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Abstract

The emergence and spread of tick-borne arboviruses pose an increased challenge to
human and animal health. In Europe this is demonstrated by the increasingly wide distribu-
tion of tick-borne encephalitis virus (TBEV, Flavivirus, Flaviviridae), which has recently been
found in the United Kingdom (UK). However, much less is known about other tick-borne fla-
viviruses (TBFV), such as the closely related louping ill virus (LIV), an animal pathogen
which is endemic to the UK and Ireland, but which has been detected in other parts of
Europe including Scandinavia and Russia. The emergence and potential spatial overlap of
these viruses necessitates improved understanding of LIV genomic diversity, geographic
spread and evolutionary history. We sequenced a virus archive composed of 22 LIV isolates
which had been sampled throughout the UK over a period of over 80 years. Combining this
dataset with published virus sequences, we detected no sign of recombination and found
low diversity and limited evidence for positive selection in the LIV genome. Phylogenetic
analysis provided evidence of geographic clustering as well as long-distance movement,
including movement events that appear recent. However, despite genomic data and an 80-
year time span, we found that the data contained insufficient temporal signal to reliably esti-
mate a molecular clock rate for LIV. Additional analyses revealed that this also applied to
TBEV, albeit to a lesser extent, pointing to a general problem with phylogenetic dating for
TBFV. The 22 LIV genomes generated during this study provide a more reliable LIV phylog-
eny, improving our knowledge of the evolution of tick-borne flaviviruses. Our inability to esti-
mate a molecular clock rate for both LIV and TBEV suggests that temporal calibration of
tick-borne flavivirus evolution should be interpreted with caution and highlight a unique
aspect of these viruses which may be explained by their reliance on tick vectors.
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Author summary

Tick-borne pathogens represent a major emerging threat to public health and in recent
years have been expanding into new areas. LIV is a neglected virus endemic to the UK
and Ireland (though it has been detected in Scandinavia and Russia) which is closely
related to the major human pathogen TBEV, but predominantly causes disease in sheep
and grouse. The recent detection of TBEV in the UK, which has also emerged elsewhere
in Europe, requires more detailed understanding of the spread and sequence diversity of
LIV. This could be important for diagnosis and vaccination, but also to improve our
understanding of the evolution and emergence of these tick-borne viruses. Here we
describe the sequencing of 22 LIV isolates which have been sampled from several host spe-
cies across the past century. We have utilised this dataset to investigate the evolutionary
pressures that LIV is subjected to and have explored the evolution of LIV using phyloge-
netic analysis. Crucially we were unable to estimate a reliable molecular clock rate for
LIV and found that this problem also extends to a larger phylogeny of TBEV sequences.
This work highlights a previously unknown caveat of tick-borne flavivirus evolutionary
analysis which may be important for understanding the evolution of these important
pathogens.

Introduction

The tick-borne encephalitis sub-complex of the genus Flavivirus (family Flaviviridae) is com-
posed of several closely related arboviruses, all of which possess a single-stranded, positive
sense, RNA genome of ~12kb [1]. Members of this subcomplex are found across the northern
hemisphere [2,3] and include several zoonotic viruses, such as tick-borne encephalitis virus
(TBEV), of which there are three predominant subtypes: European (TBEV-Eu), Siberian
(TBEV-Sib) and Far-Eastern (TBEV-FE). TBEV frequently infects humans as incidental hosts,
resulting in febrile illness and often fatal encephalitis [4]. The case fatality rate (CFR) of TBEV
varies according to subtype, with TBEV-Eu and TBEV-Sib exhibiting a CFR of 1-2%, while
the highly pathogenic TBEV-FE subtype exhibits a CFR of 20-40% [5]. In contrast, louping ill
virus (LIV), which is closely related to TBEV, is predominantly associated with disease in
ruminants and birds, whereas human cases are rare [6,7].

LIV is endemic to the British Isles [8]and spread by the hard tick Ixodes ricinus. First iso-
lated in the early 1930s, LIV was identified as the causative agent of louping ill disease, which
can cause mortalities in sheep (Ovis aries) and, more significantly, red grouse (Lagopus lagopus
scotica) [9,10]. LIV is of significant economic concern to sheep farmers and the game estates
where grouse are maintained for commercial shooting purposes. The threat posed by LIV is
further aggravated by the movement of tick populations into new regions and higher altitudes
[11-13], and a reduction in tick inter-stadial development time due to climate change [14].
While LIV is predominantly found within the UK and Republic of Ireland, the virus has also
been reported in Southern Norway [15], the Danish island of Bornholm [16], and Far-Eastern
Russia [17]. However, the biological mechanisms responsible for this disjointed geographic
distribution are not well understood. Whereas the genomic diversity of TBEV is well charac-
terised, evolutionary studies of LIV have been limited to the analysis of single genes [18],
which can lead to inconsistent phylogenetic inference [19,20]. At present, only four complete
LIV genomes are available, which has prevented a meaningful analysis of LIV genomic diver-
sity and evolution and their comparison with other flaviviruses.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020

2/25


https://doi.org/10.1371/journal.pntd.0008133
https://bbsrc.ukri.org/
https://mrc.ukri.org/
https://mrc.ukri.org/
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

Whilst recombination has previously been shown to contribute to dengue virus [21,22]
and Japanese encephalitis virus evolution [23], recombination in the tick-borne flaviviruses
(TBFV) is controversial. Two studies have reported a recombination event between LIV and
TBEV-Eu [20,24]; however, subsequent work has raised doubts about these findings [25].
Although the geographic ranges of the two viruses are largely distinct [26], creating limited
opportunities for interaction, recent detection of TBEV in Britain [27-29], where LIV is
endemic, has added new urgency to investigate the possibility of recombination between the
two viruses.

Phylogenies are essential for determining the epidemiological and evolutionary history of
viruses, and, by calibrating trees with a molecular clock, to place their history into a temporal
context [30]. Previous phylogenetic studies have reported clock rates and time calibrated trees
for both TBEV and LIV; however, only in the case of TBEV were estimates based on full
genomes [20,31,32]. In contrast, rates for LIV were derived from glycoprotein sequences,
resulting in considerable uncertainty with respect to phylogenetic relationships and divergence
times [18]. Moreover, previous studies in both viruses implicitly assumed that time-stamped
sequence data sets contained sufficient evolutionary signal to estimate clocks reliably. Recent
work on other RNA viruses has shown that this assumption is not always met [33], warranting
a more careful approach to phylogenetic dating in TBFV.

Here, we address these knowledge gaps based on a novel dataset of 22 LIV genomes derived
from UK isolates sampled over the past century. Combining these data with published genome
sequences for LIV (Fig 1) and related viruses we sought to i) conduct the first systematic test
for recombination and positive selection in LIV, ii) clarify the phylogeography of LIV and its
phylogenetic relationship to other TBEV, and iii) re-assess the evolutionary rate and diver-
gence time estimates of LIV and TBEV.

Methods
Virus isolates

The isolation of the virus isolates sequenced in this study, with the exception of ENG_PEN6_
2009, and WA_AB2_2010, is described elsewhere [18]. ENG_Dog 2015 was isolated from the
brain of an infected dog and has been previously described [34]. All viruses with the exception
of ENG_PENG6_2009, and WA_AB2_2010 were passaged once in BHK21 cells (which were
derived from cell stocks present at the Moredun Research Institute). Isolates ENG_A_1980,
ENG_DEV1_1983, ENG_DEV2_1989, IRE_IRE3_1968, and SCO_LOCH2_1993, did not
sequence well after passage in BHK21 cells, therefore they were grown in the cell line CPT-Tert
[35]. The CPT-Terts are an ovine derived cell line which were kindly provided by Dr. David
Griffiths (Moredun Research Institute). All cells were maintained in DMEM supplemented
with 10% FCS, 1% HEPES, 1000 units/ml penicillin and 1 mg/ml streptomycin in T25 cell cul-
ture flasks. Cells were infected at a MOI of 0.1 and incubated at 37°C with a 5% CO, atmo-
sphere for 36-48 hours at which point CPE became obvious.

RNA extraction & sequencing

RNA extraction of cells in 25 cm? flasks was carried out using TRIzol reagent (Thermo Fisher
Scientific). Cell culture media was removed, cells washed twice with PBS, and 1 ml TRIzol
reagent added to the cell monolayer. Samples ENG_PEN6_2009 and WA_AB2_2010 were
obtained from sheep brain tissue which was taken from suspected LIV cases and homogenised
in TRIzol reagent (Thermo Fisher Scientific). RNA extraction was carried out as per manufac-
turer’s instructions. RNA libraries were prepared for sequencing using the TruSeq RNA kit
(lumina), following the manufacturer’s protocol. Briefly, sample preparation utilized 400 ng
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ot INV1, INV6, INV14 Isolate Year of isolation | Host Species Sampling Location
'?‘" SCO_31_1931 1931 Ovis ares Selkirk (Scotland)
i LI3/1 1962 Ovis ares Oban (Scotland)
g SCO_369/T2_1963 | 1963 Ixodes ricinus Ayrshire, Scotland
LOCH2, LOCH6 SCO_G_1979 1979 Sus domesticus Isle of Mull (Scotland)
SCO_K_1980 1980 Lagopus lagopus scotica | Grampians (Scotland)
SCO_INV1_1983 1983 Ovis ares Inverness (Scotland)
3 SCO_INV6_1986 1986 Qvis ares Inverness (Scotland)
SENL PENA. PEG SCO_INV14_1992 | 1992 Ovis ares Inverness (Scotland)
penrith SCO_LOCH2_1993 | 1993 Lagopus lagopus scotica | Lochindorb (Scotland)
SCO_LOCH6_1993 | 1993 Lagopus lagopus scotica | Lochindorb (Scotland)
ENG_A_1980 1980 Ovis ares Devon (England)
BRESH ENG_PEN3_1983 1983 Qvis ares Penrith (England)
ENG_PEN4_1983 1983 Ovis ares Penrith (England)
ENG_DEV1_1983 1983 Ovis ares Devon (England)
ENG_DEV2_1989 1989 Ovis ares Devon (England)
ENG_PRES1_1991 | 1991 Qvis ares Preston (England)
ENG_DEV4_1995 1995 Ovis ares Devon (England)
ENG_PEN6_2009 2009 Ovis ares Penrith (England)
Penrith 2009 Ovis ares Penrith (England)
ENG_Dog_2015 2015 Canis lupus familiaris Devon (England)
IRE_IRE3_1968 1968 Ovis ares Dublin (Ireland)
IRE_IRE2_1971 1971 Ixodes ricinus Dublin (Ireland)
WA_I_1980 1980 Ovis ares Aberystwyth (Wales)
WA_AB2_2010 2010 Ovis ares Aberystwyth (Wales)
Primorye-185-91 1991 Homo sapiens Vladivostok (Russia)
A, DEVA, DEV2, DEV4, LEIV-7435Tur 1985 Hyalomma marginatum | Turkmenistan

Dog

Fig 1. Map of the UK showing the sampling locations of the 22 LIV isolates generated in this study. Isolates which have been sequenced during this study are
coloured according to their country of isolation, with Scotland shown as blue, England as red, Ireland as green, and Wales as pink. Isolates whose sequence has
been downloaded from GenBank are shown as black circles. Strains Primorye-185-91 and LEIV-7435Tur were isolated in the Russian Far-East and Turkmenistan
and are therefore not shown on the map. Further details of the 26 LIV genomes utilised in this study are also presented.

https://doi.org/10.1371/journal.pntd.0008133.g001

of sample RNA, measured using a Qubit 3.0 fluorometer (Invitrogen). RNA was chemically

fragmented and first strand cDNA generated using SuperScript II (Thermo Fisher Scientific)
as per manufacturer’s instructions. Following the ligation of index sequences, samples were
cleaned using AMPure XP beads (Beckman Coulter) and washed twice in 70% (v/v) ethanol.

Following resuspension PCR was employed to enrich for the cDNA fragments which had
adapter sequences ligated to their ends as per manufacturer’s instructions. The thermal cycler
conditions employed were as follows: 98°C for 30 sec followed by 15 cycles of 98°C for 10 sec,
60°C for 30 sec, 72°C for 30 sec, and a final extension of 72°C for 5 minutes. Following PCR,
libraries were cleaned with AMPure XP beads as described before.

All libraries were pooled together at equimolar concentrations. The molarity of the libraries
was calculated based on mass concentration using a Qubit 3.0 fluorometer (Invitrogen) and
the size of the fragments using an Agilent 2200 TapeStation (Agilent) as per manufacturer’s
instructions. Pooled libraries were then sequenced on an Illumina MiSeq (Illumina). This
sequencing strategy utilises paired end reads of 250bp. The number of reads obtained for each
genome and the genome coverage of each genome is displayed in S1 Table.

Sequence assembly

Prior to bioinformatic analysis, read quality was assessed using FASTQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). The raw FASTQ sequence reads have been
submitted to the Europe Nucleotide Archive (ENA) under accession number PRJEB38554.
Adapter sequences were removed, and quality filtered using trim_galore (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/) utilising a quality threshold of Q25 and
a minimum read length of 75. Reads were also filtered for low complexity and duplicates using
prinseq [36]. Filtered reads were subsequently mapped onto a LIV complete genome sequence
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downloaded from GenBank (LIV 369/T2, accession number: Y07863) using alignment
software (BWA-MEM, [37]). The assembled data was parsed using DiversiTools (http://
josephhughes.github.io/btctools/) to determine the frequency of nucleotides at each site and
to construct a consensus sequence; consensus is defined as the most dominant base at each
genome position. To validate the consensus sequences generated via read alignment to the ref-
erence genome, all sequences from the first twelve samples we sequenced were also de novo
assembled using SPAdes [38]. Reference aligned sequences and de novo assembled sequences
were found to be identical, therefore all subsequent genomes were generated via reference
alignment. The accession numbers corresponding to the sequences generated during this
study are shown in S2 Table.

Sequence alignment & analysis

Multiple sequence alignment was carried out using the MUSCLE program within the Gen-
eious software package [39,40]. Eight iterations were utilised within MUSCLE. Distance
tables were generated within Geneious to determine the pairwise identity of sequences. The
sequences utilised for this analysis are shown in S2 Table.

Recombination screening

Alignments were utilised for recombination analysis using recombination detection program
4 (RDP4) [41]. Within RDP4 the: RDP, geneconv, Bootscan, MaxChi, Chimaera, Siscan and
3Seq methods were utilised [42-48]. Standard parameters were employed for screening.
Recombination events with a p-value of <0.05 and which were identified by more than three
methods were considered significant.

Selection analysis

Selection analysis was carried out using the HYPHY software via the online selection tool
Datamonkey (http://www.datamonkey.org/) [49,50]. Tests for positive selection were carried
out using the fixed effects likelihood (FEL) analysis, and Mixed Effects Model of Evolution
(MEME) analysis [50,51]. Genome-wide selection was performed using an alignment of 26
LIV coding sequences (CDS) however, single gene alignments were also analysed. For this
analysis, a p-value of < 0.05 was considered significant. HYPHY was also utilised to estimate a
phylogenetic tree using the dataset of 26 LIV genomes and the aBS-REL (adaptive branch-site
random effects likelihood) model [49,50,52]. The resulting tree was downloaded from the
Datamonkey website and the total branch length compared with the total branch length of the
ML tree generated using PHYML using the ape package within the R software package (R
Core Team, https://www.r-project.org/, http://ape-package.ird.fr/).

Phylogenetic analysis

The most suitable substitution model for the LIV dataset investigated using the program JMo-
delTest2 (https://github.com/ddarriba/jmodeltest2 [53]). The most suitable model with the
lowest BIC score was found to be the GTR+G+I model. Bayesian phylogenetic trees were gen-
erated using the program MrBayes within the Geneious software suite [40,54]. The GTR+G+I
model was employed with 4 gamma categories and an MCMC chain length of 1 million with 4
heated chains. 10% of these were discarded as burn-in and a consensus tree generated. Omsk
haemorrhagic fever virus (accession number: NC_005062) was included as an outgroup.
Maximum likelihood [ML] trees were utilised for root-to-tip divergence analysis of the LIV
dataset and were generated using the program PHYML within the Geneious software suite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 5/25


http://josephhughes.github.io/btctools/
http://josephhughes.github.io/btctools/
http://www.datamonkey.org/
https://www.r-project.org/
http://ape-package.ird.fr/
https://github.com/ddarriba/jmodeltest2
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

[40,55]. Trees were estimated using the GTR substitution model with 1000 parametric boot-
strap replicates. Root-to-tip divergence analysis to test for the presence of a molecular clock in
the LIV phylogeny was carried out using the program TempEst utilising the best-fitting root
option (http://tree.bio.ed.ac.uk/software/tempest/)[56]. The rate of evolution of LIV was esti-
mated using the Bayesian evolutionary analysis sampling trees (BEAST) software package
(http://beast.community/, version 1.8.4) [57]. To determine the most appropriate molecular
clock model and coalescent model for the LIV dataset, marginal likelihood estimation (MLE)
using path-sampling (PS) and stepping-stone (SS) was carried out [57-59]. A chain length of
50,000,000 was utilised with 100 steps of chain length 1,000,000 for the PS or SS MLE. A model
with a lognormal relaxed clock and a Bayesian skygrid tree prior was found to have the lowest
MLE and was therefore deemed most suitable [60,61].

BEAST analysis was carried out using the GTR+G+I substitution model, the uncorrelated
lognormal relaxed clock, the Bayesian skygrid coalescent model and a chain length of
50,000,000. The BEAGLE library was employed when running BEAST to improve the speed of
runs [62]. The resulting log files were analysed using the program Tracer (https://github.com/
beast-dev/tracer/releases/tag/v1.7.1, version 1.7.0, [63]) to ensure that the effective sample size
(ESS) of each parameter in the complete BEAST run was above 200. Final maximum clade
credibility (MCC) trees were generated using the program TreeAnnotator (version 1.8.4) with
burn-in specified as 10% of states. To determine the validity of the clock estimate, BEAST anal-
ysis was repeated using a null model composed of the original sequence data with dates rando-
mised. This analysis was repeated 20 times and the clock rate estimates compared to the
estimates produced utilising the heterochronus dataset using the program TRACER. A TBE-
V-Eu tree was also generated in BEAST using an alignment of 36 TBEV-Eu sequences sampled
across Europe and Russia. A chain length of 50,000,000 and the Bayesian skygrid coalescent
model was employed. As with the LIV dataset, the clock-rate estimate was investigated using
20 date randomised datasets. All final phylogenetic trees were visualised using FigTree (version
1.4.3, http://tree.bio.ed.ac.uk/software/figtree/).

Results
No evidence for recombination in LIV

New complete genome sequences of 22 LIV isolates were obtained and aligned with 4 LIV
genomes available from GenBank (Fig 1), as well as 36 TBEV-Eu genomes, four TBEV-Sib
genomes, 21 TBEV-FE genomes and single genomes of Spanish sheep encephalitis virus
(SSEV), Spanish goat encephalitis virus (SGEV), Greek goat encephalitis virus (GGEV), and
Turkish sheep encephalitis virus (TSEV) (total of 91 TBFV genome sequences; S1 Table).
Incorporation of the published LIV 369(T2) sequence (GenBank accession number Y07863,
hereafter referred to as LIV 369/T2_Y07863) in this alignment resulted in the detection of a
recombination signal located between nucleotides 5924 and 6129 of the LIV genome (Fig 2A).
However, our dataset of 22 newly generated LIV genomic sequences included a re-sequencing
of the original LIV 392(T2) isolate (hereafter referred to as SCO_369/T2_1963), which we
found to differ from that published in GenBank. When the published sequence was replaced
with the newly generated sequence, the recombination signal was no longer detected. Aligning
the recombinant region containing both the published and re-sequenced LIV 369(T2) isolate,
reveals that bases 5924 and 6129 of the LIV genome are shared between the GenBank derived
LIV 369/T2_Y07863 sequence and several TBEV-Eu strains, whilst in the re-sequenced
SCO_369/T2_1963 genome, this region is highly similar to all other LIV isolates (Fig 2B). This
suggests that that the recombination signal detected in the published LIV 369/T2_Y07863

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 6/25


http://tree.bio.ed.ac.uk/software/tempest/
http://beast.community/
https://github.com/beast-dev/tracer/releases/tag/v1.7.1
https://github.com/beast-dev/tracer/releases/tag/v1.7.1
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

A =
)
o
3‘ ~l
g :
= in
Y o
£
&
I
o
1 2803 5606 8490 11212
Genome Position
11
LI )
LN ]
(I}
- S .
5932 5952 5972 5992 6010
l ] ] ] ] | ] ] |

1. 5CO_369/T2_1963 . . ~....G..H..0..cH
B 2. 369 T2 Y07863

4. CCI223 1990
5.A 9

6. AS33

7 Togo 29003 2003

9. Salem_2006
10 Hg I, 1953

12 Mandal 2009 _2009
13.JP-554_2008
14. Sarm e-2009_2009
15.)P-296_2008
Vlasaty 1953
Skrivanek_1953
Kubinova_1953
285_1990
11471980
Ljubljana_|_1992
Joutseno E

M 21322
KrM 93 2006
1G-98_199
IrkutskBR_ 1456 09_2009 -
!Srku(skBR }834 03 2009 -

00>

-

TBEV-Eu

6_2000
Kumlinge 25-03_2003
Kumilinge_1959
Absettarov_1951
Zmeinogorsk-9_1986
Petracova_1953"
Tobrman_1953
Neudoerfl_1971
GEV

5 U2 00 0 0 00 U0 U0 W0 W0 W R N NN NI NI R RO N N 2 £
PPWNP’E":“W!V?‘PWWT‘F‘Y‘?WN!“PPWN.m
© N
o
0%
~
N
=
©,
N
N

LIV-
like

41. TSEV

S EEEEEERE . -

56. IRE_IRE2_1971
7. IRE_IRE371968
8.5SCO_LOCH2_1993
g. SCO_LOCH6-1993
1

aouiuin

64. LI3/1

65. Penrith

66. Primorye-185-91

67. LEIV-7435Tur
Fig 2. A) Recombination detection program (RDP) analysis of the alignment of LIV, LIV-like, TBEV-Eu, TBEV-Sib,
and TBEV-FE sequences. A total of 91 genome sequences were included in the analysis. The blue line represented
pairwise identity in the GenBank derived LIV 369/T2_Y07863 isolate whilst the purple line represented the pairwise
identity of TBEV-Eu strain Neudoerfl. The recombination signal located to the area of intersection, located between
nucleotides 5924 and 6129 of the LIV genome. The yellow line represents the LIV isolate IRE_IRE2_1971 which was
identified as a potential recombination event however this was not statistically supported and was therefore rejected. B)
A simplified alignment of a portion of the suspected recombination region, from nucleotides 5932-6010 for ease of
comparison between LIV and TBEV. This is derived from a shortened alignment of 67 genomes which excludes the
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TBEV-Sib and TBEV-FE genomes. These TBEV sub-types did not contribute to the observed artefactual
recombination signal and are omitted here for clarity. TBEV-Eu, LIV-like and LIV sequences are indicated by vertical
bars, placed to the left of the sequence names and coloured yellow, green and blue respectively. The GenBank derived
LIV 369/T2_Y07863 isolate, and the re-sequenced SCO_369/T2_1963 genome generated during this study are
highlighted. Note that the LIV 369/T2_Y07863 sequence is most similar to the TBEV-Eu sequences, whereas the SCO_
369/T2_1963 sequence is most similar to the LIV sequences.

https://doi.org/10.1371/journal.pntd.0008133.g002

genome is an artefact. Available data for LIV therefore provide no evidence for recombination
with other TBFV.

Genome-wide sequence comparison and selection analysis of LIV

The 26 LIV isolates shared a mean nucleotide identity of ~96% across the entire genome
(range: 92.1%-99.9%; Table 1) and a mean amino acid identity of 98.6 (range: 96.9%-99.97%).
Average nucleotide identity for individual genes was also ~96%, with NS2A being the most
variable (88.4%-91.3% nucleotide identity, 91.3-100% amino acid identity). The amino acid
identity for all genes was around ~98%, with NS2B and NS3 most conserved (99.1% amino
acid identity). The genetic diversity present within the LIV dataset is similar to that found for
TBEV-Eu, with the exception of the 3 UTR which is approximately 96% identical between the
LIV isolates, but is highly variable between TBEV-Eu isolates, sharing only around 78% iden-
tity (Table 1). Analysis of selection patterns was carried out on the coding region of all 26 LIV
genomes (Table 2), using the fixed effects likelihood (FEL) model and the mixed effects model
of evolution (MEME). FEL assumes that selection pressures acting on each codon remain con-
stant throughout the phylogeny [64] while MEME allows for positive selection to be episodic
and thus to only apply to some branches [51].

Within E, two sites were identified as being subjected to episodic diversifying selection as
shown by MEME analysis (Table 2). Of these sites, codon 308 within E encoded a charged aspar-
tic acid residue in all isolates except SCO_INV6_1986, SCO_INV1_1983, ENG_DEV4_1995,
ENG_A_1980, and ENG_DEV1_1983, which instead possess a similarly charged glutamic acid.
In addition, codon site 100 within NS2A was identified as being under positive selection. Most
isolates possessed a glycine residue at this site, however the clade of isolates sampled from
southern England (ENG_DEV4_1995, ENG_A_1980, ENG_DEV1_1983, and ENG_DEV2_
1989) encodes a serine, as does the Scottish isolate SCO_INV_1983 and the Welsh isolate
WA_AB2_2010, whilst the northern English isolate ENG_PEN3_1983 exhibits a cysteine
residue.

Codon 96 within NS3 was identified by both MEME and FEL and encoded a threonine resi-
due in the majority of sequences, whilst several isolates throughout the tree, sampled decades
apart, from geographically distinct areas, exhibited a methionine, an isoleucine, or a valine.
Codon 434 of the NS5 gene was found to encode a histidine in the Welsh isolates, an arginine
in IRE_IRE2_1971, a histidine in the oldest sampled Scottish isolate SCO_31_1931 and an ala-
nine in all other isolates (Table 2). As the Welsh isolates, and strains IRE_IRE2_1971 and
SCO_31_1931 represent the most ancestral LIV isolates, codon site 434 may therefore have
evolved from a histidine to an alanine as LIV spread throughout Britain. SGEV exhibits a histi-
dine at codon 434, further indicating that histidine is the ancestral codon.

Codon 699 within NS5 was also identified as being subjected to positive selection with most
isolates encoding an alanine, but with several isolates sampled from different years and locations
throughout the tree encoding a valine or threonine. Additionally, FEL identified 482 sites which
were under purifying selection (Fig 3). The dN/dS ratio across the entire CDS was found to
be 0.0745, indicative of strong purifying selection. Of the individual LIV genes, NS2B
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Table 1. Distances table showing the pairwise genetic and amino acid distances of an alignment of 26 LIV genomes, an alignment of 36 TBEV-Eu genomes, and an
alignment combining both datasets. Mean distances are shown with the range highlighted in brackets. The alignments were generated, and distance tables generated
using MUSCLE within the Geneious software package. As some sequences contained gaps at the 5’ and 3’ genomic termini, only complete genomes were utilised for com-
parison of the full genome sequence, and the 5 and 3> UTRs. For LIV 21 sequences were utilised for the 5 UTR, 22 for the 3’ UTR and 21 for the full genome sequence. For
TBEV-Eu 26 sequences were utilised for the 5 UTR, 20 for the 3’'UTR, 22 for the full genome nucleotide sequence and 36 genomes for the amino acid sequence.

LIV | Genome

5UTR

C

prM/M

NS1

NS2A

NS2B

NS3

NS4A

NS4B

NS5

3’'UTR

Identity (%)
Nucleotide Amino acid
96.8 (92.3— 98.6 (96.9-
99.9) 99.97)

95.4 (83.5— -

100)

96.9 (91.7- 96.9 (89.3-
100) 100)

96.7 (91.5- 98.9 (97-100)
100)

96.6 (91.3— 98.6 (96.4—
100) 100)

96.6 (91.8- 98.5 (96.3—
100) 100)

96.0 (88.4- 97.1 (91.3-
91.3) 100)

96.6 (90.3— 99.1 (96.2—
100) 100)

96.6 (91.8- 99.1 (97.7-
100) 100)

96.3 (91.9- 98.9 (96.6—
100) 100)

96.6 (92.2— 98.7 (96-100)
100)

96.9 (92.7- 98.9 (97.5-
100) 100)

96.2 (91.4- -

99.8)

https://doi.org/10.1371/journal.pntd.0008133.t001

Identity (%) Identity (%)
Nucleotide Amino acid Nucleotide Amino acid
TBEV-Eu | Genome | 96.5 (94.3— 99.1 (98.5- LIV/ Genome | 91.3 (84.9- 96.96 (94.3—

99.9) 99.97) TBEV-Eu 99.9) 99.97)

5UTR 97.6 (93.1- - 5UTR 92.0 (82.6- -
100) 100)

C 98.1 (95.8- 98.6 (96.4— C 93.0 (83.9- 94.0 (84.8-100)
100) 100) 100)

prM/M | 96.9 (93.8- 98.5 (94.7- prM/M | 93.7 (87.5- 96.1 (89.3-100)
100) 100) 100)

E 97.9 (96.6~ 99.5 (98.2— E 92.2 (86.1- 96.6 (92.5-100)
99.9) 100) 100)

NS1 98.2 (96.5- 99.1 (97.2- NS1 92.4 (85.6- 97.2 (93.8-100)
100) 100) 100)

NS2A 97.0 (94.3- 97.6 (94.8- NS2A 90.3 (82.3- 94 (87.4-100)
99.9) 100) 100)

NS2B | 98.1 (95.7- 99.4 (96.9— NS2B | 92.5 (84.2— 99.4 (97-100)
100) 100) 100)

NS3 97.9 (96.9- 99.5 (98.2— NS3 92.7 (86.6- 97.9 (95.2-100)
100) 100) 100)

NS4A 97.3 (95.1- 99.1 (96-100) NS4A 91.5(83.7- 97.5 (93.3-100)
100) 100)

NS4B | 97.4 (95.4— 98.7 (96.8— NS4B | 92.1 (85.3— 96.2 (92.5-100)
100) 100) 100)

NS5 97.8 (96.7- 99.2 (98.1- NS5 93.0 (87.4- 97.6 (95.4-100)
100) 100) 100)

3UTR 77.8 (51.4- - 3UTR 77.5 (51.4- -
100) 100)

appeared to be under the strongest purifying selection (w = 0.0342), whilst capsid (C) exhibited
the weakest (w = 0.241).

Phylogenetic analysis of LIV and closely related TBFV

A Bayesian phylogenetic tree of TBFV genomes placed all LIV isolates into a single monophy-
letic clade, with SGEV being the closest relative, followed by SSEV and, more distantly TBE-
V-Eu (Fig 4A). Previous phylogenetic analyses using LIV E gene sequences exhibited only a
few nodes with bootstrap values >75% [18], however in our analysis the nodes representing
splits between TBFV species all received 100% posterior support as did most splits within
LIV, demonstrating the increased phylogenetic certainty which can be achieved using whole
genome data (Fig 4B). Within the LIV clade, the Welsh strains WA_I_1980 and WA_AB2_
2010 and the Irish strain IRE_IRE2_1971 formed a sister clade to all remaining strains, includ-
ing all isolates from England and Scotland (86% consensus support).

The tree contained evidence of geographic clustering, even for samples taken decades apart.
In addition to the two Welsh strains (1980 vs 2009), this was true for English strains sampled
between 1983 and 2009 in the borders region at Penrith (ENG_PEN3_1983, ENG_PEN4 1983,
ENG_PEN6_2010) which clustered in a clade that fell close to other strains from the same area,
ENG_PRES1_1991 and Penrith. The four isolates sampled from sheep between 1980 and 1995
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Table 2. Alignment of codon sites which were found to be subjected to positive selection. Codon sites are numbered individually for each gene analysed. FEL denotes
sites which have been identified using FEL, MEME denotes sites which have been identified by MEME, and FEL/MEME denotes sites identified by both FEL and MEME
analysis. The statistical support for the selected site is given as a p-value, only sites with p < 0.05 are reported. The consensus amino acid is shown for each site and repre-
sents the most common amino acid found at that site. Sites which match the consensus are shown as dots, whilst divergent sites display the amino acid which does not
match the consensus.

Gene E NS2A NS3 NS5
Model MEME MEME FEL FEL/MEME MEME MEME FEL/MEME
Codon site 88 308 100 96 434 522 699
p-value 0.040 0.051 0.043 0.021/0.035 0.031 0.012 0.005/0.014
Consensus I D G T A K A
LIV isolates IRE_IRE2_1971 T
WA_AB2_2010 A . .
WA_I_1980 A . S
SCO_31_1931
Penrith
ENG_PRES1_1991
ENG_PENG6_2009 . . . .
ENG_PEN3_1983 . . C I
ENG_PEN4_1983
IRE_IRE3_1968 . . . . . . v
SCO_369/T2_1963
SCO_G_1979 . . . .
ENG_Dog 2015 . . . M . .
SCO_INV14_1992 . . . . . S
SCO_INV6_1986 . E . M
LEIV-7435Tur
Primorye-185-91
SCO_LOCH6_1993
SCO_LOCH2_1993
SCO_K_1980
LIV 3/1
SCO_INV1_1983
ENG_DEV4_1995
ENG_A_1980
ENG_DEV1_1983
ENG_DEV2_1989

https://doi.org/10.1371/journal.pntd.0008133.t002
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=
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from Southern England (ENG_DEV1_1983, ENG_DEV2_1989, ENG_DEV4_ 1995, ENG_A_
1980) also formed a separate clade. There was somewhat less evidence of geographic clustering
between the Scottish LIV isolates though most of them fell into a single clade that also contained
isolates from other areas. One clade was formed between three isolates sampled from grouse
between 1980 and 1993 in the Lochindorb region of Northern Scotland (SCO_LOCH2_1993,
SCO_LOCHS6_1993, SCO_K_1980). Conversely, three isolates sample near Inverness in the
Scottish Highlands did not form a single clade and instead separated into multiple lineages.
There were also several cases in which geographically distant isolates grouped together. Specifi-
cally, a 1968 Irish isolate (IRE_IRE3_1968), a 2015 isolate from Devon (ENG_dog _2015) and
two LIV strains from Far-Eastern Russia (1991) and Turkmenistan (1985), all fell within the
larger Scottish clade. This indicates repeated long-distance movement of LIV between Scotland
and other countries.
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Gene Codons Length | dN/dS | Number of sites under selection
spanning FEL MEME
genes Positive | Negative | Positive

Capsid 1-112 112 0.241 |0 17 0

PRM 113-280 168 0.064 |0 41 0

E 281-776 496 0.072 |2 120 1

NS1 777-1128 352 0.077 1 84 3

NS2A 1129-1358 230 0.161 1 53 2

NS2B 1359-1489 131 0.034 |0 36 0

NS3 1490-2110 621 0.049 2 165 4

NS4A 2111-2259 149 0.082 1 42 2

NS4B 2260-2511 252 0.069 |0 60 0

NS5 2512-3414 903 0.060 |2 224 4
Total 3414 0.075 |9 842 16

dN/dS of each LIV gene
0.3

0.25
0.2
0.15
0.1

SN RN RN N

Capsid pRM E NS1 NS2A NS2B NS3 NS4A NS4B NS5

Fig 3. A) Gene by gene selection analysis of the 26 LIV genomes included in this study. dN/dS values are shown for
each of the LIV genes. A dN/dS value of <1 is indicative of purifying selection. The number of sites under positive and
negative selection was calculated using FEL and MEME analysis in the HYPHY software package as part of the
DataMonkey web server. B) Graph of dN/dS values for each of the LIV genes.

https://doi.org/10.1371/journal.pntd.0008133.g003

Molecular clock analysis reveals a weak temporal signal

Extracting the genetic divergence from the root for all LIV isolates, based on the Bayesian phy-
logeny, and regressing these values against the sampling dates using TempEst [56] revealed a
positive relationship (S1 Fig). This confirmed that the data contain a clock signal, justifying
molecular clock analysis in BEAST. The topology of the maximum clade credibility (MCC)
tree estimated in BEAST was identical to that of the MrBayes tree (Fig 5). As the presence of
strong purifying selection can result in an underestimation of branch lengths, a tree was gener-
ated using the adaptive branch-site random effects likelihood (aBS-REL) model [52]. Compar-
ing the total tree length to that of a tree generated under a general time reversible (GTR+G+I)
substitution model, revealed no major difference (aBS-REL: 0.38, GTR+G+1: 0.32). This indi-
cates that the branch lengths of the LIV phylogeny were not underestimated as a consequence
of purifying selection. To confirm whether a molecular clock rate could reliably be estimated
from the LIV data, estimation in BEAST was repeated twenty times with datasets in which
sampling dates were randomised. The HPD of the clock rates estimated by all twenty of the
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ENG_PRES1_1991
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ENG_PEN4_1983
ENG_PEN3_1983
96
ENG_PEN6_2009
SCO_369/T2_1963
99 87

SCO_G_1979
IRE_IRE3_1968
ENG_Dog_2015
SCO_INV14_1992

SCO_INV6_1986
SCO_K_1980
SCO_LOCH2_1993
SCO_LOCH6_1993
Primorye-185-91

LEIV-7435Tur
52

88

LI13/1

SCO_INV1_1983
ENG_DEV4_1995
ENG_A_1980
ENG_DEV2_1989
ENG_DEV1_1983

0.01

Fig 4. Bayesian consensus trees generated using MrBayes utilising the 22 LIV genomes generated during this
study, four LIV genomes available on Genbank, and eight genomes of closely related BBFs. A) The Bayesian
consensus tree with the LIV clade collapsed, highlighting the relationship of LIV with the other TBFVs included in the
analysis. B) The LIV clade alone with SGEV included as an outgroup. The % consensus support value of all nodes was
100, except for those specified. The scale bar represents the number of substitutions per site. The geographic area of
isolation of the LIV isolates in B) is denoted by colour. Trees were generated using MrBayes (version 3.2.6, [54]) within
the Geneious software suite (version 7.1.9 [40]). The GTR+G+I substitution model with four gamma categories was
utilised, as this was found to suit the dataset best using JModelTest [53]. The trees were generated using four heated
Markov chain Monte Carlo (MCMC) chains, with a chain length of 1,000,000. Consensus trees were generated using
10% burn-in and a support threshold of 50% and visualised using FigTree (version 1.4.3).

https://doi.org/10.1371/journal.pntd.0008133.g004
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Fig 5. Time-scaled maximum clade credibility (MCC) tree of 26 LIV genomes collected between 1931 and 2015 estimated in
BEAST. Nodes with posterior probability values of 1.0 are displayed as diamonds whilst values < 1 are shown. The 95% HPD of the
node age is shown for selected nodes. However, due to the data set failing a date randomisation test, node age estimates should be
considered more uncertain than indicated here. Isolate names are colour coded according to geographic isolation. The dates of isolation
of all isolates are included in their tip names.

https://doi.org/10.1371/journal.pntd.0008133.g005

date randomised BEAST runs overlapped with the mean clock rate estimated from of the origi-
nal data, indicating that the clock signal in data set was weak and potentially spurious (Fig 6A).
The initial BEAST analysis yielded an evolutionary rate of 1.9x10™ substitutions/site/year
(subst/site/yr; 95% highest posterior density interval (HPD): 5.7x10°-3.9x10"° subst/site/yr)
and a TMRCA of 3077 years before present (ybp, 95% HPD: 909-5616). Notwithstanding the
weak clock signal, this calibration would suggest that most splits in the LIV phylogeny took
place hundreds of years ago, with very few nodes having estimate ages within the past century
(Fig 5). However, due to potential unreliability of the clock rate, any divergence time infer-
ences should be treated with caution. To test whether the weak molecular clock in the LIV
dataset was characteristic for TBFV in general, we estimated a molecular clock and performed
date randomisation tests for TBEV-Eu, a close relative of LIV. The clock rate obtained was
3.3x10°° subs/site/yr (95% HPD: 2x107-5x10" substitutions/site/year) which is consistent
with previous estimates based on sub genomic datasets [20,32]. Rates estimated for two of the
twenty date-randomised runs overlapped with the rate estimated from the observed dataset
(Fig 6B).
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Fig 6. Plots produced using Tracer which shows the estimated clock rate of the A) LIV and B) TBEV-Eu datasets.
The rate estimated using the correctly assigned dates are shown in blue while the estimated substitution rate of these
datasets using twenty BEAST runs with randomised tip isolation dates are shown in grey. The dotted line highlights
runs in which the 95% HPD of the runs overlap.

https://doi.org/10.1371/journal.pntd.0008133.g006

Discussion

This study represents the largest evolutionary analysis of LIV to date using a representative set
of full genomes sampled across the species’ range. Relative to previous analyses, which had
been limited to single alignments, this provided new insights into LIV recombination, selec-
tion, epidemiology and evolutionary history. No detectable recombination signal was found
between LIV and any of the TBFV included. A recombination event between LIV reference
strain LIV 369/T2_Y07863 (based on a published genome sequence [1]) and the TBEV-Eu ref-
erence strain Neudoerfl had previously been suggested [20,24]. A subsequent study obtained
the LIV 369/T2 strain from the European virus archive and, upon re-sequencing the entire
genome, found that it differed from the published LIV 369/T2_Y07863 sequence and did not
exhibit the previously reported recombination signal [25]. The LIV 369/T2 isolate sequenced
in this study was derived from the original virus isolated at the Moredun Research Institute in
1963. We did not find evidence of recombination between LIV and any of the TBFV genomes,
thus supporting the findings of Norberg et al. (2013), and their suggestion that the detected
recombination signal may be due either to a sequencing artefact or due to an artificial
recombination event which took place in a laboratory setting. We therefore conclude that

no evidence of past genetic exchange between LIV and TBEV can be detected. Regardless,
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recombination is still theoretically possible in areas such as the UK, Norway, and Russia where
these viruses now co-circulate due to increasing TBEV range. Such recombination could result
in novel TBFV phenotypes of potential public health concern.

While LIV only occasionally infects humans, TBEV is an important human pathogen,
therefore a potential LIV/TBEV-Eu recombinant may exhibit altered pathogenicity and pres-
ent a public health risk. Previous studies have shown that 3’UTR length modulates virulence in
some TBEV subtypes [65,66], therefore a LIV-TBEV-Eu recombinant possessing the shorter
LIV 3°UTR may possess increased virulence. While it has been demonstrated elsewhere that
the deletion of the variable region of TBEV-Eu does not result in increased replication in a cell
culture setting [67], this study did not investigate potential differences in pathogenicity using
animal models. TBEV-FE exhibits increased virulence compared to TBEV-Eu and TBEV-Sib
[5], therefore a recombinant LIV/TBEV-FE virus may also exhibit enhanced pathogenicity.
The hypothetical phenotypes of a LIV/TBEV recombinant require confirmation by pathogene-
sis studies using virus produced by a reverse genetic system. While there is currently no pub-
lished LIV reverse genetics system, available TBEV reverse genetics approaches could be
adapted to investigate the phenotypes of LIV/TBEV recombinants.

Consistent with patterns in other flaviviruses [20,68-72], including TBEV [20,70], the geno-
mic ORF for LIV is subjected to strong purifying selection (dN/dS = 0.0745). Such strong
selective constraints are thought to be due to the reliance of the virus on the infection of both
vertebrate and arthropod hosts during its life-cycle [71,73]. Only four of the LIV genes (E,
NS2A, NS3 and NS5) exhibited any evidence of positive selection. Within E, two sites were
identified as being subjected to episodic diversifying selection as shown by MEME analysis
(Table 2). Of these sites, codon 308 within E has previously been demonstrated to contribute
to monoclonal antibody escape and reduced neurovirulence in mice [74], indicating that sub-
stitutions at this site may confer resistance to neutralising antibodies. The functional conse-
quences of the other positively selected sites we have identified are unclear and warrant further
study. The selection analysis we have undertaken may inform future vaccine design, as poten-
tial vaccine candidates should avoid the inclusion of antigen-determining sites which are sub-
jected to positive selection, as this may influence antibody escape [75,76]. In silico analysis of
the dataset may identify putative B and T cell epitopes which could be verified by further in
vivo studies [77-79], however these analyses were beyond the scope of this study.

Genetic diversity present within the LIV dataset was low, with the 26 LIV isolates sharing
~96% mean nucleotide identity and ~98% mean amino acid identity (Table 1). Of the LIV
genes, NS2A and C were most divergent, consistent with the weakest purifying selection. Com-
pared with a dataset of TBEV-Eu genomes, LIV appears to exhibit less genetic variability due
to the variability present within the TBEV-Eu 3°UTR. The 3°UTR of the combined dataset of
LIV and TBEV-Eu genomes shared a mean identity of 77.5% with the most divergent isolate
pair exhibiting 51.4% identity. The difference between the 3’UTR of LIV and TBEV is striking
and may contribute to the differences in phenotype noted between these viruses. The 3’UTR is
responsible for cyclisation during replication but also gives rise to the subgenomic flavivirus
RNA (sfRNA) which has been shown to function as a type I interferon antagonist during mos-
quito-borne flavivirus infection and is involved in pathogenesis [80-82]. In light of the emer-
gence of TBEV in the UK, our dataset could support the development of tools for differential
diagnosis between LIV and TBEV. The published LIV and TBEV qPCR methodologies likely
cannot distinguish between these closely related viruses [83-85], therefore alternative method
employing species specific primers, possibly targeting the 3’UTR, could be developed using
our dataset.

Bayesian phylogenetic analysis of the LIV dataset revealed that LIV evolution has been
influenced by a mixture of both localised and long-distance transmission events. Within the
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tree, distinct sub-clades are present where isolates sampled from similar geographic locations
group together. This is particularly evident for the isolates collected in in northern England,
northern Scotland, southern England, and Wales. This level of spatial clustering is indicative
of localised transmission, where infected animals or ticks are transported over short distances.
LIV persistence is also clear in areas such as Lochindorb, Devon, and Penrith, where sub-
clades are composed of isolates sampled from the same geographic location decades apart.
This implies LIV persistence in these areas and the presence of suitable hosts such as sheep
[86,87], mountain hares (Lepus timidus) [88,89], red/roe deer (Cervus elaphus/ Capreolus
capreolus) and red grouse [90,91]. Three distinct LIV transmission cycles have been postulated
in the UK which rely upon the presence of sheep alone, a mixture of red grouse, mountain
hares and deer, and other combinations of these hosts [92,93]. Whilst sheep and grouse sup-
port sufficient viremia to infect feeding ticks, mountain hares have been shown to facilitate
non-viraemic transmission wherein infected ticks can infect naive ticks which co-feed on the
same animal [89,94]. While deer are not susceptible to LIV and do not support non-viraemic
transmission, they are able to carry significant tick burdens and are responsible for amplifying
tick populations which, in turn, contributes to LIV persistence [93,95]. One of these proposed
transmission cycles must be at work to maintain the virus in areas where LIV genetic lineages
remain detectable over multiple decades.

There are also several cases where closely related isolates were sampled from geographically
distant areas. One such example is the clustering of the Irish isolate IRE_IRE3_1968 with the
western Scottish strains. Whilst this had been previously suggested based on E gene sequence
data [18], our phylogenetic placement of IRE_IRE3_1968 based on whole genome data was
supported by 100% node support. This provides more confidence in the interpretation that
LIV has been potentially (re-)introduced to Ireland from western Scotland, however, it is diffi-
cult to draw conclusions as only two Irish LIV sequences are present in the dataset. Addition-
ally, the isolate obtained from a recent canine case in Devon [34], ENG_DOG_2015, appears
to be more distantly related to other isolates sampled from the same area and instead clusters
between the strains isolated from Western Scotland and SCO_INV1_1983, a strain isolated
from Inverness-shire in northern Scotland. Similarly, SCO_INV2_1983 shares a common
ancestor with the isolates sampled in Devon and does not cluster with the two other LIV iso-
lates, SCO_INV6_1986, and SCO_INV14_1992, which were also isolated in the Inverness
area. This indicates movement of LIV between northern Scotland and southern England.

The most extreme cases of long-distance dispersal in our data are two non-British LIV
strains which have been previously isolated in Turkmenistan and the Russian Far East. The
cluster containing these two viruses is nested within the UK isolates, indicating that they are
direct descendants of the latter, which is puzzling given the large distances involved. While the
long-distance movement of LIV within the UK may be explained by sheep trade, with trans-
ported animals harbouring infected ticks, the movement of LIV from the UK to Asia and Rus-
sia is more difficult to explain. It has been theorised previously that, similar to Powassan virus
(POWYV), LIV was introduced to Primorsky Krai in the Russian Far East via animal trade fol-
lowing World War I or II [17,96]. While it is not possible to accurately estimate the divergence
time of the Russian and Turkmenistan LIV isolates using present data, trade between Vladi-
vostok city, the primary trade hub of Primorsky Krai, and the rest of the world started in the
1860s [96]. Trade with the Russian Far-East was also bolstered by the construction of the
trans-Siberian railway which began in 1891 and was completed in 1916 [97]. It can therefore
be postulated that if LIV was introduced to Primorsky Krai via trade with the UK, it most likely
would have been from the 1860s onwards.

Alternatively, LIV may have been introduced to Turkmenistan and Russia via the transport
of ticks by migratory birds. The transport of tick-borne pathogens between countries by birds
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has been well documented [98-100], as is the long-distance dispersal of avian influenza viruses
by migratory waterfowl [101-103]. However, there are no direct migratory links between cen-
tral/northeast Eurasia and the UK [104] and in order to transport LIV, birds must reside in
environments where LIV is prevalent, such as upland moors, long enough for infected ticks to
attach. Moreover, it is implausible that ticks would remain attached to the host over travel dis-
tances of several thousand kilometres. Given that LIV has also been detected in Norway and
Denmark, it is possible that these countries represent stop-over points where UK strains of
LIV have become established locally, and from where they can be distributed further. How-
ever, without further investigation these hypotheses are merely speculative.

The hosts which contribute to LIV transmission outside the UK, with the exception of
sheep, are currently unknown. As an arbovirus, the range of LIV relies on the presence of its
tick vector and susceptible hosts. Unlike TBEV, which is associated with woodland areas
where its rodent reservoir hosts are present [105-107], LIV distribution in the UK appears to
be predominantly associated with the presence of sheep, red grouse, deer, and mountain hares.
As some of these species, or close relatives, are present in Denmark, Norway, and Far Eastern
Russia, host communities similar to those in the UK could contribute to LIV transmission in
these foci. Interestingly, the Russian isolates were derived from Ixodes persulcatus [17], which
demonstrates that LIV can be spread by tick species other than its European vector, I. ricinus.
As these vectors and the main transmission hosts of LIV are distributed across much of Eur-
asia, it is entirely possible that LIV is present, but remains undetected, in many countries out-
side of the UK.

Molecular clock analyses indicate that even genomic data from isolates collected over multi-
ple decades might not allow the reliable calibration of a molecular clock for the TBFV. Using
date-randomisation, we obtained rate estimates in BEAST that were generally lower but statis-
tically indistinguishable from the observed rate based on the original data. In the meantime,
clock rates and divergence time estimates for LIV must be considered potentially unreliable.
BEAST analysis produced a molecular clock rate of 1.9x10° substitutions/site/year (95% HPD:
5.7x107°-3.9x10" substitutions/site/year). This clock rate is about an order of magnitude
slower than the estimated molecular clock rate of TBEV-Eu [20,31,32] and for LIV based
on E gene data only [18] but similar to the rate estimated for Far-Eastern POWYV strains
[72,96,108]. The estimated TMRCA of the LIV sequences was 3077 years ago (95% HPD: 909-
5616), an order of magnitude older than the TMRCA estimated previous based on E gene
sequences [18]. Our results suggest that the molecular clock signal in LIV is weak and that
larger datasets will be required to achieve more reliable temporal calibration. Future studies
should focus on the acquisition of more LIV genomes from within the UK in addition to foci
in other countries where LIV has been shown to circulate. Longitudinal sampling of LIV over
a number of years from isolated foci, such as some of the Scottish Isles, where it should be pos-
sible to sample the same viral lineages through time, would also be useful for the calibration of
a molecular clock. This strategy has previously been utilised to investigate the rate of TBEV-Eu
evolution [20]. Repeating similar analyses for a dataset of TBEV-Eu genomes revealed that the
weak clock signal applied in this case as well, though to a lesser degree. Combined with the
increasing recognition that evolutionary rates of viruses are dependent on the time scale of
sampling [33], this argues that current estimates of origins and divergence times both within
and among TBFV species should be treated with a great degree of caution.

Whilst passage in cell culture could obscure the relationship between genetic distances and
sampling dates, this seems unlikely in our case, as the isolates were passaged a maximum of
four times; likely too few passages to incur sufficient mutations to confound the clock analysis.
Furthermore, strains which exhibit genetic variability dissonant with their year of isolation
should be identifiable as outliers in TempEst [56], and no such outliers were apparent.
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Likewise, the clinical isolates ENG_Dog 2015, WA_AB2_2010 and ENG_PEN6_2009, which
were not passaged in cell culture, did not appear as outliers relative to strains that had been
passaged more often. The absence of a strong molecular clock signal in these viruses is there-
fore more likely to be related to aspects of their biology. Possible factors include the reliance
on the tick vector, with potentially long intervals between transmission events, and the alterna-
tion between vertebrate host and vector. It is unclear how the rates of viral replication and evo-
lution within ticks, which spent the majority of their life at ambient temperature, compare to
those within endotherm mammalian hosts. However, it has previously been reported that
TBEV is more prevalent in engorged ticks removed from humans and animals than in wild
questing ticks [109-113]. Furthermore, it has been demonstrated that the viral load of a TBE-
V-Eu strain increased 500-fold after feeding in in vitro infected ticks, indicating that blood
feeding may affect the viral replication rate within the tick vector [114]. This apparent varia-
tion between the replication rate within vertebrate host and vector species may contribute to
the weak temporal signal present in the LIV and TBEV-Eu datasets, though it wouldn’t explain
the apparent difference in their evolutionary rates.

In summary, we have investigated the evolution of LIV using a dataset of 26 LIV genomes,
22 of which were newly sequenced, which were isolated from across the UK in a time period
spanning eight decades. Utilising this dataset in addition to 65 genomes from closely related
TBFV we did not find evidence of recombination contributing to LIV evolution. While this
has been previously thought to be due to the geographic isolation of LIV compared to the
other members of the TBFV sub-family [115,116], the identification of LIV foci in Norway,
Denmark and Russia represent clear opportunities for recombination to take place. We have
confirmed that, like other arboviruses, LIV is predominantly subjected to strong purifying
selection however we have identified several sites within the LIV genome which are positively
selected for, including one site in the E gene which has previously been implicated in neutralis-
ing antibody-escape [74]. Phylogenetic analysis of the LIV genomes clarified the evolutionary
relationships of the LIV isolates and indicate that LIV is spread by both localised transmission
events within the UK and long-distance dispersals between geographically distant parts of the
UK and between the UK and Russia/Turkmenistan. We found that we were unable to accu-
rately estimate the LIV molecular clock, despite utilising a dataset of 22 LIV genomes samples
over a period of almost 80 years. This problem also extended to TBEV-Eu and likely also
applies to other TBFV (e.g. POWYV; [72,108]). The ability to study the evolution of tick-borne
viruses is pivotal in our preparedness against these globally emerging pathogens, particularly
as evidence for their introduction into new geographic areas continues to be found [27-29].
Our population genomic study of LIV lays an important foundation for further work and
highlights the limitations of estimating viral molecular clock rates in TBFV based on current
data.

Supporting information

S1 Fig. LIV root-to-tip plot of the genetic distance against sampling time of the LIV phy-
logeny. Genetic divergence was based on a ML tree generated using the dataset of 26 LIV
genomes. The genetic distances from the root to the tips of the ML tree are plotted against the
year of isolation. The regression line is plotted according to the best fitting root which mini-
mises the sum of the squared residuals from the regression line. The x-intercept of the regres-
sion line represents the TMRCA, while the gradient of the line represents the clock rate. The
correlation coefficient (R*) estimates the dispersion of the residuals around the regression line.
The plot was generated using TempEst [56].

(TIFF)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 18/25


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008133.s001
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

S1 Table. List of virus sequences utilised for phylogenetic analysis.
(TIFF)

$2 Table. LIV sequencing statistics.
(TIFF)

Acknowledgments
We thank Dr. David Griffiths for providing the CPT-Tert cell line.

Author Contributions

Conceptualization: Colin J. McInnes, Alain Kohl, Roman Biek.

Data curation: Jordan J. Clark.

Formal analysis: Jordan J. Clark, Roman Biek.

Funding acquisition: Colin J. McInnes, Alain Kohl, Roman Biek.

Investigation: Jordan J. Clark, Janice Gilray.

Methodology: Jordan J. Clark, Roman Biek.

Resources: Richard J. Orton, Margaret Baird, Gavin Wilkie, Ana da Silva Filipe, Nicholas
Johnson.

Supervision: Colin J. McInnes, Alain Kohl, Roman Biek.

Validation: Jordan J. Clark, Roman Biek.

Writing - original draft: Jordan J. Clark, Roman Biek.

Writing - review & editing: Jordan J. Clark, Janice Gilray, Richard J. Orton, Ana da Silva
Filipe, Nicholas Johnson, Colin J. McInnes, Alain Kohl, Roman Biek.

References

1.

Gritsun TS, Venugopal K, Zanotto PM, Mikhailov MV, Sall AA, Holmes EC, et al. Complete sequence
of two tick-borne flaviviruses isolated from Siberia and the UK: analysis and significance of the 5’ and
3'-UTRs. Virus Res. 1997 May; 49(1):27-39. https://doi.org/10.1016/s0168-1702(97)01451-2 PMID:
9178494

Kemenesi G, Banyai K. Tick-Borne Flaviviruses, with a Focus on Powassan Virus. Clin Microbiol Rev
[Internet]. 2018 Dec 12 [cited 2019 Dec 20]; 32(1). Available from: https://www.ncbi.nim.nih.gov/pmc/
articles/PMC6302355/ https://doi.org/10.1128/CMR.00106-17 PMID: 30541872

de A. Zanotto PM, Gao GF, Gritsun T, Marin MS, Jiang WR, Venugopal K, et al. An Arbovirus Cline
across the Northern Hemisphere. Virology. 1995 Jun 20; 210(1):152-9. https://doi.org/10.1006/viro.
1995.1326 PMID: 7793067

Dobler G. Zoonotic tick-borne flaviviruses. Vet Microbiol. 2010 Jan 27; 140(3):221-8. PMID:
19765917

Gritsun TS, Lashkevich VA, Gould EA. Tick-borne encephalitis. Antiviral Res. 2003 Jan 1; 57(1):129—
46. PMID: 12615309

Davidson MM, Williams H, Macleod JA. Louping ill in man: a forgotten disease. J Infect. 1991 Nov; 23
(3):241-9. https://doi.org/10.1016/0163-4453(91)92756-u PMID: 1753132

Williams H, Thorburn H. Serum antibodies to louping-ill virus. Scott Med J. 1962 Aug; 7:353-5. https://
doi.org/10.1177/003693306200700803 PMID: 14007162

Simmonds P, Becher P, Bukh J, Gould EA, Meyers G, Monath T, et al. ICTV Virus Taxonomy Profile:
Flaviviridae. J Gen Virol. 2017; 98(1):2-3. https://doi.org/10.1099/jgv.0.000672 PMID: 28218572

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 19/25


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008133.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008133.s003
https://doi.org/10.1016/s0168-1702%2897%2901451-2
http://www.ncbi.nlm.nih.gov/pubmed/9178494
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6302355/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6302355/
https://doi.org/10.1128/CMR.00106-17
http://www.ncbi.nlm.nih.gov/pubmed/30541872
https://doi.org/10.1006/viro.1995.1326
https://doi.org/10.1006/viro.1995.1326
http://www.ncbi.nlm.nih.gov/pubmed/7793067
http://www.ncbi.nlm.nih.gov/pubmed/19765917
http://www.ncbi.nlm.nih.gov/pubmed/12615309
https://doi.org/10.1016/0163-4453%2891%2992756-u
http://www.ncbi.nlm.nih.gov/pubmed/1753132
https://doi.org/10.1177/003693306200700803
https://doi.org/10.1177/003693306200700803
http://www.ncbi.nlm.nih.gov/pubmed/14007162
https://doi.org/10.1099/jgv.0.000672
http://www.ncbi.nlm.nih.gov/pubmed/28218572
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Buxton D, Reid HW. Experimental infection of red grouse with louping-ill virus (Flavivirus group): I1.
Neuropathology. J Comp Pathol. 1975 Apr 1; 85(2):231-5. https://doi.org/10.1016/0021-9975(75)
90064-x PMID: 1170216

Doherty PC, Reid HW. Experimental louping-ill in sheep and lambs. Il. Neuropathology. J Comp
Pathol. 1971 Jul; 81(3):331—7. https://doi.org/10.1016/0021-9975(71)90020-x PMID: 5565066

Alkishe AA, Peterson AT, Samy AM. Climate change influences on the potential geographic distribu-
tion of the disease vector tick Ixodes ricinus. PLOS ONE. 2017 Dec 5; 12(12):e0189092. https://doi.
org/10.1371/journal.pone.0189092 PMID: 29206879

Gilbert L. Altitudinal patterns of tick and host abundance: a potential role for climate change in regulat-
ing tick-borne diseases? Oecologia. 2010 Jan 1; 162(1):217-25. hitps://doi.org/10.1007/s00442-009-
1430-x PMID: 19685082

Gilbert L, Aungier J, Tomkins JL. Climate of origin affects tick (Ixodes ricinus) host-seeking behavior in
response to temperature: implications for resilience to climate change? Ecol Evol. 2014; 4(7):1186—
98. https://doi.org/10.1002/ece3.1014 PMID: 24772293

Dobson ADM, Randolph SE. Modelling the effects of recent changes in climate, host density and acari-
cide treatments on population dynamics of Ixodes ricinus in the UK. J Appl Ecol. 2011 Aug 1; 48
(4):1029-37.

Gao GF, Jiang WR, Hussain MH, Venugopal K, Gritsun TS, Reid HW, et al. Sequencing and antigenic
studies of a Norwegian virus isolated from encephalomyelitic sheep confirm the existence of loupingiill
virus outside Great Britain and Ireland. J Gen Virol. 1993; 74(1):109-14. PMID: 8380831

PmJ, S S, A S. [Densities of the tick (Ixodes ricinus) and coexistence of the Louping ill virus and tick
borne encephalitis on the island of Bornholm]. Ugeskr Laeger. 2004 Jun; 166(26—31):2563-5. PMID:
15285165

Leonova GN, Kondratov IG, Maystrovskaya OS, Takashima |, Belikov SI. Loupingill virus (LIV) in the
Far East. Arch Virol. 2015 Mar; 160(3):663—73. https://doi.org/10.1007/s00705-014-2310-1 PMID:
25543207

McGuire K, Holmes EC, Gao GF, Reid HW, Gould EA. Tracing the origins of louping ill virus by molec-
ular phylogenetic analysis. J Gen Virol. 1998; 79(5):981-8. PMID: 9603312

Cook S, Holmes EC. A multigene analysis of the phylogenetic relationships among the flaviviruses
(Family: Flaviviridae) and the evolution of vector transmission. Arch Virol. 2006 Feb; 151(2):309-25.
https://doi.org/10.1007/s00705-005-0626-6 PMID: 16172840

Uzcategui NY, Sironen T, Golovljova |, Jaaskeldinen AE, Vélimaa H, Lundkvist A, et al. Rate of evolu-
tion and molecular epidemiology of tick-borne encephalitis virus in Europe, including two isolations
from the same focus 44 years apart. J Gen Virol. 2012; 93(4):786—96. PMID: 22205716

Behura SK, Severson DW. Nucleotide substitutions in dengue virus serotypes from Asian and Ameri-
can countries: insights into intracodon recombination and purifying selection. BMC Microbiol. 2013
Feb 14; 13(1):37. https://doi.org/10.1186/1471-2180-13-37 PMID: 23410119

Wu W, Bai Z, Zhou H, Tu Z, Fang M, Tang B, et al. Molecular epidemiology of dengue viruses in south-
ern China from 1978 to 2006. Virol J. 2011 Jun 26; 8(1):322. https://doi.org/10.1186/1743-422X-8-322
PMID: 21703015

Carney J, Daly JM, Nisalak A, Solomon T. Recombination and positive selection identified in complete
genome sequences of Japanese encephalitis virus. Arch Virol. 2012 Jan 1; 157(1):75-83. https://doi.
0rg/10.1007/s00705-011-1143-4 PMID: 22033595

Bertrand Y, Tépel M, Elvang A, Melik W, Johansson M. First Dating of a Recombination Event in Mam-
malian Tick-Borne Flaviviruses. PLOS ONE. 2012 Feb 22; 7(2):e31981. https://doi.org/10.1371/
journal.pone.0031981 PMID: 22384119

Norberg P, Roth A, Bergstrom T. Genetic recombination of tick-borne flaviviruses among wild-type
strains. Virology. 2013 Jun 5; 440(2):105—16. https://doi.org/10.1016/j.virol.2013.02.017 PMID:
23510672

Lindqvist R, Upadhyay A, Overby AK. Tick-Borne Flaviviruses and the Type | Interferon Response.
Viruses. 2018 Jun 21; 10(7):340. https://doi.org/10.3390/v10070340 PMID: 29933625

Holding M, Dowall SD, Medlock JM, Carter DP, McGinley L, Curran-French M, et al. Detection of new
endemic focus of tick-borne encephalitis virus (TBEV), Hampshire/Dorset border, England, September
2019. Eurosurveillance. 2019 Nov 21; 24(47):1900658.

Kreusch TM, Holding M, Hewson R, Harder T, Medlock JM, Hansford KM, et al. A probable case of
tick-borne encephalitis (TBE) acquired in England, July 2019. Eurosurveillance. 2019 Nov 21; 24
(47):1900679.

Holding Maya, Dowall Stuart D., Medlock Jolyon M., Carter Daniel P., Pullan Steven T., Lewis James,
et al. Tick-Borne Encephalitis Virus, United Kingdom. Emerg Infect Dis J. 2020; 26(1):90.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 20/25


https://doi.org/10.1016/0021-9975%2875%2990064-x
https://doi.org/10.1016/0021-9975%2875%2990064-x
http://www.ncbi.nlm.nih.gov/pubmed/1170216
https://doi.org/10.1016/0021-9975%2871%2990020-x
http://www.ncbi.nlm.nih.gov/pubmed/5565066
https://doi.org/10.1371/journal.pone.0189092
https://doi.org/10.1371/journal.pone.0189092
http://www.ncbi.nlm.nih.gov/pubmed/29206879
https://doi.org/10.1007/s00442-009-1430-x
https://doi.org/10.1007/s00442-009-1430-x
http://www.ncbi.nlm.nih.gov/pubmed/19685082
https://doi.org/10.1002/ece3.1014
http://www.ncbi.nlm.nih.gov/pubmed/24772293
http://www.ncbi.nlm.nih.gov/pubmed/8380831
http://www.ncbi.nlm.nih.gov/pubmed/15285165
https://doi.org/10.1007/s00705-014-2310-1
http://www.ncbi.nlm.nih.gov/pubmed/25543207
http://www.ncbi.nlm.nih.gov/pubmed/9603312
https://doi.org/10.1007/s00705-005-0626-6
http://www.ncbi.nlm.nih.gov/pubmed/16172840
http://www.ncbi.nlm.nih.gov/pubmed/22205716
https://doi.org/10.1186/1471-2180-13-37
http://www.ncbi.nlm.nih.gov/pubmed/23410119
https://doi.org/10.1186/1743-422X-8-322
http://www.ncbi.nlm.nih.gov/pubmed/21703015
https://doi.org/10.1007/s00705-011-1143-4
https://doi.org/10.1007/s00705-011-1143-4
http://www.ncbi.nlm.nih.gov/pubmed/22033595
https://doi.org/10.1371/journal.pone.0031981
https://doi.org/10.1371/journal.pone.0031981
http://www.ncbi.nlm.nih.gov/pubmed/22384119
https://doi.org/10.1016/j.virol.2013.02.017
http://www.ncbi.nlm.nih.gov/pubmed/23510672
https://doi.org/10.3390/v10070340
http://www.ncbi.nlm.nih.gov/pubmed/29933625
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Drummond AJ, Pybus OG, Rambaut A, Forsberg R, Rodrigo AG. Measurably evolving populations.
Trends Ecol Evol. 2003 Sep 1; 18(9):481-8.

Tkachev SE, Chicherina GS, Golovljova |, Belokopytova PS, Tikunov AYu, Zadora OV, et al. New
genetic lineage within the Siberian subtype of tick-borne encephalitis virus found in Western Siberia,
Russia. Infect Genet Evol. 2017 Dec 1; 56:36—43. https://doi.org/10.1016/j.meegid.2017.10.020
PMID: 29069610

Weidmann M, Frey S, Freire CCM, Essbauer S, Ruzek D, Klempa B, et al. Molecular phylogeography
of tick-borne encephalitis virus in central Europe. J Gen Virol. 2013; 94(9):2129-39. PMID: 23784447

Duchéne S, Geoghegan JL, Holmes EC, Ho SYW. Estimating evolutionary rates using time-structured
data: a general comparison of phylogenetic methods. Bioinformatics. 2016 Nov 15; 32(22):3375-9.
https://doi.org/10.1093/bioinformatics/btw421 PMID: 27412094

Dagleish MP, Clark JJ, Robson C, Tucker M, Orton RJ, Rocchi MS. A Fatal Case of Louping-ill in a
Dog: Immunolocalization and Full Genome Sequencing of the Virus. J Comp Pathol. 2018 Nov 1;
165:23-32. https://doi.org/10.1016/j.jcpa.2018.09.004 PMID: 30502792

Arnaud F, Black SG, Murphy L, Griffiths DJ, Neil SJ, Spencer TE, et al. Interplay between Ovine Bone
Marrow Stromal Cell Antigen 2/Tetherin and Endogenous Retroviruses. J Virol. 2010 Jan 5; 84
(9):4415-25. https://doi.org/10.1128/JV1.00029-10 PMID: 20181686

Schmieder R, Edwards R. Quality control and preprocessing of metagenomic datasets. Bioinforma
Oxf Engl. 2011 Mar 15; 27(6):863—4.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinforma
Oxf Engl. 2009 Jul 15; 25(14):1754—60.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: A New Genome
Assembly Algorithm and Its Applications to Single-Cell Sequencing. J Comput Biol. 2012 May; 19
(5):455—-77. https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5):1792-7. https://doi.org/10.1093/nar/gkh340 PMID: 15034147

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinforma Oxf Engl. 2012 Jun 15; 28(12):1647-9.

Martin DP, Murrell B, Golden M, Khoosal A, Muhire B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus Evol [Internet]. 2015 Mar 1 [cited 2020 Feb 7]; 1(1). Available from:
https://academic.oup.com/ve/article/1/1/vev003/2568683 PMID: 27774277

Boni MF, Posada D, Feldman MW. An Exact Nonparametric Method for Inferring Mosaic Structure in
Sequence Triplets. Genetics. 2007 Jun 1; 176(2):1035—-47. https://doi.org/10.1534/genetics.106.
068874 PMID: 17409078

Gibbs MJ, Armstrong JS, Gibbs AJ. Sister-scanning: a Monte Carlo procedure for assessing signals in
recombinant sequences. Bioinforma Oxf Engl. 2000 Jul; 16(7):573-82.

Martin D, Rybicki E. RDP: detection of recombination amongst aligned sequences. Bioinforma Oxf
Engl. 2000 Jun; 16(6):562—-3.

Martin DP, Posada D, Crandall KA, Williamson C. A modified bootscan algorithm for automated identi-
fication of recombinant sequences and recombination breakpoints. AIDS Res Hum Retroviruses. 2005
Jan; 21(1):98-102. https://doi.org/10.1089/aid.2005.21.98 PMID: 15665649

Padidam M, Sawyer S, Fauquet CM. Possible emergence of new geminiviruses by frequent recombi-
nation. Virology. 1999 Dec 20; 265(2):218-25. https://doi.org/10.1006/viro.1999.0056 PMID:
10600594

Posada D, Crandall KA. The Effect of Recombination on the Accuracy of Phylogeny Estimation. J Mol
Evol. 2002 Mar 1; 54(3):396—402. https://doi.org/10.1007/s00239-001-0034-9 PMID: 11847565

Smith JM. Analyzing the mosaic structure of genes. J Mol Evol. 1992 Feb; 34(2):126-9. https://doi.org/
10.1007/BF00182389 PMID: 1556748

Delport W, Poon AFY, Frost SDW, Pond K, L S. Datamonkey 2010: a suite of phylogenetic analysis
tools for evolutionary biology. Bioinformatics. 2010 Oct 1; 26(19):2455-7. https://doi.org/10.1093/
bioinformatics/btq429 PMID: 20671151

Pond SLK, Frost SDW, Muse SV. HyPhy: hypothesis testing using phylogenies. Bioinformatics. 2005
Mar 1; 21(5):676-9. https://doi.org/10.1093/bicinformatics/bti079 PMID: 15509596

Murrell B, Wertheim JO, Moola S, Weighill T, Scheffler K, Pond SLK. Detecting Individual Sites Subject
to Episodic Diversifying Selection. PLOS Genet. 2012 Jul 12; 8(7):€1002764. https://doi.org/10.1371/
journal.pgen.1002764 PMID: 22807683

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 21/25


https://doi.org/10.1016/j.meegid.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29069610
http://www.ncbi.nlm.nih.gov/pubmed/23784447
https://doi.org/10.1093/bioinformatics/btw421
http://www.ncbi.nlm.nih.gov/pubmed/27412094
https://doi.org/10.1016/j.jcpa.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30502792
https://doi.org/10.1128/JVI.00029-10
http://www.ncbi.nlm.nih.gov/pubmed/20181686
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://academic.oup.com/ve/article/1/1/vev003/2568683
http://www.ncbi.nlm.nih.gov/pubmed/27774277
https://doi.org/10.1534/genetics.106.068874
https://doi.org/10.1534/genetics.106.068874
http://www.ncbi.nlm.nih.gov/pubmed/17409078
https://doi.org/10.1089/aid.2005.21.98
http://www.ncbi.nlm.nih.gov/pubmed/15665649
https://doi.org/10.1006/viro.1999.0056
http://www.ncbi.nlm.nih.gov/pubmed/10600594
https://doi.org/10.1007/s00239-001-0034-9
http://www.ncbi.nlm.nih.gov/pubmed/11847565
https://doi.org/10.1007/BF00182389
https://doi.org/10.1007/BF00182389
http://www.ncbi.nlm.nih.gov/pubmed/1556748
https://doi.org/10.1093/bioinformatics/btq429
https://doi.org/10.1093/bioinformatics/btq429
http://www.ncbi.nlm.nih.gov/pubmed/20671151
https://doi.org/10.1093/bioinformatics/bti079
http://www.ncbi.nlm.nih.gov/pubmed/15509596
https://doi.org/10.1371/journal.pgen.1002764
https://doi.org/10.1371/journal.pgen.1002764
http://www.ncbi.nlm.nih.gov/pubmed/22807683
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Smith MD, Wertheim JO, Weaver S, Murrell B, Scheffler K, Pond K, et al. Less Is More: An Adaptive
Branch-Site Random Effects Model for Efficient Detection of Episodic Diversifying Selection. Mol Biol
Evol. 2015 May 1; 32(5):1342-53. https://doi.org/10.1093/molbev/msv022 PMID: 25697341

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods. 2012 Jul 30; 9(8):772. https://doi.org/10.1038/nmeth.2109 PMID: 22847109

Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinforma Oxf
Engl. 2001 Aug; 17(8):754-5.

Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, Gascuel O. New Algorithms and Methods
to Estimate Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0. Syst Biol.
2010 May 1; 59(3):307-21. https://doi.org/10.1093/sysbio/syq010 PMID: 20525638

Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the temporal structure of heterochronous
sequences using TempEst (formerly Path-O-Gen). Virus Evol [Internet]. 2016 Jan 1 [cited 2018 Jul
16]; 2(1). Available from: https://academic.oup.com/ve/article/2/1/vew007/1753488

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012 Aug; 29(8):1969—-73. https://doi.org/10.1093/molbev/mss075 PMID:
22367748

Lartillot N, Philippe H, Lewis P. Computing Bayes Factors Using Thermodynamic Integration. Syst
Biol. 2006 Apr 1; 55(2):195-207. https://doi.org/10.1080/10635150500433722 PMID: 16522570

Xie W, Lewis PO, Fan Y, Kuo L, Chen M-H. Improving marginal likelihood estimation for Bayesian phy-
logenetic model selection. Syst Biol. 2011 Mar; 60(2):150-60. https://doi.org/10.1093/sysbio/syq085
PMID: 21187451

Drummond AJ, Rambaut A, Shapiro B, Pybus OG. Bayesian Coalescent Inference of Past Population
Dynamics from Molecular Sequences. Mol Biol Evol. 2005 May 1; 22(5):1185-92. https://doi.org/10.
1093/molbev/msi103 PMID: 15703244

Gill MS, Lemey P, Faria NR, Rambaut A, Shapiro B, Suchard MA. Improving Bayesian Population
Dynamics Inference: A Coalescent-Based Model for Multiple Loci. Mol Biol Evol. 2013 Mar 1; 30
(3):713-24. https://doi.org/10.1093/molbev/mss265 PMID: 23180580

Ayres DL, Darling A, Zwickl DJ, Beerli P, Holder MT, Lewis PO, et al. BEAGLE: An Application Pro-
gramming Interface and High-Performance Computing Library for Statistical Phylogenetics. Syst Biol.
2012 Jan 1; 61(1):170-3. https://doi.org/10.1093/sysbio/syr100 PMID: 21963610

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA, Susko E. Posterior Summarization in Bayes-
ian Phylogenetics Using Tracer 1.7. Syst Biol. 2018 Sep 1; 67(5):901—4. https://doi.org/10.1093/
sysbio/syy032 PMID: 29718447

Pond K, L S, Frost SDW. Not So Different After All: A Comparison of Methods for Detecting Amino
Acid Sites Under Selection. Mol Biol Evol. 2005 May 1; 22(5):1208—-22. https://doi.org/10.1093/
molbev/msi105 PMID: 15703242

Sakai M, Muto M, Hirano M, Kariwa H, Yoshii K. Virulence of tick-borne encephalitis virus is associated
with intact conformational viral RNA structures in the variable region of the 3'-UTR. Virus Res. 2015
May 4; 203:36—40. https://doi.org/10.1016/j.virusres.2015.03.006 PMID: 25801453

Sakai M, Yoshii K, Sunden Y, Yokozawa K, Hirano M, Kariwa H. Variable region of the 3’ UTR is a criti-
cal virulence factor in the Far-Eastern subtype of tick-borne encephalitis virus in a mouse model. J
Gen Virol. 2014 Apr; 95(Pt 4):823-35. https://doi.org/10.1099/vir.0.060046-0 PMID: 24394696

Hoenninger VM, Rouha H, Orlinger KK, Miorin L, Marcello A, Kofler RM, et al. Analysis of the effects of
alterations in the tick-borne encephalitis virus 3'-noncoding region on translation and RNA replication
using reporter replicons. Virology. 2008 Aug 1; 377(2):419-30. https://doi.org/10.1016/j.virol.2008.04.
035 PMID: 18533218

Afez G, Morales-Betoulle ME, Rios M. Circulation of Different Lineages of Dengue Virus Type 2 in
Central America, Their Evolutionary Time-Scale and Selection Pressure Analysis. PLOS ONE. 2011
Nov 4; 6(11):e27459. https://doi.org/10.1371/journal.pone.0027459 PMID: 22076162

Brackney DE, Brown IK, Nofchissey RA, Fitzpatrick KA, Ebel GD. Homogeneity of Powassan virus
populations in naturally infected Ixodes scapularis. Virology. 2010 Jul 5; 402(2):366—71. https://doi.
org/10.1016/j.virol.2010.03.035 PMID: 20434750

Formanova P, Cerny J, Bolfikova BC, Valdés JJ, Kozlova |, Dzhioev Y, et al. Full genome sequences
and molecular characterization of tick-borne encephalitis virus strains isolated from human patients.
Ticks Tick-Borne Dis. 2015 Feb 1; 6(1):38—46. https://doi.org/10.1016/).ttbdis.2014.09.002 PMID:
25311899

Holmes EC. Patterns of Intra- and Interhost Nonsynonymous Variation Reveal Strong Purifying Selec-
tion in Dengue Virus. J Virol. 2003 Oct 15; 77(20):11296-8. https://doi.org/10.1128/jvi.77.20.11296-
11298.2003 PMID: 14512579

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 22/25


https://doi.org/10.1093/molbev/msv022
http://www.ncbi.nlm.nih.gov/pubmed/25697341
https://doi.org/10.1038/nmeth.2109
http://www.ncbi.nlm.nih.gov/pubmed/22847109
https://doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
https://academic.oup.com/ve/article/2/1/vew007/1753488
https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
https://doi.org/10.1080/10635150500433722
http://www.ncbi.nlm.nih.gov/pubmed/16522570
https://doi.org/10.1093/sysbio/syq085
http://www.ncbi.nlm.nih.gov/pubmed/21187451
https://doi.org/10.1093/molbev/msi103
https://doi.org/10.1093/molbev/msi103
http://www.ncbi.nlm.nih.gov/pubmed/15703244
https://doi.org/10.1093/molbev/mss265
http://www.ncbi.nlm.nih.gov/pubmed/23180580
https://doi.org/10.1093/sysbio/syr100
http://www.ncbi.nlm.nih.gov/pubmed/21963610
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447
https://doi.org/10.1093/molbev/msi105
https://doi.org/10.1093/molbev/msi105
http://www.ncbi.nlm.nih.gov/pubmed/15703242
https://doi.org/10.1016/j.virusres.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25801453
https://doi.org/10.1099/vir.0.060046-0
http://www.ncbi.nlm.nih.gov/pubmed/24394696
https://doi.org/10.1016/j.virol.2008.04.035
https://doi.org/10.1016/j.virol.2008.04.035
http://www.ncbi.nlm.nih.gov/pubmed/18533218
https://doi.org/10.1371/journal.pone.0027459
http://www.ncbi.nlm.nih.gov/pubmed/22076162
https://doi.org/10.1016/j.virol.2010.03.035
https://doi.org/10.1016/j.virol.2010.03.035
http://www.ncbi.nlm.nih.gov/pubmed/20434750
https://doi.org/10.1016/j.ttbdis.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25311899
https://doi.org/10.1128/jvi.77.20.11296-11298.2003
https://doi.org/10.1128/jvi.77.20.11296-11298.2003
http://www.ncbi.nlm.nih.gov/pubmed/14512579
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pesko KN, Torres-Perez F, Hjelle BL, Ebel GD. Molecular epidemiology of Powassan virus in North
America. J Gen Virol. 2010; 91(11):2698—-705. https://doi.org/10.1099/vir.0.024232-0 PMID:
20631087

Coffey LL, Vasilakis N, Brault AC, Powers AM, Tripet F, Weaver SC. Arbovirus evolution in vivo is con-
strained by host alternation. Proc Natl Acad Sci. 2008 May 13; 105(19):6970-5. https://doi.org/10.
1073/pnas.0712130105 PMID: 18458341

Gao GF, Hussain MH, Reid HW, Gould EA. Identification of naturally occurring monoclonal antibody
escape variants of louping ill virus. J Gen Virol. 1994; 75(3):609-14. PMID: 8126456

Ojosnegros S, Beerenwinkel N. Models of RNA virus evolution and their roles in vaccine design. Immu-
nome Res. 2010 Nov 3; 6(Suppl 2):S5. https://doi.org/10.1186/1745-7580-6-S2-S5 PMID: 21067547

Dolan PT, Whitfield ZJ, Andino R. Mapping the Evolutionary Potential of RNA Viruses. Cell Host
Microbe. 2018 11; 23(4):435—46. https://doi.org/10.1016/j.chom.2018.03.012 PMID: 29649440

Jespersen MC, Mahajan S, Peters B, Nielsen M, Marcatili P. Antibody Specific B-Cell Epitope Predic-
tions: Leveraging Information From Antibody-Antigen Protein Complexes. Front Immunol [Internet].
2019 [cited 2020 May 30]; 10. Available from: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00298/full#B3 PMID: 30863406

Jespersen MC, Peters B, Nielsen M, Marcatili P. BepiPred-2.0: improving sequence-based B-cell epi-
tope prediction using conformational epitopes. Nucleic Acids Res. 2017 Jul 3; 45(W1):W24-9. hitps://
doi.org/10.1093/nar/gkx346 PMID: 28472356

Ogishi M, Yotsuyanagi H. Quantitative Prediction of the Landscape of T Cell Epitope Immunogenicity
in Sequence Space. Front Immunol [Internet]. 2019 [cited 2020 May 30]; 10. Available from: https://
www.frontiersin.org/articles/10.3389/fimmu.2019.00827/full PMID: 31057550

Roby JA, Pijlman GP, Wilusz J, Khromykh AA. Noncoding Subgenomic Flavivirus RNA: Multiple Func-
tions in West Nile Virus Pathogenesis and Modulation of Host Responses. Viruses. 2014 Jan 27; 6
(2):404-27. https://doi.org/10.3390/v6020404 PMID: 24473339

Slonchak A, Khromykh AA. Subgenomic flaviviral RNAs: What do we know after the first decade of
research. Antiviral Res. 2018 Nov 1; 159:13-25. https://doi.org/10.1016/j.antiviral.2018.09.006 PMID:
30217649

Cumberworth SL, Clark JJ, Kohl A, Donald CL. Inhibition of type | interferon induction and signalling by
mosquito-borne flaviviruses. Cell Microbiol. 2017 May; 19(5). https://doi.org/10.1111/cmi. 12737
PMID: 28273394

Marriott L, Willoughby K, Chianini F, Dagleish MP, Scholes S, Robinson AC, et al. Detection of Louping
ill virus in clinical specimens from mammals and birds using TagMan RT-PCR. J Virol Methods. 2006
Oct; 137(1):21-8. https://doi.org/10.1016/j.jviromet.2006.05.025 PMID: 16814876

Schwaiger M, Cassinotti P. Development of a quantitative real-time RT-PCR assay with internal con-
trol for the laboratory detection of tick borne encephalitis virus (TBEV) RNA. J Clin Virol. 2003 Jul 1; 27
(2):136-45. https://doi.org/10.1016/51386-6532(02)00168-3 PMID: 12829035

Achazi K, Nitsche A, Patel P, Radoni¢ A, Mantke OD, Niedrig M. Detection and differentiation of tick-
borne encephalitis virus subtypes by a reverse transcription quantitative real-time PCR and pyrose-
quencing. J Virol Methods. 2011 Jan 1; 171(1):34-9. https://doi.org/10.1016/j.jviromet.2010.09.026
PMID: 20933016

Gilbert L, Jones LD, Hudson PJ, Gould EA, Reid HW. Role of small mammals in the persistence of
Louping-ill virus: field survey and tick co-feeding studies. Med Vet Entomol. 2000 Sep; 14(3):277-82.
https://doi.org/10.1046/j.1365-2915.2000.00236.x PMID: 11016435

Laurenson MK, McKendrick 1J, Reid HW, Challenor R, Mathewson GK. Prevalence, spatial distribution
and the effect of control measures on louping-ill virus in the Forest of Bowland, Lancashire. Epidemiol
Infect. 2007 Aug; 135(6):963—73. https://doi.org/10.1017/S0950268806007692 PMID: 17346361

Laurenson MK, Norman RA, Gilbert L, Reid HW, Hudson PJ. Identifying disease reservoirs in complex
systems: mountain hares as reservoirs of ticks and louping-ill virus, pathogens of red grouse. J Anim
Ecol. 2003; 72(1):177-85.

Jones LD, Gaunt M, Hails RS, Laurenson K, Hudson PJ, Reid H, et al. Transmission of louping ill virus
between infected and uninfected ticks co-feeding on mountain hares. Med Vet Entomol. 1997; 11
(2):172—6. https://doi.org/10.1111/].1365-2915.1997.tb00309.x PMID: 9226648

Harrison A, Newey S, Gilbert L, Haydon DT, Thirgood S. Culling wildlife hosts to control disease:
mountain hares, red grouse and loupingill virus. J Appl Ecol. 47(4):926-30.

Ruiz-Fons F, Fernandez-de-Mera |G, Acevedo P, Gortazar C, de la Fuente J. Factors driving the
abundance of ixodes ricinus ticks and the prevalence of zoonotic I. ricinus-borne pathogens in natural
foci. Appl Environ Microbiol. 2012 Apr; 78(8):2669—76. https://doi.org/10.1128/AEM.06564-11 PMID:
22286986

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 23/25


https://doi.org/10.1099/vir.0.024232-0
http://www.ncbi.nlm.nih.gov/pubmed/20631087
https://doi.org/10.1073/pnas.0712130105
https://doi.org/10.1073/pnas.0712130105
http://www.ncbi.nlm.nih.gov/pubmed/18458341
http://www.ncbi.nlm.nih.gov/pubmed/8126456
https://doi.org/10.1186/1745-7580-6-S2-S5
http://www.ncbi.nlm.nih.gov/pubmed/21067547
https://doi.org/10.1016/j.chom.2018.03.012
http://www.ncbi.nlm.nih.gov/pubmed/29649440
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00298/full#B3
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00298/full#B3
http://www.ncbi.nlm.nih.gov/pubmed/30863406
https://doi.org/10.1093/nar/gkx346
https://doi.org/10.1093/nar/gkx346
http://www.ncbi.nlm.nih.gov/pubmed/28472356
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00827/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00827/full
http://www.ncbi.nlm.nih.gov/pubmed/31057550
https://doi.org/10.3390/v6020404
http://www.ncbi.nlm.nih.gov/pubmed/24473339
https://doi.org/10.1016/j.antiviral.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/30217649
https://doi.org/10.1111/cmi.12737
http://www.ncbi.nlm.nih.gov/pubmed/28273394
https://doi.org/10.1016/j.jviromet.2006.05.025
http://www.ncbi.nlm.nih.gov/pubmed/16814876
https://doi.org/10.1016/s1386-6532%2802%2900168-3
http://www.ncbi.nlm.nih.gov/pubmed/12829035
https://doi.org/10.1016/j.jviromet.2010.09.026
http://www.ncbi.nlm.nih.gov/pubmed/20933016
https://doi.org/10.1046/j.1365-2915.2000.00236.x
http://www.ncbi.nlm.nih.gov/pubmed/11016435
https://doi.org/10.1017/S0950268806007692
http://www.ncbi.nlm.nih.gov/pubmed/17346361
https://doi.org/10.1111/j.1365-2915.1997.tb00309.x
http://www.ncbi.nlm.nih.gov/pubmed/9226648
https://doi.org/10.1128/AEM.06564-11
http://www.ncbi.nlm.nih.gov/pubmed/22286986
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES Population genomics of louping ill virus

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Gilbert L. Louping ill virus in the UK: a review of the hosts, transmission and ecological consequences
of control. Exp Appl Acarol. 2016 Mar; 68(3):363—74. https://doi.org/10.1007/s10493-015-9952-x
PMID: 26205612

Gilbert L, Norman R, Laurenson KM, Reid HW, Hudson PJ. Disease persistence and apparent compe-
tition in a three-host community: an empirical and analytical study of large-scale, wild populations. J
Anim Ecol. 2001; 70(6):1053-61.

Norman R, Ross D, Laurenson MK, Hudson PJ. The role of non-viraemic transmission on the persis-
tence and dynamics of a tick borne virus—Louping ill in red grouse (Lagopus lagopus scoticus) and
mountain hares (Lepus timidus). J Math Biol. 2004 Feb 1; 48(2):119-34. https://doi.org/10.1007/
s00285-002-0183-5 PMID: 14745507

Gray JS. Review The ecology of ticks transmitting Lyme borreliosis. Exp Appl Acarol. 1998 May 1; 22
(5):249-58.

Leonova GN, Kondratov IG, Ternovoi VA, Romanova EV, Protopopova EV, Chausov EV, et al. Char-
acterization of Powassan viruses from Far Eastern Russia. Arch Virol. 2009 May 1; 154(5):811-20.
https://doi.org/10.1007/s00705-009-0376-y PMID: 19363586

Hartley J. “A Land of Limitless Possibilities”: British Commerce and Trade in Siberia in the Early Twen-
tieth Century. Sibirica. 2014 Dec 1; 13(3):1-21.

Hasle G, Bjune GA, Midthjell L, Rged KH, Leinaas HP. Transport of Ixodes ricinus infected with Borre-
lia species to Norway by northward-migrating passerine birds. Ticks Tick-Borne Dis. 2011 Mar 1; 2
(1):37-43. https://doi.org/10.1016/j.ttbdis.2010.10.004 PMID: 21771535

Hoogstraal H, Kaiser MN, Traylor MA, Guindy E, Gaber S. Ticks (Ixodidae) on birds migrating from
Europe and Asia to Africa, 1959-61. Bull World Health Organ. 1963; 28(2):235-62. PMID: 13961632

Waldenstrém J, Lundkvist A, Falk KI, Garpmo U, Bergstrdm S, Lindegren G, et al. Migrating Birds and
Tickborne Encephalitis Virus. Emerg Infect Dis. 2007 Aug; 13(8):1215-8. https://doi.org/10.3201/
€id1308.061416 PMID: 17953095

RenH, Jin'Y, Hu M, Zhou J, Song T, Huang Z, et al. Ecological dynamics of influenza A viruses: cross-
species transmission and global migration. Sci Rep. 2016 Nov 9; 6(1):36839. https://doi.org/10.1038/
srep36839 PMID: 27827462

XuY, Gong P, Wielstra B, Si Y. Southward autumn migration of waterfowl facilitates cross-continental
transmission of the highly pathogenic avian influenza H5N1 virus. Sci Rep. 2016 Aug 10; 6(1):30262.
https://doi.org/10.1038/srep30262 PMID: 27507581

Sullivan JD, Takekawa JY, Spragens KA, Newman SH, Xiao X, Leader PJ, et al. Waterfowl Spring
Migratory Behavior and Avian Influenza Transmission Risk in the Changing Landscape of the East
Asian-Australasian Flyway. Front Ecol Evol [Internet]. 2018 [cited 2020 Jul 30]; 6. Available from:
https://www.frontiersin.org/articles/10.3389/fevo.2018.00206/full

Wang G, Zhan D, LiL, Lei F, Liu B, Liu D, et al. H5N1 avian influenza re-emergence of Lake Qinghai:
phylogenetic and antigenic analyses of the newly isolated viruses and roles of migratory birds in virus
circulation. J Gen Virol. 2008 Mar; 89(Pt 3):697—-702. https://doi.org/10.1099/vir.0.83419-0 PMID:
18272760

Labuda M, Kozuch O, Zuffova E, Eleckova E, Hails RS, Nuttall PA. Tick-borne encephalitis virus trans-
mission between ticks cofeeding on specific immune natural rodent hosts. Virology. 1997 Aug 18; 235
(1):138-43. https://doi.org/10.1006/viro.1997.8622 PMID: 9300045

Labuda M, Nuttall PA, Kozuch O, Eleckova E, Williams T, Zuffova E, et al. Non-viraemic transmission
of tick-borne encephalitis virus: a mechanism for arbovirus survival in nature. Experientia. 1993 Sep
15; 49(9):802-5. https://doi.org/10.1007/BF01923553 PMID: 8405306

Rizzoli A, Hauffe HC, Tagliapietra V, Neteler M, Rosa R. Forest Structure and Roe Deer Abundance
Predict Tick-Borne Encephalitis Risk in Italy. PLOS ONE. 2009 Feb 2; 4(2):e4336. https://doi.org/10.
1371/journal.pone.0004336 PMID: 19183811

Subbotina EL, Loktev VB. Molecular evolution of the tick-borne encephalitis and Powassan viruses.
Mol Biol. 2012 Feb 1; 46(1):75-84.

Bormane A, Lucenko |, Duks A, Mavtchoutko V, Ranka R, Salmina K, et al. Vectors of tick-borne dis-
eases and epidemiological situation in Latvia in 1993-2002. Int J Med Microbiol [JMM. 2004 Apr; 293
Suppl 37:36—47. PMID: 15146983

Mel'nikova OV, Botvinkin AD, Danchinova GA. [Comparative data on the tick-borne encephalitis virus
infectiousness of hungry and satiated taiga ticks (based on the results of an immunoenzyme analysis)].
Med Parazitol (Mosk). 1997 Mar;(1):44-9.

Romanenko VN, Kondrat'eva LM. [The infection of ixodid ticks collected from humans with the tick-
borne encephalitis virus in Tomsk city and its suburbs]. Parazitologiia. 2011 Feb; 45(1):3—10. PMID:
21598663

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020 24/25


https://doi.org/10.1007/s10493-015-9952-x
http://www.ncbi.nlm.nih.gov/pubmed/26205612
https://doi.org/10.1007/s00285-002-0183-5
https://doi.org/10.1007/s00285-002-0183-5
http://www.ncbi.nlm.nih.gov/pubmed/14745507
https://doi.org/10.1007/s00705-009-0376-y
http://www.ncbi.nlm.nih.gov/pubmed/19363586
https://doi.org/10.1016/j.ttbdis.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21771535
http://www.ncbi.nlm.nih.gov/pubmed/13961632
https://doi.org/10.3201/eid1308.061416
https://doi.org/10.3201/eid1308.061416
http://www.ncbi.nlm.nih.gov/pubmed/17953095
https://doi.org/10.1038/srep36839
https://doi.org/10.1038/srep36839
http://www.ncbi.nlm.nih.gov/pubmed/27827462
https://doi.org/10.1038/srep30262
http://www.ncbi.nlm.nih.gov/pubmed/27507581
https://www.frontiersin.org/articles/10.3389/fevo.2018.00206/full
https://doi.org/10.1099/vir.0.83419-0
http://www.ncbi.nlm.nih.gov/pubmed/18272760
https://doi.org/10.1006/viro.1997.8622
http://www.ncbi.nlm.nih.gov/pubmed/9300045
https://doi.org/10.1007/BF01923553
http://www.ncbi.nlm.nih.gov/pubmed/8405306
https://doi.org/10.1371/journal.pone.0004336
https://doi.org/10.1371/journal.pone.0004336
http://www.ncbi.nlm.nih.gov/pubmed/19183811
http://www.ncbi.nlm.nih.gov/pubmed/15146983
http://www.ncbi.nlm.nih.gov/pubmed/21598663
https://doi.org/10.1371/journal.pntd.0008133

PLOS NEGLECTED TROPICAL DISEASES

Population genomics of louping ill virus

112. Siss J, Schrader C, Falk U, Wohanka N. Tick-borne encephalitis (TBE) in Germany—epidemiological
data, development of risk areas and virus prevalence in field-collected ticks and in ticks removed from
humans. Int J Med Microbiol IJMM. 2004 Apr; 293 Suppl 37:69-79.

113. Suss J, Klaus C, Diller R, Schrader C, Wohanka N, Abel U. TBE incidence versus virus prevalence
and increased prevalence of the TBE virus in Ixodes ricinus removed from humans. Int J Med Micro-

biol. 2006 May 22; 296:63—-8. PMID: 16495152

114. Belova OA, Burenkova LA, Karganova GG. Different tick-borne encephalitis virus (TBEV) prevalences
in unfed versus partially engorged ixodid ticks—Evidence of virus replication and changes in tick behav-
ior. Ticks Tick-Borne Dis. 2012 Sep 1; 3(4):240-6. https://doi.org/10.1016/j.ttbdis.2012.05.005 PMID:

22910062

115. Heinze DM, Gould EA, Forrester NL. Revisiting the Clinal Concept of Evolution and Dispersal for the
Tick-Borne Flaviviruses by Using Phylogenetic and Biogeographic Analyses. J Virol. 2012 Aug 15; 86
(16):8663-71. https://doi.org/10.1128/JV1.01013-12 PMID: 22674986

116. Lundkvist A, Vene S, Golovljova I, Mavtchoutko V, Forsgren M, Kalnina V, et al. Characterization of
tick-borne encephalitis virus from latvia: Evidence for co-circulation of three distinct subtypes. J Med
Virol. 2001; 65(4):730-5. https://doi.org/10.1002/jmv.2097 PMID: 11745938

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008133  September 14, 2020

25/25


http://www.ncbi.nlm.nih.gov/pubmed/16495152
https://doi.org/10.1016/j.ttbdis.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22910062
https://doi.org/10.1128/JVI.01013-12
http://www.ncbi.nlm.nih.gov/pubmed/22674986
https://doi.org/10.1002/jmv.2097
http://www.ncbi.nlm.nih.gov/pubmed/11745938
https://doi.org/10.1371/journal.pntd.0008133

