descrip-

tion of Borreliella.

Type Strain: VS116T (=CIP 105367T)
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