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ARTICLE INFO ABSTRACT

Keywords: Borrelia burgdorferi sensu lato is a species complex of spirochetal bacteria that occupy different ecological niches
Borrelia garinii which is reflected in their reservoir host- and vector-associations. Borrelia genomes possess numerous linear and
Ixodes uriae

circular plasmids. Proteins encoded by plasmid genes play a major role in host- and vector-interaction and are
In vitro culture important for Borrelia niche adaptation. However, the plasmid composition and therewith the gene repertoire
Genomics may vary even in strains of a single species.

Seabirds Borrelia garinii, one of the six human pathogenic species, is common in Europe (vector Ixodes ricinus), Asia
(vector Ixodes persulcatus) and in marine birds (vector Ixodes uriae). For the latter, only a single culture isolate
(Far04) and its genome were previously available. The genome was rather small containing only one circular and
six linear plasmids with a notable absence of cp32 plasmids. To further investigate B. garinii from marine
transmission cycles and to explore i) whether the small number of plasmids found in isolate Far04 is a common
feature in B. garinii from marine birds and presents an adaptation to this particular niche and ii) whether there
may be a correlation between genome type and host species, we initiated in vitro cultures from live I uriae
collected in 2017 and 2018 from marine avian hosts and their nests. Hosts included common guillemots, Atlantic
Puffin, razorbill, and kittiwake.

We obtained 17 novel isolates of which 10 were sequenced using Illumina technology, one also with Pacific
Bioscience technology. The 10 genomes segregated into five different genome types defined by plasmid types
(based on PFam32 loci). We show that the genomes of seabird associated B. garinii contain fewer plasmids (6-9)
than B. garinii from terrestrial avian species (generally >10), potentially suggesting niche adaptation. However,
genome type did not match an association with the diverse avian seabird hosts investigated but matched the
clonal complex they originated from, perhaps reflecting the isolates evolutionary history.

Questions that should be addressed in future studies are (i) how is plasmid diversity related to host- and/or
vector adaptation; (ii) do the different seabird species differ in reservoir host competence, and (iii) can the
genome types found in seabirds use terrestrial birds as reservoir hosts.

Ixodes ricinus

1. Introduction species causing Lyme borreliosis in humans (Stanek et al., 2010). The
species prevails in natural transmission cycles involving terrestrial and

Borrelia garinii is a member of the bacterial species complex Borrelia marine bird species and their associated Ixodes vectors (Comstedt et al.,
burgdorferi sensu lato (Kurtenbach et al., 2006) and is one of several 2009). It has been shown to be genetically heterogeneous across spatial
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scales and marker types (Comstedt et al., 2009; Fingerle et al., 2008;
Gomez-Diaz et al., 2011; Jacquot et al., 2014; Margos et al., 2009;
Masuzawa, 2004; Munro et al., 2019; Schulte-Spechtel et al., 2006;
Vollmer et al., 2011). Indeed, high diversity occurs in loci that typically
show relatively low diversity in other Borrelia species, such as the gene
encoding the outer surface protein A (ospA) (Fingerle et al., 2008;
Masuzawa, 2004; Schulte-Spechtel et al., 2006). More than seven ospA
genotypes have been determined alone within European populations of
B. garinii compared to only one for B. afzelii or B. burgdorferi sensu
stricto. High ospA diversity has also been reported in B. garinii from Asia
(Mediannikov et al., 2005). The high genetic diversity was confirmed by
studies using different sets of genes such as the intergenic spacer (IGS)
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between 16S and 23S rRNA (rrs-rrf) (Comstedt et al., 2009), multilocus
sequence typing (MLST) and whole genome sequencing, where B. garinii
shows nucleotide diversity () as high or even higher than B. burgdorferi
s.s. (Becker et al., 2016; Jacquot et al., 2014; Margos et al., 2009).
Ecologically, B. garinii is associated with avian reservoir hosts
including terrestrial birds (mainly passerines such as thrushes, tits, and
robins) and seabirds such as kittiwakes, puffins, razorbills and guille-
mots (Comstedt et al., 2009; Comstedt et al., 2006; Comstedt et al.,
2011; Dubska et al., 2009; Duneau et al., 2008; Gomez-Diaz et al., 2011;
Heylen et al., 2014; Heylen et al., 2013; Norte et al., 2020; Norte et al.,
2013; Olsen et al., 1993; Taragel’ova et al., 2008). A number of Ixodes
tick species are considered vector competent for B. garinii including

Fig. 1. Map of tick collection site in Norway. Hornoeya is indicated with a red dot. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Ixodes ricinus Linnaeus, 1758, I persulcatus Schulze, 1930, I pavlovskyi
Pomerantsev, 1946 and I. uriae White, 1852 (Acari: Ixodidae) (Duneau
et al., 2008; Eisen, 2020; Gomez-Diaz et al., 2010; Korenberg et al.,
1991; Korenberg et al., 2002; Korenberg et al., 2010; Munro et al., 2019;
Taragel’ova et al., 2008). In accordance with this wide spectrum of
reservoir hosts and vector ticks, the geographic distribution of B. garinii
in Eurasian temperate latitudes ranges from France to Japan in terres-
trial bird-transmission cycles with L ricinus, I persulcatus and
I pavlovskyi as vectors. The distribution of B. garinii also extends to arctic
and subarctic regions in the northern hemisphere and to subantarctic
regions in the southern hemispheres, where the spirochete occurs within
marine bird-tick transmission cycles involving I uriae as vector (Com-
stedt et al., 2011; Duneau et al., 2008; Gomez-Diaz et al., 2011; Munro
et al., 2019; Olsen et al., 1995; Olsen et al., 1993). A first demonstration
of B. garinii in I. uriae ticks of the high Arctic (> 78° latitude) was also
recently described (McCoy et al., 2022).

In vitro cultivation of seabird-associated B. garinii has previously
been limited. Globally, there was only one isolate available obtained
from an I uriae tick in the Faroe Islands, designated Far04 (Gylfe et al.,
1999). Sequencing of this isolate revealed a small Borrelia genome
containing a chromosome (incomplete draft version in GenBank) and
seven plasmids: cp26, 1pl7, 1p25, 1p28-9, 1p36, 1p32-10, and lp54
(Casjens et al., 2011). A remarkable feature was the absence of cp32
plasmids, which are found in all other Borrelia species (Casjens et al.,
2018; Casjens et al., 2017; Schwartz et al., 2021). We hypothesized that
the small genome described for Far04 may be an adaptation to marine
hosts and/or vectors. In order to gain additional insights into the
genome diversity of seabird-associated B. garinii, I. uriae were collected
in Norway from marine hosts in 2017 and 2018. Several new cultured
isolates from marine B. garinii were obtained and were sequenced for
genome exploration.

2. Material and methods
2.1. Tick collection and processing

Ixodes uriae adult and nymphal ticks (n = 408) were collected in
2017 and 2018 on Hornoeya, an island in northern Norway (70°23'N,
31°10'E) (Fig. 1). In 2017 (Horn17), ticks were sampled directly from
seabirds or nests of the following species: Common guillemot Uriae aalge
(Ua) (n = 78), Black-legged kittiwake Rissa tridactyla (Rt) (n = 93),
Atlantic puffin Fratercula arctica (Fa) (n = 59) and Razorbill Alca torda

Table 1
Summary of Ixodes uriae samples included in analyses.

Host No of No of Adults  Stages Stage No of
birds ticks Nymphs  nd isolates

2017
Common

guillemot

Uriae aalge 13 78 50 28 5
Black-legged

kittiwake

Rissa

tridactyla 35 93 34 59
Atlantic puffin

Fratercula

arctica 16 59 4 55 8
Razorbill

Alca torda 5 12 1 11 1
2018
Off-host (OFF)* - 124 72 37 15 3
Total 69 366 161 190 15 17

nd = not determined.
* ticks were collected off-host in a breeding colony of Atlantic puffin. Thus, it
is probable that these ticks were from puffin hosts, but this is not 100% certain.
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(At) (n = 12) (Table 1). In 2018 (Horn18), ticks were collected off-host
in a breeding colony of Atlantic puffin (see Tables 1, S1 and S2 for de-
tails). As these ticks were collected on the ground, it is not 100% certain
but likely that these ticks origin from puffin hosts. After collection, ticks
were sent to the German National Reference Centre for Borrelia at the
Bavarian Health and Food Safety Authority in Oberschleissheim, Ger-
many for analyses. When several ticks were collected from an individual
host, only a subset was analysed.

Culture. Individual live ticks were washed for three minutes in each
of the following solutions: i) nuclease free water, ii) 70% ethanol and iii)
phosphate-buffered saline (PBS). Following these washing steps, ticks
were cut sagittally and one part was submerged in culture medium in a
96-well plate (200 pl MKP-Medium per well containing antibiotics
(phosphomycin 28.6 pg/ml; sulfamethoxazole 14.3 pg/ml; amikacin 4.3
pg/ml) as described (Preac-Mursic et al., 1986; Rollins et al., 2022;
Ruzic-Sabljic et al., 2006)) whilst the other half was used to extract DNA.
Plates were incubated at 33 °C under a 5% CO, atmosphere and growth
of Borrelia (or other microorganisms) was monitored once a week. If no
Borrelia growth was observed by microscopy after seven to nine weeks,
cultures were terminated. Cultures that showed borrelial growth were
transferred into 7 ml tubes and cultured as described (Ruzic-Sabljic
et al., 2014). As fully engorged ticks contained nucleated bird red blood
cells, cultures had to be passaged several times until the host DNA was
absent. This was a precaution as presence of host DNA may contaminate
NGS library preparations and complicate downstream analyses.

2.2. DNA extraction and PCR

To isolate DNA from cultures and ticks, we used the Maxwell® 16
LEV Blood DNA Kit (Promega, Germany) according to the manufac-
turer’s instructions. DNA of half ticks was screened for presence of
Borrelia using a real-time PCR protocol targeting the 23S rRNA locus as
described (Strube et al., 2010) on a Stratagene Mx3000P (Agilent, USA).

2.3. Multilocus sequence data analysis

Multilocus sequence typing was done according to standard pro-
cedure (see pubmlst.org/borrelia/) for details. We used PHYLOVIZ 1.1
(Francisco et al., 2012) to conduct goeBurst analyses (Francisco et al.,
2009) using ST numbers, allelic profiles and meta information
employing the triple locus variant (TLV) setting and to generate a
minimum spanning tree. New data were submitted to the Borrelia MLST
database (https://pubmlst.org/borrelia/) via the curator. Data available
for North American seabird isolates (n = 19), Eurasian terrestrial (n =
291) and human (n = 48) B. garinii isolates were downloaded from the
PubMLST database and included in our goeBURST analyses.

2.4. Genome sequencing and analysis

We used ten in vitro cultivated isolates to extract genomic DNA from
pure cultures using the Promega Blood and tissue DNA kit (Promega,
Germany). The amount of purified DNA was determined using a Qubit
3.0 Fluorometer (Thermo Fisher Scientific, Germany) and adjusted to
0.2 ng/pl. Five pl were used to prepare Illumina Nextera libraries using
the TG Nextera XT DNA sample preparation kit (TG-131-1096) and the
TG Nextera XT Index kit (FC-131-1001) according to manufacturer’s
recommendations (Illumina, USA). A MiSeq® Reagent Nano Kit v2 and
MiSeq® v2 reagent Kit (MS-102-2002) (Illumina, Germany) were used
for sequencing. The manufacturer’s protocol for library preparation was
adjusted to half the volumes (Hepner et al., 2020). A library quality
check was performed on a 2200 TapeStation (Agilent, High Sensitivity
Tapes). For Pacific Biosciences (PacBio) single-molecule real-time
(SMRT) sequencing of isolate 17-63N1, the Norwegian Sequencing
Center (NSC) University of Oslo, Norway, used 5 pg of DNA for library
preparation according to the PacBio protocol for multiplexed SMRTbell
libraries using barcoded adapters. Sequencing was conducted on a
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PacBio Sequel instrument using a Sequel polymerase v3.0, SMRT cells v3
LR and sequencing chemistry v.3.0.

Genome assembly of Illumina MiSeq sequences was conducted using
SPAdes v. 3.11.1 (Bankevich et al., 2012). Coverage of contigs is given in
Table S3. The resulting contigs were uploaded into Mauve v. 20150226
(Darling et al., 2004) for contig sorting and comparison of the newly
sequenced genomes with the genomes of Far04 (GenBank accession
number NC_011875.1, isolated from an I. uriae tick), 20047 (GenBank
accession number NZ_CP028861.1, isolated from a questing I. ricinus)
and PBr (GenBank accession number GCA_000172275.2). To concate-
nate chromosomal contigs the multi-draft based scaffolder MeDuSa was
used (Bosi et al., 2015). PacBio read assembly was done at the NSC as
part of the sequencing contract. The PacBio genome assembly of 17-
63N1 was uploaded into the CLC genomics workbench v. 20 for Illu-
mina read mapping and extraction of a consensus genome assembly. To
determine the structure of plasmids (linear or circular), we employed
NCBI BLASTN searches (Altschul et al., 1990). Plasmids were blasted
against themselves and dot plot images provided as part of the BLAST
result were used to assess whether plasmids were linear or circular; for a
detailed description see (Hepner et al., 2023). To determine whether
linear plasmids were complete, we identified telomere signature se-
quences (S. Casjens, unpublished) and whether they possessed terminal
inverted repeats (wraparound) sequences following the telomere
signature sequences (Table S4). Completeness of circular plasmids was
determined in dot plots; contigs that had an identical overlap (terminal
direct repeats) were considered complete (Hepner et al., 2023).

Plasmid typing. To determine plasmid types, we used the protein
family 32 (PFam32) that was suggested as reliable marker for plasmid
typing in B. burgdorferi s.l. (Becker et al., 2020; Schwartz et al., 2021).
The locus was supposed to be homologous to the parA gene in Escher-
ischia coli and potentially involved in plasmid replication and mainte-
nance (Casjens et al., 2012; Stevenson and Miller, 2003).

Download of homologous sequences and phylogenetic analyses.
Assembled contigs were uploaded into the Rast Annotation Server (https
://rast.nmpdr.org/; Aziz et al., 2008). We used several genes that were
previously suggested to be involved in host- or tick-interaction for
comparative analyses. We included the outer surface protein A (ospA)
which has been shown to be a ligand to a tick midgut molecule, Tick
receptor for ospA (TrospA, (Pal et al., 2004)), ospC which was reported to
be important for vector salivary gland invasion ((Fingerle et al., 2007) or
host invasion ((Grimm et al., 2004; Tilly et al., 2007)) and cspA, a
member of the PFam54 gene array that has been shown to play a role in
deflection of human and animal host complement by Borrelia (Kraiczy
and Stevenson, 2013; Lin et al., 2020; Mubhleip et al., 2018; Wywial
et al., 2009). The PFam54 gene array is located on plasmid 1p54 and
consists of 5 clades with clade IV being diverse even within Borrelia
species. Apart from the function of cspA, the function of other genes of
the gene array is unknown although they may be important in host as-
sociation (Hart et al., 2018; Hart et al., 2021; Patton et al., 2013; Wywial
et al., 2009). To download homologues of genes previously suggested to
be potentially involved in host and vector association (cspA, ospA, ospC),
protein sequences were used for BLAST searches within the Rast anno-
tation server using default settings or GenBank (see Table S5 for
accession numbers of included isolates in addition to the samples from
seabirds). MEGAS5 (Tamura et al., 2011) was used for alignment of gene
sequences and to run phylogenetic analyses. For c¢spA and its homo-
logues, ospA, and ospC, maximum likelihood (ML) trees were generated
using a general time reversible model with 500 bootstrap repeats.

2.5. Data repositories

Assembled genomes and sequence reads are available in GenBank via
the following accession numbers under BioProject PRINA327303:
CP119374-CP119381  (SAMN32860459, 17-29Z1); CP118290-
CP118297 genome, 0Q450372, 0Q450373 part of vls locus
(SAMN32860460, 17-56Z1); CP119358-CP119365 genome, 0Q450374,
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0Q450375 part of vls locus (SAMN32860461, FNG-1Z1); CP118298-
CP118305 genome, 0Q450376, 0Q450377 part of vls locus
(SAMN32860462, 17-58N4); CP119383-CP119390 genome, 0Q450378
part of vis locus (SAMN32860463, 17-59N1); CP117887-CP117893
(SAMN32860464, FNG-27Z14); CP117894-CP117901 (SAMN32860465,
17-5473); CP117902-CP117908 (SAMN32860466, FNG-1Z4);
CP117909-CP117917 (SAMN32860467, NG-76); CP117839-CP117847
(SAMN32949868, 17-63N1).

3. Results
3.1. Borrelia garinii samples: Collection, culture and MLST

In total, 408 L uriae ticks were collected in a seabird colony on
Hornoeya, Norway. Of these, 366 were processed at the NRZ Borrelia,
and included 161 adults (142 females, 19 males), 190 nymphs and 15
ticks not identified to stage (Tables 1, S1). These ticks were collected
from the following host species (2017) and off-host (2018): common
guillemot Uriae aalge (Ua) (n = 78), black-legged kittiwake Rissa tri-
dactyla (Rt) (n = 93), Atlantic puffin Fratercula arctica (Fa) (n = 183) and
razorbill Alca torda (At) (n = 12).

From 199 of these ticks, in vitro cultures were initiated of which 17
became positive, five from ticks that were negative in qPCR (Table S2)
suggesting a Borrelia burden below the detection limit or some PCR
inhibitory substances due to blood meal residues in these ticks. Prefer-
entially, cultures with low passage numbers were included in genome
sequencing. As indicated in Table 2 the number of passages ranged from
5 to 53. No difference in plasmid content of isolates that belonged to the
same MLST sequence type (ST) as Far04 (see below) was found whether
they were low passage (9) or higher passage (45). The data and assembly
analyses outlined below suggest that there was no loss of complete
plasmids under the in vitro culture conditions chosen for this study.

Ten isolates belonging to different MLST clonal complexes (Fig. 2)
and from ticks collected from different hosts, one from a razorbill, four
from puffins and five from guillemots, were selected for genome
sequencing (Tables 2, S2). MLST sequence types (ST) of four isolates are
the same ST as Far04, ST575 (https://pubmlst.org/borrelia/ID2798),
and one, ST804, is a single locus variant (SLV) of ST575. The other five
isolates are STs ST801, ST802, ST803, ST921 and ST923 (ST921 is a SLV
of ST802) (Table 2, Figs. 2 and 3). Two STs, ST801 and ST921, were
unique, appearing only once in the whole dataset (n = 388) (Fig. 2).

Apart from the seven STs that came from our study, we downloaded
B. garinii samples from the MLST website (www.pubmlst.org/borrelia/)
available at the time representing the variety of B. garinii that is
currently known. They included 19 North American seabird isolates
from Canada, 291 Eurasian terrestrial bird and 48 human samples. The
Canadian strains originate from I uriae ticks collected from Atlantic
puffin, black-legged kittiwake, Common Murre and razorbill in
Newfoundland and Labrador (Munro et al., 2019). The terrestrial bird
samples originate from various different European countries (e.g. (Norte
et al., 2020; Vollmer et al., 2011)), from Russia (Mukhacheva and
Kovalev, 2013), and Far Eastern Asia (Takano et al., 2011). The ma-
jority, 87%, were typed via DNA samples of I ricinus and I. persulcatus
ticks.

In a minimum spanning tree (Fig. 3) ST representing seabird B. garinii
occur at four different locations neighboring ST251, ST743, ST244, and
ST82. This positioning in the minimum spanning tree suggests several
independent entries of seabird-associated B. garinii from terrestrial bird
transmission cycles. Interestingly, ST244 has been isolated from human
patients but also terrestrial birds and seabirds showing a potential
overlap of these transmission cycles.

3.2. Genome types of seabird isolates

3.2.1. Genome assembly
The above 10 seabird B. garinii genomes were sequenced using
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Table 2

Plasmid type and total length of scaffolds in kbp (without gaps) of genome elements in Borrelia garinii isolates from seabird ticks based on PFam32 genes.

Isolate PBr 20,047 Far04 17-2971 (22/ 17-5671 (15/ FNG-171 17-59N1 (45/ 17-58N4 (11/ FNG-2714 (29/ 17-5473 FNG-1Z4 NG-Z6 (5/ 17-63N1 (53/
(*in vitro passages/ 5) 6) 9/3) 3) 6) 6) 42/7) aa7/1) 2) 3)
tube)
MLST sequence type 244 82 575 575 575 575 575 804 802 921 801 803 923
(ST)
Tick host razorbill puffin guillemot  puffin puffin guillemot guillemot guillemot guillemot Puffin
Chromosome (w/0 N) np 906,449  incomplete 899,748 899,921 899,561 899,566 899,562 901,612 900,966 902,975 900,086 903,551
cp9 np np np np np np np np np np np 9367 np
cp26 27,040 27,038 26,994 27,082 27,071 27,082 27,082 27,071 27,110 27,110 27,118 26,994 26,984
cp32-3 np 29,563 np np np np np np np np np np 16,792
cp32-5 29,694
cp32-6 np 30,422 np np np np np np np np np np 29,682
cp32-10 34,837
1p17+* 20,872 20,863 22,433 21,950/liri 21,958/Ir 21,971/ 21,962/1r 21,958/lir 18,468/1ri 20,762/ 17,682/1r 20,839/1 64,069/r
Ir lir
1p25+** 32,543 np 25,791 22,814/n 23,553/1i 24,632/li  22,871/n 23,895/1i 28,085/Ir 28,075/r 25,058/1r 23,426/n 27,473/1Ir
1p28-2 np np np np np np np np np np np 17,359/r np
1p28-3 17,609 26,552 np np np np np np 26,308/1 19,876/n 31,483/ 12,943/r np
1
1p28-4 40,280 41,311 np np np np np np np np 22,553/n np np
1p28-7 27,006 27,093 np np np np np np np np np np np
1p28-9* = 38,262 np 27,689 18,327/1 24,775/1 23,083/1 22,724/1 23,759/1 np np np np 31,477/Ir
1p32-10 np 25,672 41,906 41,596/1 41,603/Iri 41,687/ 41,608/1Iri 41,661/1r 26,559/1 29,026/n np np
Ir
1p36 36,709 36,994 35,446 35,406/1 35,471/1r 35,568/ 35,471/1ri 35,452/1 np np np np np
Ir
1p54 56,869 57,454 58,069 57,991/r 58,117/r 58,084/ 57,034/t 57,049/1r 55,632/1 55,700/1 57,197/Ir 56,902/r 55,831/Ir
Ir
Unnamed 2974 (+) 3049% 37,129/1§
(no PFam32) 32425

np = not present.

Ir = left / right telomere present; liri = left / right telomere incomplete; n = no telomere sequence found (see Table S4 for further information).
" number of in vitro passages/tube.

" 1p17 was obtained in two parts, one about 2500 bp, the other 19,500 bp. Compared to Far04, in all assemblies there were around 500 bp missing within a repetitive region; length may include stretches of “N”.

" 1p25 assembly was fragmented in some isolates with gaps between contigs except for 17-63N1 for which PacBio sequences were available; length includes stretches of “N”.
""" 1p28 vls-region fragmented, size includes vls cassette fragments.

P

fused with 1p17.

~ partial match with 1p36 and 1p28-9.

* right end of 1p32-10.

§ similarity to 1p36.

‘D 32 SOSIDI "D
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Fig. 2. GoeBURST diagram of B. garinii samples from terrestrial and seabird transmission cycles based on triple locus variant (TLV) which means that sequence types
(STs) that differ in one, two or three alleles are being connected whilst STs that differ in four or more loci have no connection. The circles represent STs and the size of
the circles is proportional to the number of samples included in the STs. Numbers on the circles represent ST numbers, numbers on the connection lines refer to allele
differences. Letters A-W indicate major (>3STs) and minor (2 STs) clonal complexes. Samples included in whole genome sequencing were from clonal complex A-E
and are indicated by an arrow. Sample designation are as follows A: ST801: FNG-1Z4; B: ST802: FNG-2Z14; ST921: 17-54Z3; C: ST923: 17-63N1; D: ST575: Far-04,
17-2971, 17-56Z1, 17-59N1, FNG-1Z1, ST804: 17-58N4; E: ST803: NG-Z6. Colour coding: dark blue = isolate from terrestrial ticks (n = 290); light blue = type strain
20047; pink = human isolates (n = 48); green = isolate from American I. uriae (n = 19); red = isolate from Europaen I. uriae (n = 30). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

[llumina MiSeq technology and one, 17-63N1, also with PacBio SMRT
technology (Table 2). For most genomes, the average coverage of the
chromosome was >100x (except 17-54Z3 and NG-Z6) and > 20x for
most plasmids, except 1p25 which had a substantial lower coverage
compared to the chromosome in some of the isolates (Table S3). To
confirm the unusual genome type of isolate 17-63N1 (containing cp32
and a fusion plasmid, Table 2) an assembly based on long-read tech-
nology was required to allow us to confirm the plasmids.

In our isolates, the length of the chromosomes ranged from 899,562
bp to 903,551 bp. Even in samples with high coverage (>100x) and a
small number of chromosomal contigs (n = 3) was the length of the
chromosome below 900 kbp. Critical assembly regions were the coding
sequences for a tetratricopeptide repeat protein (corresponding to the
coding region of Imp1 in B. burgdorferi sensu stricto B31 (Tyler et al.,
2018)) and the region encoding the rRNA loci (Fig. S1). The plasmids
assembled in the 10 isolates and their comparison with plasmids of
B. garinii isolates Far04, 20047, PBr and B. valaisiana VS116 are shown
in Figs. $2-S10.

Plasmids cp26 and Ip54 are well assembled in all isolates and are of
the expected size (Table 2). In several isolates assemblies of Ip17 and
1p32-10 were in two contigs, likely due to repetitive regions. Such re-
petitive regions where the two contigs were merged start in 1p17 and
1p32-10 at around 19,380 bp and 998 bp, respectively. The assembly of
plasmid 1p25 is fragmented in all but two isolates, resulting in two to six
contigs that show gaps when mapped onto 1p25 of Far04 (Table S3).
Whether this is the result of low coverage (at least in some isolates) is
unknown. Nevertheless, the mapped sequences have a very high simi-
larity (>99.5% identity) to 1p25 of Far04 (Fig. S3) suggesting that the
gene content of 1p25 is intact despite assembly issues in repetitive
regions.

Lp28-9 plasmids are present in all isolates of ST575, ST804 and
S$T923 (Fig. S7) and contain the variant major protein-like sequence (vis)
locus although the silent cassette region is incompletely assembled in
genomes that were generated with only Illumina reads. This locus is an
important virulence determinant of Borrelia that allows antigen
switching and immune evasion (Norris et al., 2010). Lp32-10 plasmids
are present in isolates 17-29Z1, 17-56Z1, FNG-1Z1, 17-59N1, 17-58N4,
FNG-2Z14 and 17-54Z3. In the last two isolates 1p32-10 is truncated to
26.5 and 29.0 kbp, respectively, while it is 41 kbp in the other five

isolates (Fig. S8).

Plasmid 1p54, which was completely assembled in all isolates,
differed in some isolates compared to Far04 in having less genes in the
variable region IV of the PFam54 gene array (Fig. S11).

3.2.2. Genome structure

The genomes of five isolates, 17-29Z1, 17-56Z1, FNG-1Z1, 17-59N1
(all ST575) and 17-58N4 (ST804) are very similar and have an identical
plasmid composition to Far04 (Table 2, Fig. 4, see also Figs. S2-S9 for
plasmid comparisons). Four plasmids, cp26, 1p17, 1p25, and 1p54, are
present in all isolates (Table 2, Fig. 4).

The genomes of the remaining isolates are unique and some of the
remarkable features of these genomes are described in more detail as
follows: Isolate NG-Z6, in addition to having cp26, 1p17, 1p25, and 1p54,
possesses a cp9, an 1p28-2 and an 1p28-3, the latter encoding part of the
vls locus. Its 1p17 is the same as Far04 1p17 except for a 1 kbp deletion
near the middle (Fig. S2). The PFam32 of 1p28-2 shows 98% identity to
PKo 1p28-2 and the plasmid contains a sequence stretch of approxi-
mately 5 kbp that is similar to PKo 1p28-2. The PFam54 gene array on
1p54 has less genes (A0067, A00072, A00073, A00074) compared to the
Far04 PFam54 gene array (Fig. S11).

The plasmid repertoire of FNG-1Z4 includes cp26, 1p17, 1p25, 1p28-3
that contains the vis region, an 1p28-4 similar to PBr, and an 1p54. The
genomes of FNG-2Z14 and 17-54Z3 are similar to each other in terms of
plasmid numbers and structure (Table 2), except that 17-54Z3 has two
unidentifiable short sequence assemblies of 2.9 kbp and 3.2 kbp that are
not present in FNG-2Z14 (unidentifiable plasmids in Fig. 4). The 2.9 kbp
contig matches the right end of 1p32-10 of Far04 and related seabird
Borrelia genomes (Fig. S8). The 3.2 kbp sequences is an identical match
to the right end of 1p36 of Far04 (not shown). Both isolates differed from
Far04 in that 1p28-9 is absent; an atypically short vis region is found in
these two genomes (Fig. S5). The 1p28-3 plasmid fragment in 17-54Z3,
being 19,876 bp in length, is short for an 1p28 plasmid suggesting that it
is incomplete, a suggestion that is supported by the absence of telomeres
on both sides.

The most unusual genome is that of 17-63N1: it possesses a cp26, two
cp32 plasmids - ¢p32-3 and cp32-6, a fusion plasmid 1p17 + 32-10,
1p25, 1p28-9, 1p36 and 1p54. Its Ip17 is nearly 47 kbp in length and is
fused to a ¢p32-10/1p32-10 (Fig. S2). The lp17 sequence starts from
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Fig. 3. Minimum spanning tree of B. garinii samples of terrestrial and seabird transmission cycles. Samples included in whole genome sequencing are indicated by an
arrow. ST575: Far-04, 17-29Z1, 17-56Z1, 17-59N1, FNG-1Z1, ST804: 17-58N4; ST802: FNG-2Z14; ST921: 17-54Z3; ST801: FNG-1Z4; ST923: 17-63N1; ST803: NG-
Z6. Colour coding: dark blue = isolate from terrestrial ticks (n = 290); light blue = type strain 20047; pink = human isolates (n = 48); green = isolate from
American I. uriae (n = 19); red = isolate from European I. uriae (n = 30). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

about 30.5 kbp of the 5' region with a repeat region just transcriptionally
upstream of the PFam32 gene that is 99% identical to 1p17 PFam32 of
Far04 and PBr. It has a ~ 2 kbp DNA insert compared to strains PBr and
20047 and, a 600-700 bp insert relative to Far04. The sequence left of
30.5 kbp is a cp32-like sequence. It contains an imperfect duplication of
a partly deleted cp32. Its PFam32 is 98% identical to PBr c¢p32-10 and
1p32-10 of PKo, but the plasmid does not show organizational similarity
to the 1p32-10 of PKo, Far04 or 20047. The 1p28-9 plasmid has the vIsE
gene and vls cassettes with a typical inverted repeat between them
(Fig. S7). An unidentified plasmid (PFam32 missing) of approximately
37 kbp has 14-15 kbp similarity to 1p36 of 20047 and Far04.

3.3. Phylogenetic analyses of surface proteins potentially linked to host or
vector associations

We did not find any obvious association of the different genome
types with marine avian hosts. Ticks harboring B. garinii of ST575/
ST804 have the same genome type as Far04 and were collected from
razorbills, puffins, or guillemots. The unique genome types were also
isolated from I uriae collected from guillemots and the isolate with the

unusual genome, 17-63N1, was from a tick collected from a puffin. We
used phylogenetic analyses to investigate whether genes that had pre-
viously been linked to host or vector association would give a cue to-
wards such associations. Included sequences were the PFam54 gene
array containing complement-regulatory acquiring surface proteins
(CRASPS) (Wywial et al., 2009), ospA (Pal et al., 2004) and ospC (Fin-
gerle et al., 2007; Tilly et al., 2007) (Figs. S12 and S13) (see methods for
details and Table S5 for samples included in these analyses).

Previous research divided the PFam54 into five regions (I, II, III, IV,
V), with region IV being diverse (Wywial et al., 2009). All isolates
possess homologues to A0063, A0064, A0066, A0068, A0071, and
A0075 of Far04. Some differences are present in region IV of the PFam54
gene array compared to Far04, but these differences did not match the
bird host species (Fig. S11). Several of the genes present in Far04 are
missing in our isolates, e.g. there are no homologues to BgFar04-A0065
and -A0070. In FNG-1Z4 the loci encoding BgFar04-A0068 and -A0073
are duplicated. Genes that cluster as sister to BgFar04-A0070 are found
in FNG-1Z4, 17-54Z3 and FNG-2Z14. The PFam54 gene arrays of two
isolates 17-54Z3 and FNG-2Z14 are identical, both having a duplication
of homologous of BgFar04-A0066 and no homologue sequences for
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Fig. 4. Genome types in B. garinii. The schematic drawing shows genome types which were defined by presence of plasmids. Plasmids containing the vis-locus, one of
the major virulence determinants, are indicated. STs575/ST804 having been isolated from ticks collected from razorbill, puffin and guillemot have identical genome
types. FNG-2Z14 and 17-54Z3 isolated from ticks collected from guillemot have also very similar genome structure. Genome types of FNG-1Z4 (I. uriae from
guillemot), NG-Z6 (I. uriae from guillemot) and 17-63N1 (I. uriae from puffin) are unique. Importantly, 17-63N1 carries two cp32 plasmids that were previously not
found in seabird associated B. garinii but are present in B. garinii type strain 20047 (see Table 2). Unidentifiable plasmids have no PFam32.

A0069, A0072 and A0074 (Fig. S11). The isolates belonging to ST575/
ST804 have a homologous sequence to CRASPs of the PFam54 gene
array on Ip25 (except 17-56Z1) and on 1p32-10. Homologous sequences
are present on the corresponding plasmids in Far04 and 20047, but in
the latter both loci were on 1p32-10.

Isolates belonging to ST575 and ST804 have the same ospA-type as
Far04 while the sequence of 17-63N1 forms a sister clade (Fig. S13). NG-
76 had an ospA-type 3 and FNG-1Z4 clusters close to it. 17-54Z3 and
FNG-2Z14 do not cluster with any other B. garinii ospA-type but form
their own terminal clade. A similar picture emerged for ospC - all iso-
lates belonging to ST575, ST804 and NG-Z6 have an ospC-type identical
to Far04 (Fig. S13). 17-54Z3 and FNG-2Z14 have identical ospC and
ospA-types underlining the close relationship of these two isolates. The
ospC of FNG-1Z4 is similar to PLa (ST245) whilst the ospC of 17-63N1 is
unique. Both molecules show no clustering relative to avian host species.

4. Discussion

In this study we aimed to obtain additional isolates of Borrelia species
from seabird - I. uriae transmission cycles to test the hypothesis that the
small genome found in Far04 reflects a niche adaptation. Although in
PCR analyses other species, e.g. B. burgdorferi sensu stricto, were iden-
tified in the collected I uriae ticks, none of the cultures became positive

for species other than B. garinii. For B. garinii, 17 samples were adapted
to in vitro culture. Whole genomes were sequenced for ten of them.

4.1. Ecology of the seabird transmission cycle

The B. garinii investigated here were from I. uriae ticks collected in
2017 and 2018 for the purpose of this study from seabirds breeding
sympatrically within a single, large breeding colony on the island Hor-
noeya in northern Norway. Sample collection included ticks collected
directly from the birds or nests (2017) of four different seabird species,
namely the common guillemot, black-legged kittiwake, Atlantic puffin
and razorbill. Ticks were also included that were found off-host (2018),
but given the ecology of the seabirds, these ticks are likely from puffin
hosts. Indeed, past studies on this island have demonstrated the presence
of distinct tick populations (ie, host races) infesting the different seabird
host species (e.g., (Dietrich et al., 2014; McCoy et al., 2001)). The
probability of humans encountering each race depends on the breeding
ecology of the host species, with puffin ticks being more active on grassy
slopes where puffins breed than ticks of the other three seabird species
which are largely confined to particular breeding zones on the cliff face
(McCoy et al., 2003). Interestingly, at the colony level, some differences
in Borrelia infection dynamics have been demonstrated among the
different tick races, with puffin ticks having a higher prevalence and
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higher intensities of infection than the other tick host races (Gomez-Diaz
et al., 2010). However, Borrelia strains were not found to be genetically
structured among these host-associated populations, and it was
concluded that enough sharing of tick bites may occur to transmit Bor-
relia infections among different seabird species (Gomez-Diaz et al.,
2011). However, to date, no indepth analysis of marine Borrelia genomes
has been performed and we still know little about its interaction with
terrestrial transmission cycles.

4.2. Completeness of the sequenced genomes

The isolates were sequenced using Illumina MiSeq technology which
provides short reads in high abundance, often covering the whole
genome. Illumina sequencing is a very attractive technology as it pro-
vides fast and accurate reads for genomes at low cost per single genome
(Quail et al., 2012). However, a limitation is that repetitive regions of
the genome may prevent the assembly of chromosomes or plasmids into
a single contig (Margos et al., 2017; Tyler et al., 2018). Accordingly, we
found that the chromosomes were usually divided into three or more
contigs; gaps appearing in known repetitive regions of the chromosome
such as Imp1 (around 230,000 bp from the left end of the chromosome of
B31). In addition, 1p17 was usually not completely assembled due to a
repetitive region at positions 2330-3012 (19,425-20,104 in a reverse
complement representation of 1p17) which was found in 1p17 of Far04
when searching for tandem repeats using the website (http://tandem.bu
.edu/trf/). Longer reads will be necessary to fully assemble these Borrelia
plasmids but the here assembled genomes provided ample information
on the genomic features of seabird-associated B. garinii.

4.3. Genomic features of seabird-associated Borrelia garinii

Before our study, the genome of only a single isolate (Far04) of
B. garinii from a seabird host (Atlantic puffin) sampled in the Faroe
Islands had been sequenced (Gylfe et al., 1999). The genome turned out
to be rather small containing seven plasmid, one circular (cp26) and six
linear plasmids (Casjens et al., 2011). The most distinguishing feature
from completely sequenced genomes of B. garinii from terrestrial birds
was the absence of c¢p32 plasmids (Brisson et al., 2013). One of the
questions addressed by the latter study was whether the absence of cp32
plasmids was due to in vitro cultivation of isolate Far04 accompanied by
plasmid loss or whether cp32 absence also occurs in nature (Casjens
et al.,, 2011, Brisson et al., 2013). As the majority of genomes of
seabird-associated B. garinii isolated in the present study (except
17-63N1) lacked cp32, we suggest that this is a natural phenomenon, not
an artifact of in vitro cultivation. Plasmids of the cp32 family represent
prophages. Apart from this, they encode an interesting protein family,
the erp (OspE/F-related protein) family. The genes (that have also been
termed ospE, ospF or elp), encode outer surface proteins that bind to
laminin, plasminogen, the complement regulator factor H and seem to
be important in host- or vector-interaction (Brisson et al., 2013; Ste-
venson et al., 2000). It has been suggested that these proteins may
enable Lyme spirochetes to infect a wide range of vertebrate hosts
(Stevenson et al., 2002). Accordingly, in our study, we aimed to obtain
more seabird-associated isolates for further exploration of the genome
structure of strains circulating in marine ecosystems and to investigate
whether its genome structure may be an ecological niche adaptation.
However, isolates lacking cp32 plasmids were isolated from ticks
feeding on the different hosts and further experimental evidence would
be required to confirm whether the different host species are equally
reservoir competent and whether these isolates would endure a terres-
trial transmission cycle.

A remarkable feature found during our analysis was that the ge-
nomes of the ten isolates fall into five genomic categories differing in
their plasmid content. Notably, this genome structure was in accordance
with the MLST types: all isolates belonging to ST575 and ST804 (the
latter is an SLV of ST575 which means that they are closely related) have
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the same plasmid content as Far04, i.e. one circular plasmid, cp26, and
six linear plasmids including 1p17, 1p25, 1p28-9, 1p32-10, 1p36 and 1p54.
The two isolates FNG-2Z14 and 17-54Z3 representing ST802 and ST921
(SLVs of each other) have very similar plasmids content and structure,
except that 17-54Z3 possesses two unidentified plasmid fragments that
were not found in the FNG-2Z14 assembly. Both genomes contain a
fragment of 1p28-3 encoding the vis locus. The three remaining isolates
have unique genome structures: FNG-1Z4 possesses an 1p28-3 and an
1p28-4, but does not have 1p28-9, 1p32-10 or 1p36; NG-Z6 has an 1p28-2
and an 1p28-3, but lacks 1p28-9, Ip32-10 and a complete 1p36 (only a 3
kbp fragment that matches the right end of 1p36 of Far04 was found).
Isolate 17-63N1 differs from the other genome types: it lacks 1p32-10,
but possesses three cp32 plasmids, one of which is fused to 1p17. Loss or
gain of genetic material is a common feature in niche adaptation of
pathogens and bacterial pathogens often carry adaptive loci on plasmids
(de Been et al., 2014; Hinnebusch, 1997, 2003). In Borrelia, isolates
belonging to the generalist species B. burgdorferi s.s. carry from 12 to 21
plasmids (Casjens et al., 2017), whilst in other species of Borrelia, the
number of plasmids can vary from four to 17 plasmids (Casjens et al.,
2018). Among the B. garinii samples sequenced to date, the marine
isolate Far04 was found to harbour seven plasmids, the lowest number
found in this species; other fully sequenced B. garinii isolates, 20047 and
PBr possess 11 plasmids, and CIP 103362 has 12 (Casjens et al., 2018;
Margos et al., 2018). As mentioned above, Far04 did not contain any
cp32 plasmids, while the two B. garinii isolates associated with terres-
trial transmission cycles (20047 and PBr) did contain c¢p32 plasmids. In
our study we found one (17-63N1) out of the ten sequenced genomes
had three cp32 plasmids, whereas these plasmids were entirely absent
from the others. We suggest that the low number and plasmid variation
we found in B. garinii may correspond to a niche adaptation to the ma-
rine transmission cycle.

Plasmid types can be identified through BLAST searches using
PFam32 sequences (Casjens et al., 2012), even in genomes that are not
assembled to completeness (Margos et al., 2019; Margos et al., 2017). In
our study, not all plasmids were assembled to completeness and, for
some plasmids such as Ip17 or 1p25, fragmented contigs were obtained
due to presence of repetitive sequences (Ip17) or for unknown reasons
(Ip25). Nevertheless, several of the samples showed the same number
and types of plasmids as Far04. This and the differences noticed in the
genome of 17-63N1 (i.e. the presence of three cp32 plasmids) begs the
question of whether the loss of cp32 plasmids may be an adaptation to
the seabird transmission cycle which may constitute a narrower niche.
There are different genomic subgroups within our collection of genome
sequences, but the different subgroups did not appear to be associated
with the different host bird species investigated. It may, nevertheless,
suggest that they have different niches: one of the subgroups might be
better adapted to multiple bird host species, while another might have a
narrower range of hosts. It would be interesting to (i) sequence further
genomes of seabird isolates of B. garinii and (ii) to conduct in vitro
studies to verify whether seabird associated B. garinii isolates are able to
resist complement active serum of the four different marine bird species
or passerine birds involved in terrestrial transmission cycles and (iii)
whether they can readily be transmitted by ticks other than I uriae.

We currently have no explanation for the low coverage of plasmid
1p25 in our genomes. While slight variations in the coverage of different
genomic elements appear to be normal (Margos et al., 2017), coverage
of 1p25 was up to 10x less than for other plasmids. This may be an
artifact of the isolate and in vitro culturing (Grimm et al., 2003) or it
may be that not every bacterial cell in the population carries an 1p25.
Single cell sequencing may help to reveal whether this is the case or not.
Another explanation might be that 1p25 is particularly difficult for li-
brary preparation for Illumina sequencing. Low coverage of this plasmid
may also be the reason for the poor assembly success of this plasmid as
this is often associated with poor assembly of genomes.

Does the genome structure of seabird B. garinii strains reflect its history?

The minimum spanning tree (Fig. 3) indicates the relationship
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between B. garinii from terrestrial and seabird transmission cycles and
suggests several independent introduction events. The tree shows that
17-63N1 (ST923) is neighbor to ST82, the ST of 20047. The genome of
20047 also contains cp32-3 and cp32-6, as has 17-63N1. ST803 (NG-
76) neighbors ST244, the ST of PBr. As PBr, NG-Z6 has an 1p28-3
plasmid containing the vis locus and its ospA is of the same type as PBr.
17-54Z3 (ST921) and FNG-2Z14 (ST802) neighbor ST251 which is the
ST of PKuf and PBes, both are isolates from human patients (see www.pu
bmlst.org/borrelia/). Interestingly, the genome of PBes carries a cp9
plasmid which was not found in ST802 or ST921, but was in NG-Z6.
Thus, it seems that while the genome type may have some elements
that reflect strain history, others may have been lost or acquired via
horizontal gene transfer.

5. Conclusion

In conclusion, we found a high degree of genomic diversity in Bor-
relia-isolates obtained from the avian seabird — I uriae transmission
cycle. Five different genome types are present among the 10 sequenced
genomes coming from a seabird colony on the island of Hornoeya. There
was no apparent association between genome type, ospA-, ospC-, or
CRASP-types with avian host species. Why this diversity exists and how
it is maintained is one of the big questions in Borrelia research and
warrants further investigation.
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