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Abstract

Ticks play an important role in transmitting many different emerging zoonotic pathogens that

pose a significant threat to human and animal health. In Switzerland and abroad, the num-

ber of tick-borne diseases, in particular tick-borne encephalitis (TBE), has been increasing

over the last few years. Thus, it remains essential to investigate the pathogen spectrum of

ticks to rapidly detect emerging pathogens and initiate the necessary measures. To assess

the risk of tick-borne diseases in different regions of Switzerland, we collected a total of

10’286 ticks from rural and urban areas in ten cantons in 2021 and 2022. Ticks were pooled

according to species, developmental stage, gender, and collection site, and analyzed using

next generation sequencing (NGS) and quantitative polymerase chain reaction (qPCR). The

metagenomic analysis revealed for the first time the presence of Alongshan virus (ALSV) in

Swiss ticks. Interestingly, the pool-prevalence of ALSV was higher than that of tick-borne

encephalitis virus (TBEV). Furthermore, several TBEV foci have been identified and pool

prevalence of selected non-viral pathogens determined.

Introduction

Ticks and mosquitos are the primary vectors for transmission of pathogens to humans and

animals [1]. The incidence of tick-borne infectious diseases has increased worldwide in the

recent decades, and ongoing climate change, human activity, mobility, bird migration and

expanding tick habitats, will further increase risk areas [2]. The life span of the Ixodes ricinus
ticks can last between two and six years, much longer than other vectors. Ticks can also survive

harsh conditions through the ability to diapause. To pass each of three developmental stages

ticks require a blood meal on a different host, thereby facilitating both the acquisition and

transmission of infectious agents. In addition, I. ricinus has a very broad host specificity and

can exchange pathogens with other tick species by co-feeding on a common host. In
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Switzerland, tick-borne encephalitis virus (TBEV) is the most important tick-borne virus; it

can cause tick-borne encephalitis (TBE), a severe neurological disease [3, 4]. TBEV is a mem-

ber of the genus flavivirus within the Flaviviridae family, and together with the Powassan virus

(POWV), Louping ill virus (LIV), Langat virus (LGTV), Omsk hemorrhagic fever virus

(OHFV), Kyasanur Forest disease virus (KFDV), and Alkhurma virus (ALKV) belongs to the

mammalian group of tick-borne flaviviruses [3]. Based on genomic data, TBEV can be divided

into three subtypes which differ in pathogenicity, clinical manifestation, and primary tick vec-

tor. These subtypes include the Western European TBEV (TBEV-EU), which is transmitted

mainly by I. ricinus ticks and can cause death in 1–2% of the cases, the Siberian TBEV (TBEV-

SIB) and the Far Eastern TBEV (TBEV-FE), which are transmitted mainly by I. persulcatus
and can cause death in 6–8% and 30% of the cases, respectively [4–6]. Two other subtypes

have recently been identified in the Himalayan and the Baikal regions [7–9]. The number of

identified members of mammalian tick-borne flaviviruses has increased in recent years [10].

Furthermore, a new group of flavivirus-related viruses, the Jingmenvirus group (JMVG), was

identified and classified in China in 2014 [11, 12]. Like other flaviviruses, members of the

JMVG are enveloped particles with single-stranded (ss), positive-sense RNA genomes. How-

ever, while the genomes of the Jingmenviruses consist of four or five segments, the genomes of

all other flaviviruses are non-segmented. The similarity between the JMVG and the other flavi-

viruses is limited also on the nucleotide sequence level, as only the non-structural protein

genes NS5 and NS2B/NS3 are conserved [11, 13]. JMVG members have been detected in vari-

ous arthropods and vertebrates worldwide [11, 14–16]. For example, Alongshan virus (ALSV)

was first isolated in 2017 in China from blood samples of patients with febrile illness and a his-

tory of tick bites [13, 17]. While these patients showed clinical sings of TBE, neither TBEV

RNA nor antibodies were detected. ALSV has also been detected in I. persulcatus ticks and

mosquitoes from the same region [17] and subsequently in I. ricinus ticks from Finland and

France, in I. persulcatus from Russia and in Ixodes sp. from Germany [12, 13, 18, 19].

The ALSV genome consists of four segments encoding two non-structural proteins NSP1

(flavivirus NS5-like) and NSP2 (flavivirus NS2B/NS3-like), the structural glycoproteins VP1a

and VP1b, the nucleoprotein VP2, the membrane protein VP3, and an additional open reading

frame designated nuORF or VP4 that overlaps with the VP1 coding sequence [11, 19, 20]. The

widespread distribution and presumed pathogenicity of ALSV makes it a growing public

health concern and highlights the importance of monitoring these pathogens to ensure that

diagnostic, therapeutic, and preventive interventions are adapted.

In addition to viruses, bacteria and protozoa can be transmitted by I. Ricinus as well. For

example, Borrelia burgdorferi sensu lato is a group of closely related gram-negative bacteria

that cause Lyme borreliosis (LB), the most common tick-borne disease in the USA and Europe

[21, 22]. This multisystemic infectious disease is transmitted to humans and animals by Ixodes
ticks and often begins with a local erythema migrans at the bite site. If left untreated, the bacte-

ria can spread and affect other organs i.e., the musculoskeletal system, the nervous system, the

heart, and the eyes [23]. LB is not a notifiable disease in Switzerland, but it is recorded by the

Federal Office of Public Health (FOPH) through a sentinel surveillance system. Since 2008,

between 5300 and 16700 cases have been reported annually [24]. Previous studies have shown

a prevalence between 19% and 26.54% in Swiss ticks [25–27].

The order Rickettsiales is another important group of bacteria with zoonotic potential that

can be transmitted by ticks. Among them, Rickettsia spp. such as R. helvetica, R. monacensis, R.

conorii, and R. slovaca are obligate intracellular, gram-negative bacteria which can be transmit-

ted to humans by hard ticks and cause disease [28–31]. In Switzerland, R. helvetica, R. mona-
censis and R. slovaca are the most common species [32–34]. Clinical manifestations of

rickettsiosis include non-specific symptoms such as fever and malaise, as well as exanthema,
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inoculation scab, lymphadenopathy, and endocarditis [35, 36]. Anaplasma and Ehrlichia spp.

can cause an often self-limiting febrile illness or more severe human granulocytic anaplasmosis

(HGA) or human granulocytic ehrlichiosis (HGE), respectively, which can be fatal in immuno-

compromised patients if untreated [36–39]. Neoehrlichia mikurensis (previously known as

‘Candidatus’ neoehrlichia mikurensis) is another member of the Rickettsiales present in ticks

and rodents in most European countries and in Asia [37–39]. Due to its tropism for endothe-

lial cells, Neoehrlichia mikurensis has the potential to cause systematic inflammatory infections,

particularly in immunocompromised individuals or those with comorbidities [40–42].

Francisella tularensis is a facultative intracellular bacterium which can cause tularemia in

humans and animals, almost exclusively in the northern hemisphere, but several cases have

been detected in Tasmania as well [43]. Small mammals such as rabbits (Oryctolagus cuniculus)
and voles (Myodes) are particularly important as reservoir species. F. tularensis is divided into

four subspecies i.e., tularensis, holarctica, mediasiatica and novicida, although there is some

disagreement over the classification [44]. The subspecies differ in virulence and geographical

distribution, with holarctica and tularensis having the greatest clinical relevance [45, 46]. Sev-

eral major endemic areas exist in Europe, including Scandinavia, Western Russia, Czechia,

and parts of Austria [47]. Transmission routes include ingestion of contaminated food or

water, handling of infected animals, or bites by hematophagous arthropod vectors. In Switzer-

land, the disease has been notifiable since 2004, and according to the FOPH most of the cases

have been transmitted by ticks. Between 2010 and 2016, the average number of reported cases

was 0.43 per 100’000 inhabitants. In the last three years, the rate has more than quadrupled to

1.8 (range 1.4–2.5) per 100,000 [48]. Early signs of the disease include flu-like symptoms such

as fever, fatigue, chills, and headache. Depending on the route of bacterial entry, several clinical

forms of the disease can be differentiated [46].

Babesia sp. are intraerythrocytic protozoan parasites and the causative agents of babesiosis,

an important emerging infectious disease worldwide [49]. It is a multisystemic disease with a

spectrum of manifestations ranging from subclinical disease to severe illness and death [50]. In

particular, splenectomised individuals are at high risk of fatal outcome [36, 51]. Tick-borne

transmission is the primary route of Babesia sp. transmission, although blood transfusion,

organ donation and vertical transmission in humans and animals have been reported as well

[49, 52]. Seroprevalence studies identified B. microti and B. venatorum as the most common

babesia species in Europe [53–55].

Material and methods

Sample collection

Questing ticks were collected in urban/suburban and rural areas in ten Swiss cantons i.e., Solo-

thurn (SO), Bern (BE), Geneva (GE), Valais (VS), Ticino (TI), Grisons (GR), Jura (JU),

St. Gallen (SG), Schaffhausen (SH), and Zurich (ZH) (Fig 1). Specific places of collection were

selected based on information from the App “Tick prevention” available for smartphones.

This app was developed for Switzerland and Lichtenstein and allows users to report bites and

sightings. Urban/suburban spots were defined as forests and parks with high human activity,

within or close to main cities, while rural spots were defined as forest trails with rare human

activity, outside of densely populated areas (S1 Table). The collection took place in May and

September in 2021 and 2022, by flagging a 1m2 fabric over the ground on both sides of a foot-

path over a distance of 150 meters, resulting in 300 m2 of sampling area at each collection site.

Ticks were stored in collection tubes and kept on ice until the end of the day, then killed by

freezing, and stored at -20˚C until further processing. In addition to the questing ticks, we

examined 52 engorged ticks collected from roebucks and sika deer by hunters from canton
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SH. All ticks from an individual animal were pooled, resulting in 9 pools with 2 to 13 ticks

each.

Sample processing

Ticks were identified to the species level according to the identification guide by Estrada-Peña

[56], washed twice with 70% ethanol, dried on a paper towel, and pooled in 2 ml Eppendorf

tubes according to collection site, developmental stage, species, and gender (a maximum of 15

adult females, 15 adult males, or 50 nymphs per pool). To each pool, 650μl of Dulbecco’s phos-

phate buffered saline (DPBS, St. Louis, Missouri, USA) and a stainless-steel bead (5mm, QIA-

GEN, Hilden, Germany) were added, and the samples were mechanically homogenized in a

TissueLyser II (Qiagen, Hilden, DE) at 30 Hz for 5 min. After centrifugation for 6 min at

16’060 x g (Biofuge Fresco, Heraeus, Hanau, DE), the supernatants were divided into aliquots

of 200μl, 150μl and 230μl for the detection of non-viral pathogens by PCR, the detection of

TBEV and ALSV by RT-PCR, and the assessment of the complete virome by next generation

sequencing (NGS), respectively.

DNA extraction and detection of non-viral pathogens by PCR

DNA extraction for detection of non-viral pathogens by PCR was performed using the Ther-

moScientific™ GeneJet Genomic DNA Purification Kit (Fisher Scientific, Massachusetts, USA)

Fig 1. Map of Switzerland. Cantons where ticks were collected are shown in colors, and the total number of ticks is indicated. The continuous color scale

represents numbers of ticks collected from low (light color) to high (dark color). Cantons where no tick collection took place are shown in grey.

https://doi.org/10.1371/journal.pone.0290942.g001

PLOS ONE The Hazard of Swiss ticks

PLOS ONE | https://doi.org/10.1371/journal.pone.0290942 November 13, 2023 4 / 23

https://doi.org/10.1371/journal.pone.0290942.g001
https://doi.org/10.1371/journal.pone.0290942


according to the protocol for DNA purification from cultured mammalian cells provided by

the supplier, with the following modifications: Step 1 was skipped, and the protocol started

with the addition of 200μl lysis solution and 20μl proteinase K solution to 200μl of the superna-

tant from the tick homogenates (see above). This was followed by the steps described for

reduced volumes of elution buffer (100μl) in the supplier’s manual. As a control for DNA

extraction, the tick mitochondrial 16S rRNA gene was amplified by qPCR using tick-specific

primers as previously described [57]. Babesia spp., Ehrlichia spp., B. burgdorferi sensu lato, and

Rickettsia spp. DNA was detected using specific alphaCube qPCR kits (Mikrogen GmbH,

Neuried, Germany) with settings according to instructions provided by the supplier. To detect

F. tularensis and N. mikurensis DNA, we used primer sequences and PCR conditions described

in previous studies [27, 58]. The Institute of Medical Microbiology (University of Zurich, Swit-

zerland) kindly provided positive control DNA for Francisella and Neoehrlichia. For qPCR

preparation the QuantiNova Pathogen + IC Kit (QIAGEN GmbH, Hilden, Germany) was

used according to the manual, except that half the amount of each reagent and no ROX was

used. All qPCRs were run on the QuantStudio™ 3 Real-Time PCR System (Fisher Scientific,

Massachusetts, USA) except for alphaCube Borrelia/Rickettsia, which was run on QuantStu-

dio™ 7.

RNA extraction and detection of TBEV and ALSV by RT-qPCR

RNA was extracted from supernatants of tick homogenates using the QIAamp Viral RNA

mini kit (QIAGEN GmbH, Hilden, Germany) according to the supplier’s manual, except that

carrier RNA was omitted. TBEV RNA was identified by using the alphaCube TBE kit (Mikro-

gen GmbH, Neuried, Germany) according to the provided protocol and performed on a

QuantStudio™ 3 Real-Time PCR System (Fisher Scientific, Massachusetts, USA) with the fol-

lowing settings: 20 min at 45˚C for the reverse transcription, 5 min at 95˚C, and 45 cycles of 10

s at 95˚C, 20 s at 60˚C, and 10 s at 72˚C. ALSV RNA was identified using the QuantiNova

Pathogen + IC kit (QIAGEN GmbH, Hilden, Germany) according to the provided protocol,

with primers and probe published by Wang et al. [17].

Sample preparation for NGS

Supernatants from tick homogenates were first enriched for virus particles as described previ-

ously [59]. Then, total RNA and DNA were extracted using the QIAmp Viral RNA mini kit

(Qiagen GmbH, Hilden, Germany) according to the instructions, except that no carrier RNA

was used and 1% β-mercaptoethanol (Bio-rad, Hercules, California, USA) was added to the

AVL lysis buffer to inactivate the nucleases used for the virus enrichment step. To reduce the

total number of samples to be sequenced, pools were re-pooled as follows: the extracted nucleic

acid from up to 6 pools of ticks that matched concerning collection site, developmental stage,

sex, and species was mixed in equal parts to a total volume of 30μl. This resulted in NGS pools

containing nucleic acid from a maximum of 90 females, 90 males or 250 nymphs. If less ticks

of the same developmental stage were available, adults and nymphs of the same collection site

were mixed. Reverse transcription, second strand synthesis, and random amplification was

performed as previously described using the SISPA (sequence-independent single-primer-

amplification) method [59]. DNA was sheared by sonication (E220 Ultrasonicator, Covaris,

USA) at the Functional Genomics Center Zurich (FGCZ, Zurich, Switzerland), targeting frag-

ments of 500bp length. Sequencing libraries were made using the NEBNext Ultra II DNA

Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA), cleaned up with

AMPure XP beads (Beckman Coulter, Brea, CA, USA), and barcoded using NEBNext Multi-

plex Oligos (96 Unique Dual Index Primer Pairs; New England Biolabs, Ipswich,
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Massachusetts, USA). To measure the molarity of the libraries and the fragment size distribu-

tion, the Agilent 2200 TapeStation was used with D1000 HS- and D1000-ScreenTapes (Agilent

Technologies, California, USA). Finally, libraries were sequenced in a paired-end NGS run

with 2 x 100 or 2 x 150 nucleotides read length, on an Illumina NovaSeq 6000 Benchtop

sequencer (Illumina, San Diego, CA, USA) at the FGCZ. PhiX Control v3 Library (Illumina,

California, USA) was used as sequencing control.

Data analysis

The generated sequences were analyzed by de novo assembly and reference-based assembly

pipelines as described previously [59–61]. Using Trimmomatic (version 0.36) and cutadapt

(version 3.2), SISPA primers (“-b GTTGGAGCTCTGCAGTCATC -B GTTGGAGCTCTGCA
GTCATC”), low-quality sequencing ends, and the sequencing adapters were removed. Then,

quality-checked reads were assembled using metaspades (v3.12.0) and generated de novo con-

tigs were compared to the NCBI non-redundant database (nt) using blastn (v2.10.1+) [62].

Additionally, quality-controlled reads were aligned using a metagenomic pipeline of the Seq-

Man NGen v.17 software (DNAStar, Lasergene, Madison, WI, USA) to an in-house database

containing over 60’000 full-length virus genomes and genomes reported from “tick” as a host

downloaded from the NCBI database. The viral contigs and selected coding regions of TBEV

and ALSV were further investigated and aligned using MUSCLE in MEGA 11, and phyloge-

netic trees were constructed in Mega X using the Maximum Likelihood algorithm with 1000

bootstrap values and a cut-off of 70% [63]. Similarities between contigs were calculated by per-

cent identity matrix in Clustal2.1 (https://www.ebi.ac.uk/Tools/msa/clustalo/).

Statistical analysis

All analyses were undertaken in R [64]. An estimate of the viral and bacterial burden was

made by taking the inverse of the CT (cycle threshold). Negative CT values were assigned as 0.

A tweedie generalised linear model was used to analyse the data with the viral load a continu-

ous dependent variable with an excess of 0s [65]. This was achieved by using the family tweedie

provided by the statmod library [66]. The viral and bacterial burden in the tick pools was ana-

lyzed using a backward stepwise regression analysis according to the explanatory variables of

canton of origin, number of ticks in the tick pool, season the ticks were collected, and whether

the ticks originated from an urban or rural area. A p value of<0.05 was considered significant.

Accession numbers

The generated contigs of TBEV and ALSV from this study have been deposited in the NCBI

database under GenBank accession numbers OQ555296 to OQ555317. The raw reads have

been deposited under BioProject accession number PRJNA906035 and BioSample accession

numbers: SAMN31890811 and SAMN36735771- SAMN36736013.

Results

Tick collection

During the four time points over two consecutive years a total of 10’286 ticks of the species I.
ricinus were collected, of which 10’234 (1’631 females, 1’763 males and 6’840 nymphs) were

collected by flagging method and 52 (34 females, 5 males and 13 nymphs) were collected from

hunted wild ruminants. Considerable heterogeneity in the numbers of ticks collected at the

different sites was observed between the different cantons, the different collection time points

(May versus September), and the different sites (urban/suburban versus rural).
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Fig 1 and Table 1 show an overview of the total numbers of ticks collected in the different

cantons (Fig 1 excludes ticks from hunting). The highest numbers were from SH and JU, with

1’855 and 1’794 ticks respectively, while the lowest numbers were from GE and VS, with 100

and 329 ticks, respectively. However, as shown in S1 Table, in cantons SH, SG and ZH, ticks

were collected at three sites, resulting in 900m2 of sampling area each, while in all other can-

tons only two sites were sampled per time point (600m2). Although S1 Table indicates three

collection sites also for SO, only two sites were sampled per time point, but due to deforesta-

tion a new rural site, located several hundred meters away from the original site, had to be cho-

sen the second year. In both years, the number of ticks collected in September was lower (429

and 756 ticks) than in May (4’259 and 4’790 ticks). Overall, the 10’286 ticks were divided into

448 pools for PCR analysis and 242 pools for NGS.

Selected non-viral pathogens

Tick pools were screened by PCR for selected non-viral pathogens as described in Materials

and Methods. Overall, from 439 tick pools, 339 (77.2%) were positive for at least one of the

selected non-viral pathogens. The highest pool positivity for all non-viral pathogens investi-

gated was in May 2021 with 84%, followed by 79% in May 2022, 67.3% in September 2022 and

51.4% in September 2021. Of all pools, 28.9% were positive for at least two different pathogens,

with the most common combination being Ehrlichia spp. and Rickettsia spp. Across all four

collection time points, 83.9% of urban pools were positive for at least one non-viral pathogen,

compared to 70.6% of rural pools. Surprisingly, despite the very few ticks collected, GE had the

highest diversity of pathogen occurrence, with rural and urban pools from May 2021 simulta-

neously positive for four of the pathogens, i.e., Borrelia, Rickettsia, Neoehrlichia and Ehrlichia.

The results are shown in detail in Table 2 and S2 and S3 Tables and can be summarized as fol-

lows (data from engorged ticks are excluded from statistical analysis, due to the small sample

number):

Table 1. Overview of the numbers of collected ticks and numbers of PCR- and NGS pools.

Collection timepoint Total number

of ticks

Min./max. number of ticks per sites Number of PCR pools Number of NGS pools

May 2021 4’259 13/1’000 163 70

September 2021 429 0/155 35 35

May 2022 4’790 5/1’058 186 73

September 2022 756 0/125 55 55

Hunt 2021 52 2/14 9 9

Total 10’286 0/1’058 448 242

https://doi.org/10.1371/journal.pone.0290942.t001

Table 2. Pool positivity (%) and range of CT values for selected non-viral pathogens.

Rickettsia sp. Ehrlichia sp. Borrelia sp. Neoehrlichia
mikurensis

Babesia sp. Francisella
tularensis

Collection timepoint % CT % CT % CT % CT % CT % CT

May 2021 79.8 21–35 39.9 24–40 5.5 28–39 2.5 31–39 0.6 38 0.0 -

September 2021 40.0 22–30 40.0 26–39 0.0 - 5.7 33–36 0.0 - 0.0 -

May 2022 73.7 20–34 35.5 31–40 2.2 32–38 0.0 - 0.0 - 0.0 -

September 2022 56.4 21–36 25.5 28–40 10.9 31–38 0.0 - 0.0 - 1.8 32

Hunt 2021 55.6 25–32 55.6 28–39 0.0 - 0.0 - 0.0 - 0.0 -

Total 70.8 20–36 36.6 24–40 4.2 28–39 1.3 31–39 0.2 38 0.2 32

https://doi.org/10.1371/journal.pone.0290942.t002
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Rickettsia spp. showed the highest pool prevalence (40–80%) and the lowest CT values

(20–36). All cantons had repeated positive pools, especially SO and ZH, where Rickettsia was

detected at every collection timepoint; GE showed the least pool positivity. Five out of 9 pools

of engorged ticks were also Rickettsia spp. positive. Tick pools from urban sites were more pos-

itive compared to rural areas (p = 0.02, S4 Table), and the number of pathogens correlated pos-

itively with the number of females (p = 0.003, S4 Table) and nymphs (p<0.0001, S4 Table).

Ehrlichia spp. had the second highest pool prevalence (25–40%) and was detected at least

once in all cantons, but most frequently in rural and urban areas of the cantons SO, GR and

ZH. Interestingly, we observed a higher load of Ehrlichia in ticks from 2021 than in ticks from

2022 (p<0.001, S4 Table) and a positive correlation between number of nymphs and bacterial

load (p<0.001, S4 Table).

B. burgdorferi sensu lato was detected in all cantons except TI. ZH pools were most fre-

quently positive for Borrelia, i.e., at 3 out of 4 sampling times. The only statistically significant

difference was observed between rural and urban ticks. Thus, the probability that a tick is car-

rying Borrelia bacteria seems to be higher in urban areas (pool positivity 8.2%) than in rural

areas (pool positivity 1.9%; p = 0.016, S4 Table).

N. mikurensis, F. tularensis and Babesia sp. were detected far less frequently than any of the

other selected pathogens. Specifically, six pools were positive for Neoehrlichia, all of which

originated from 2021. These included four pools collected in May 2021 (three pools of nymphs

and one pool of male ticks) in the cantons of BE, GE, and VS, and two nymph pools collected

in September in the cantons of ZH and JU. Out of 439 pools, only a single pool of nymphs col-

lected in an urban area of canton Bern was positive for Francisella, and only a single pool of

adult ticks collected in an urban area of canton GE was positive for Babesia.

Of the nine pools of ticks collected from game in canton SH, five pools were positive for

Ehrlichia and Rickettsia (55.6%). However, due to the low numbers of ticks and pools, no sta-

tistical analysis was performed.

The virome of Swiss ticks

To assess the virome of the ticks a total of 9.17 × 109 sequencing reads were generated, with an

average of 3.94 × 106 reads per pool sample (range from 3 × 105 to 2 × 107). The analysis

Fig 2. Overview of virus families detected at the four collection timepoints in the ten cantons. The heatmap represents the reads per million from low to

high. White = not detected.

https://doi.org/10.1371/journal.pone.0290942.g002
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revealed genome sequences of viruses from seven different families, i.e., Flaviviridae, Partitivir-
idae, Tombusviridae, Nairoviridae, Phenuiviridae, Iflaviridae and Rhabdoviridae (Fig 2). Most

frequently and in all cantons, sequences from Partiti- and Tombusviridae were identified.

However, in cantons SG, TI, and GE, Tombusviridae were detected only at a single timepoint.

Sequence contigs showed up to 100% identity to Norway partiti-like virus 1 and Norway luteo-

like virus 1 and 3, which were previously detected in I. ricinus ticks from Norway [67]. Nairo-
viridae sequences were abundant, especially in the May collections, and were detected in all

cantons except GE. The highest read numbers were from the canton JU for all collection time

points, followed by ZH, GR and SO, where Nairoviridae sequences were identified at three of

the four timepoints. Samples from SG, BE, TI, and SH tested positive for Nairoviridae exclu-

sively in the May collections. In canton VS, nairovirus sequences were only detected at one

time point, specifically in May 2022. Generated contigs showed approximately 98% identity to

unclassified Norway nairovirus 1 found in I. ricinus in Norway and 98% identity to Grotenh-

out virus detected in I. ricinus in Belgium [67, 68]. Rhabdoviridae sequences were detected at

three timepoints in BE and SO, at two timepoints in cantons SG and JU, and once in the can-

tons of ZH, TI and SH. The samples from all other cantons tested negative. Contigs of rhabdo-

virus sequences showed approximately 92% identity to Norway mononegavirus, an

unclassified rhabdovirus first described in I.s ricinus from Norway [67]. Phenuiviridae
sequences were detected least frequently, except for canton JU, where samples from all time-

points tested positive. In ZH, SO, SG, and Bern Phenuiviridae sequences were identified at one

timepoint, in GR, VS, TI, SH, and GE at no time point. Sequences showed up to 99.9% identity

to Norway phlebovirus 1 which was first described in I. ricinus in Norway [67]. Iflaviridae
sequences were found in seven of the ten cantons selected for the study, most frequently in JU,

with samples from all four collection time points testing positive, followed by GR and SO,

where only in September 2021 no Iflaviridae sequences were found. In SH samples from two

timepoints, and in cantons ZH, SG and TI samples from a single timepoint were positive. BE,

VS and GE remained negative for Iflaviridae sequences over the entire study period. The

detected sequences showed approximately 99% identity to Iflavirus IricIV-2 which was already

described in a I. ricinus lab strain from Neuchâtel, Switzerland [69]. Flaviviridae sequences

were found in tick samples from six of the ten cantons, first and foremost in GR at three of the

four collection time points, followed by ZH, SG and SH. Specifically, samples from both May

collections in ZH and SG, and from both 2022 collection timepoints in SH tested positive.

Most importantly, in addition to TBEV, we identified ALSV sequences for the first time in

Switzerland, both in questing and engorged ticks [70]. Since TBEV and ALSV are of particular

interest due to their zoonotic potential, we carried out phylogenetic analyses.

Four complete or nearly complete TBEV protein-coding sequences were assembled all of

which belong to the EU subtype. Strain GR/Switzerland/2021 (OQ555314), sequenced from

adult female ticks collected in a rural area of the canton GR, showed 99.5% nt identity to strain

NK6108 from Slovenia (ON228430). The second TBEV protein-coding sequence, GR_UM/

Switzerland/2022 (OQ555317), which originated from urban male ticks, showed 97% nt iden-

tity to the GR strain from the previous year (OQ555314) and 98.3% nt identity to the A104

strain from Austria (KF151173). TBEV sequences from urban male ticks in canton ZH,

ZH_UM/Switzerland/2022 (OQ555315), showed 98.2% nt identity to strain E266-Espoo-Fin-

land (MK801809). Finally, the strain SG_RM/Switzerland/2022 (OQ555316), sequenced from

male ticks collected in a rural area of canton SG, showed 99% nt identity to strain TBEV-Eu

from Italy (OM084948). Although all 4 generated TBEV genomes were sequenced from ticks

collected from neighbor cantons differences were found and all clustered separately (Fig 3).

We previously reported the protein coding sequence of an ALSV strain from the May 2022

collection in canton GR (OP921098) [70]. Here, we assembled the protein coding sequences of
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5 additional ALSV genomes identified in ticks from 2 different cantons, i.e., GR and SH. As

opposed to the TBEV sequences, the ALSV sequences clustered together with all other ALSV

sequences previously found in ticks in Europe (Figs 4 and 5). Specifically, the generated ALSV

contigs and the previously reported sequences showed 95.6–97.6% nt identity in segment 1,

91–97.9% in segment 2, 89–99.5% in segment 3, and 96.4–99.4% in segment 4. Interestingly,

the highest similarity was found between contigs from female ticks collected in 2022 at the

urban site of canton SH (SH_UF/Switzerland/2022) and ticks collected in 2021 from sika deer

(H5/Switzerland/2021) in the same canton. ALSV contigs assembled from sequences obtained

from urban male ticks collected in 2022 in canton SH (SHK_UM/Switzerland/2022) showed

99.4%, 99.5%, 99.6%, and 99.5% nt identity to the respective 4 segments of a Jingmen tick virus

isolated from I. ricinus in France (MN095519- MN095522). Contigs generated from ticks

Fig 3. Phylogenetic tree based on amino acid sequence identity of the polyprotein of selected TBEV genomes.

Dots: strains detected in this study. Phylogenetic analysis was performed using the maximum likelihood algorithm

based on the Tamura–Nei model with the 1000 replication bootstrap method using MEGA 11 software. Only

values� 70% are displayed.

https://doi.org/10.1371/journal.pone.0290942.g003
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collected in 2021 from sika deer (Cervus nippon) in canton SH (H5/Switzerland/2021) showed

98.6%, 98.9%, 97.8% and 99% nt identity to the respective segments of the Harz Mountain

virus from Germany (MW094152-MW094155). The third ALSVs contigs assembled from

female adult ticks collected in 2022 in an urban area of canton SH (SH_UF/Switzerland/2022)

showed 98.7%, 98.7%, 97.9% and 99% nt identity to the same Harz Mountain virus strain.

Interestingly the 4 segments assembled from rural female ticks from canton GR collected in

2022 (GR_RF/Switzerland/2022) showed 100%,100%, 100% and 99.9% nt identity to the con-

tigs previously generated from male ticks collected in the same year and area

(OP921096-OP921099). However, the contigs generated from adult females collected in the

same area in 2021 i.e., GR_RF/Switzerland/2021 showed only 96.6%, 97%, 94.5% and 97.5% nt

identity to the respective segments of the genome sequenced one year later i.e., GR_RM/Swit-

zerland/2022 and GR_RF/Switzerland/2022, resulting in 5, 7, 1, 2, 1 and 3 amino acid substitu-

tions in NS5-like protein, glycoprotein VP1a, glycoprotein VP1b, NS3-like protein, capsid

protein, and membrane protein, respectively.

Fig 4. Phylogenetic tree based on amino acid sequence identity of the NS3 protein of selected flavi-like viruses. Black dots: ALSV

strains detected in this study. Phylogenetic analysis was performed using the maximum likelihood algorithm based on the Tamura–Nei

model with the 1000 replication bootstrap method using MEGA 11 software. Only values� 70% are displayed.

https://doi.org/10.1371/journal.pone.0290942.g004
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Table 3 and S2 and S5 Tables show CT values and/or RT-qPCR pool positivity for TBEV

and ALSV. With some heterogeneity across the cantons, TBEV was detected in 19 out of 448

pools (4.24% including the pools of engorged ticks), confirming the results from sequencing.

These were exclusively pools from cantons GR, SG, and ZH, which were positive at all four col-

lection time points, with CT values ranging from 22 to 39, and a pool from a single timepoint

(September 2022) from SH with a CT value of 36. Overall, there was no significant difference

between urban and rural sites or developmental stages of the ticks; however, TBEV was more

frequently found in 2022 than in 2021 (p = 0.02, S4 Table) which corresponds to an increase of

human cases from 199 in 2021 to 264 in 2022 [24]. In SG, only pools from rural areas were pos-

itive for TBEV, while in ZH and SH it was only the pools from urban regions. The only canton

with TBEV-positive pools in both rural and urban areas was GR. Overall, 5.5% (9/164) of

Fig 5. Phylogenetic tree based on amino acid sequence identity of the NS5 protein of selected flavi-like viruses.

Black dot: ALSV strains detected in this study. Phylogenetic analysis was performed using the maximum likelihood

algorithm based on the Tamura–Nei model with the 1000 replication bootstrap method using MEGA 11 software.

Only values� 70% are displayed.

https://doi.org/10.1371/journal.pone.0290942.g005
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nymph pools were positive for TBEV, followed by 4.3% (5/117) of female pools and 4.0% (5/

124) of male pools (S5 Table).

For ALSV, the pool-positivity was 7.59% (34 out of 448, including the pools of engorged ticks)

with some variation between different cantons. The overall virus load was higher in 2022 than in

2021 (p = 0.006; Table 3 and S4 Table) and significantly higher in nymphs than in the adult pools

(p<0.001; S4 Table). Specifically, the ALSV pool-positivity was 15.9% (26/164) for nymph pools,

2.4% (3/124) for male pools and 2.6% (3/117) for female pools. Cantons where ALSV was detected

repeatedly include SG, SH, GR and ZH (S2 Table). Statistically the highest chance to find ticks

with TBEV is in SG and ZH and ticks with ALSV in GR and SH (p<0.01 in all cases).

Discussion

To analyze the risk potential of Swiss ticks, we carried out an extensive surveillance over a two-

year period in multiple regions of the country. Yields of ticks varied greatly between the two

different sampling timepoints May and September (9049 versus 1185 ticks), which is consis-

tent with the registered human tick-borne diseases published by the FOPH [24]. There was

also considerable variation between the different collection sites, which ranged from 0 to 1058

ticks. However, only a small difference was observed when comparing yields from rural and

urban sites. Extrapolated to all collection sites, the frequency was 0.44 and 0.31 ticks per m2 in

rural and urban areas, respectively, but these figures are subject to bias because we explicitly

selected areas with a high risk for tick bites, according to the “Tick Prevention” app developed

at the Zurich University of Applied Sciences ZHAW.

In addition to an unbiased sequencing approach to determine the entire virome of Swiss

ticks, which was the main focus of our study, we also screened for specific non-viral pathogens.

It must be emphasized, however, that comparisons between our results and the results from

other studies, e.g., concerning the prevalence of specific pathogens, are difficult, because we

analyzed pools rather than individual ticks.

The high pool positivity for Rickettsia sp. was rather unexpected. To date the highest rate

previously reported was from ticks collected from a vegetation-rich dune area in the Nether-

lands (66%) [71]. The method we used can detect a wide range of Rickettsia sp., all of which are

potentially pathogenic, but not all have been shown to be transmitted by ticks. In addition,

Dermacentor and Rhipicephalus tick species have been reported as the main vectors for many

species and I. ricinus ticks only rarely [72]. However, based on the high pool positivity for Rick-
ettsia, I. ricinus may play a greater role as a vector than thought. A study from 2003 suggested

that Rickettsia infections might be endemic in Switzerland, based on serological data from

patients with febrile illness following a recent tick bite [73].

For Anaplasmataceae, a family within the order of Rickettsiales which includes Anaplasma
and Ehrlichia spp., various European studies have reported prevalence rates in I. ricinus

Table 3. Pool positivity (%) and range of CT values for TBEV and ALSV.

TBEV ALSV
Collection timepoint % CT % CT

May 2021 1.84 22–39 3.06 27–35

September 2021 0.00 - 5.71 30, 34

May 2022 6.99 22–34 11.29 17–38

September 2022 5.45 26–36 7.27 21–31

Hunt 2021 0.00 - 0.22 22, 26

Total 4.24 22–39 7.59 17–38

https://doi.org/10.1371/journal.pone.0290942.t003
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ranging from 0.4 to 66.7% [27, 74]. Anaplasma phagocytophilum is of particular importance, as

anaplasmosis is one of the most common tick-borne diseases in animals in Europe [75, 76]. In

Switzerland, 0.02% - 1% of the serum samples from dogs and foxes have tested positive for A.

phagocytophilum, but neither E. canis nor A. platys were detected [77, 78]. In Italy, a serum

prevalence of up to 17% for A. phagocytophilum has been reported in red foxes [79]. All these

studies indicate the reservoir potential of red foxes, which are increasingly found in urban

areas, but other species may play a role as well, as there are reports of Ehrlichia sp. in birds

from South America and Hungary and in ruminants in China and Japan] [80–82]. Sequences

obtained from Hungarian birds showed the highest identity to E. chaffeensis, the causative

agent of human monocytic ehrlichiosis, which is emerging in the USA.

The high pool positivity observed in our study suggests that Anaplasmataceae members

should not be ignored as tick-borne pathogens. In addition, pools with high numbers of

nymphs, which are more difficult to be detected while feeding on humans, were found to have

higher Ehrlichia loads. Compared to previous studies from Switzerland, which reported preva-

lences between 7.3 and 13.5% for Rickettsia and between zero and 1.4% for A. phagocytophi-
lum, our pool positivity appears very high. However, this may be explained by the fact that we

have detected more different Rickettsia species, thus more species may be endemic than previ-

ously thought [31, 83].

The presence of B. burgdorferi sensu lato was confirmed both in rural and urban ticks, as

previously reported in other European countries [84, 85]. The white-footed mouse (Peromys-
cus leucopus) serves as a reservoir species for B. burgdorferi sensu lato and is concentrated in

urban and suburban areas causing higher infection in ticks, which may explain the statistically

higher prevalence in urban ticks in our study [86–88]. While nymphs appear to play a major

role for the transmission of B. burgdorferi sensu lato [84], we did not observe a significant dif-

ference in the pool positivity between adults and nymphs.

Our study revealed a pool positivity for Babesia sp. of 0.2%. This appears low compared to

previous studies that confirmed the presence of B. microti, B. venatorum and B. divergens in

Swiss ticks at a prevalence of 0.7 to 1.7% [89]. However, Babesia sp. are known for large

regional differences in prevalence in ticks, e.g., in Austria prevalence ranges from 0 to 100% in

different regions of the country and in Germany from 1 to 10.7% [53, 90].

The low pool positivity for F. tularensis is consistent with previous studies in Switzerland,

which have shown a prevalence of 0.02–0.12% [27, 91]. Interestingly, in both previous studies,

the Bern region was listed as an area with a negligible risk for F. tularensis, and cases seem to

come mainly from northeastern areas of Switzerland [92]. However, the only positive pool

detected in our study was collected in the canton of Berne.

Consistent with the virome analyses of ticks from other countries [67, 93–96], the genomes

of RNA viruses were more frequently detected than DNA viruses also in Swiss ticks. RNA

viruses pose a particular threat, as their high mutation rate supports rapid adaptability and the

establishment of enhanced virulence and tenacity. We detected a large variety of different

virus families at all collection timepoints except for September 2021, when yields from tick col-

lections were sparse except for canton JU. There virus variety was high at all timepoints

(Fig 2).

By far the most frequently detected viral reads belonged to both Tombus- and Partitiviridae,

which are mostly known to be associated with plants and fungi, and in the case of Partitiviridae
also with protozoa. The fact that other virome analyses show similar results for Tombusviridae
and Partitiviridae makes it unlikely that these viruses originate from environmental contami-

nation; their high frequency supports the assumption that these indeed are tick-associated

viruses, as previously suggested by Pettersson [67, 97].
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The Bunyavirales, which include the families Nairo- and Phenuiviridae, were the second

most abundant, although the Phenuiviridae were significantly less abundant than the Nairovir-
idae. Bunyavirales, have a genome with three ssRNA segments (S, M, L). The S segment

encodes for the nucleocapsid protein, the M segment encodes the glycoprotein, and the L seg-

ment encodes the RNA-dependent RNA polymerase. Crimean Congo haemorrhagic fever

virus, which is widespread in Africa, Asia as well as Southern and Eastern Europe, and Nairobi

sheep disease virus in Africa and India, both orthonairoviruses, are the best-known members

of the Nairoviridae with implications for animal and human health [96, 98, 99]. Phenuiviridae
consist of 20 different genera of which the phleboviruses are spread worldwide and mainly

transmitted by arthropods, especially mosquitoes [65, 66]. Important examples include the

Rift Valley Fever Virus and the Toscana virus, and the list of newly discovered members is con-

stantly growing [100]. Virome analyses from Norway suggest that these common virus families

may be tick-associated [67], as do our data with high detection frequencies in widely separated

areas. Recent metavirome studies from China have shown segment or gene loss mainly in tick-

specific clades in Phenui- and Nairoviridae [99]. Data from our study support this theory as we

have readily detected sequences from the S and L segments but not the M segment.

The Rhabdoviridae is a diverse family of plant and animal viruses, which includes important

pathogens such as rabies virus and vesicular stomatitis virus, members of the genera Lyssavirus

and Vesiculovirus, respectively [100]. Rhabdoviridae have already been detected in several vir-

ome studies of ticks not only in Europe but also in Asia [67, 97, 101, 102] and even with higher

frequencies than in our study.

The Iflaviridae is a family of viruses that infect arthropods and do not pose a threat to

humans or animals but may offer an interesting approach to arthropod control. It has been

shown that some Iflaviridae can negatively affect the fitness of their vector hosts, which offers a

potential strategy for vector control [103–105]. In general, a very similar pattern of Iflaviridae
composition seems to emerge for Ixodes sp. with some variations between different countries,

which is another possible indication of tick association [67, 93, 97, 106].

In both years, we detected TBEV sequences in ticks collected from several sites, including

places where TBE cases have already been reported [107]. According to the FOPH, between 200

and 450 cases of TBE occur annually, and the number of cases has been increasing for the past

five years. According to the annual TBEV report of the European Centre for Disease Prevention

and Control, 3,734 confirmed TBE cases occurred in EU/EEA countries in 2020 (0.9/100,000

inhabitants), more than in 2019 (0.7/100’000 inhabitants) and more than 2016–2018 (0.6/

100’000 inhabitants) [24, 108]. Previous studies reported a TBEV prevalence in I. ricinus ticks of

0.1–5% in Germany, 0–9% in Norway (with higher rates in adult ticks), 1.6% in Eastern Poland

(10.8% in Dermacentor reticulatus), 0.11% in France, 0% to 11.11% in Switzerland, and 1.2% in

Northern Italy [7, 31, 109–115]. While not directly comparable as we are reporting pool positiv-

ity, our numbers are in the same range. Rieille et al. [114] detected TBEV-positive ticks along

the Rhône River in the canton VS. Our collection sites in VS were further west, and we did not

detect any shift or expansion of these confirmed TBEV foci. Although adult ticks ingest more

blood meals which would suggest a higher prevalence, as they are capable of effective transsta-

dial transmission [116], TBEV was not more prevalent in adult ticks than in nymphs.

The TBEV protein-coding sequences reported here belong to the TBEV-EU subtype and are

consistent with the TBEV-subtyping performed in previous Swiss studies [114]. Although in

our study all sequences originate from ticks collected in eastern regions, there are approximately

3% nt differences and all clustered separately (see Fig 3). However, since the sequences originate

from pools of ticks, they represent a consensus with the most represented nt at each position.

ALSV has previously been reported in China, Finland, France, Russia, and Germany [12,

13, 17, 19]. Low host specificity may contribute to its widespread distribution e.g., ALSV
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antibodies or ALSV RNA have been detected in goats and sheep from China, in a red deer

from Germany and in numerous human serum samples from China [13, 17, 18, 91, 117]. Sev-

eral different arthropods have been suggested as possible vectors, including ticks, especially I.
persulcatus, I. ricinus, Dermacentor reticulatus, and mosquitoes [13, 17, 18, 118]. Furthermore,

the JMVG, to which ALSV belongs, is divided into two phylogenetic clades, one including

tick- and vertebrate-associated Jingemnviruses sequenced from human, monkey, cattle, bat,

rodent, and tortoise samples. The second clade includes Jingmenviruses from insects, plants

and fungi, suggesting their ubiquitous endemic distribution [19]. Recently, viruses have been

isolated from white-footed mice in North America that have the highest sequence similarity to

the NS3 and NS5 proteins of JMVG viruses and share<70% aa identity with ALSV. However,

in contrast to Eurasian studies, no JMVG viruses have been detected in ticks or mosquitoes in

North America, suggesting that other arthropod vectors may play a role in transmission or

that there is no vector competence [118].

Given the high pool positivity of ALSV in Swiss ticks, its potential transmission to and path-

ogenicity in humans should be investigated. The high abundance of ALSV in ticks suggests

also a reservoir in wild- and/or domestic animal species that remains to be identified. How-

ever, antibodies that recognize specific ALSV proteins or serological assays to screen patient

sera and thereby evaluate the public health relevance of the virus are not available, at least not

commercially. Moreover, besides information derived from computational analysis of the

ALSV genome sequence, not much is known about the live cycle of the virus in mammalian

and arthropod cells, or the products of RNA and protein synthesis.

In summary, this study provides a broad overview of viruses and selected non-viral patho-

gens in Swiss ticks. For example, we were able to show the significantly higher risk of finding

ticks with ALSV in the cantons of Grisons and Schaffhausen and with TBEV in the cantons of

St. Gallen and Zurich. We also show that in some regions several pathogens can occur simulta-

neously in the tick populations and that urban areas should not be neglected as potential risk

areas. In this context, a recent retrospective serological study showed a high seroprevalence of

IgG antibodies to spotted fever group Rickettsiae in B. burgdorferi seropositive individuals

[119]. While the two different pathogens may have been acquired separately, the simultaneous

transmission of Rickettsiae and a second pathogen by a single tick bite is at least possible, given

the high pool prevalence of Rickettsiae found in our study. The high pool prevalence for Rick-
ettsia and Ehrlichia of engorged ticks (approx. 55%) collected from wild animals may suggest a

possible role of these species as reservoirs.

Finally, NGS facilitated the identification of viruses not previously detected in the area,

ALSV in particular. Further studies to understand the biology of ALSV are imperative to assess

its potential risk as emerging pathogen in humans and animals.

Supporting information

S1 Table. Geographical coordinates of the collection sites.

(DOCX)

S2 Table. Pool positivity (%) for specific non-viral and viral pathogens per canton and col-

lection time point.

(DOCX)

S3 Table. Pool positivity (%) for non-viral pathogens in questing ticks of different gender/

development stage.

(DOCX)

PLOS ONE The Hazard of Swiss ticks

PLOS ONE | https://doi.org/10.1371/journal.pone.0290942 November 13, 2023 16 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290942.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290942.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290942.s003
https://doi.org/10.1371/journal.pone.0290942


S4 Table. Viral and bacterial burden shown as p value in the tick pools according to differ-

ent variables.

(DOCX)

S5 Table. Pool positivity (%) for TBEV and ALSV of the different gender/development

stages of questing ticks.

(DOCX)

Author Contributions

Conceptualization: Cornel Fraefel, Jakub Kubacki.

Data curation: Stefanie Stegmüller, Paul R. Torgerson, Jakub Kubacki.

Formal analysis: Stefanie Stegmüller, Weihong Qi.

Funding acquisition: Cornel Fraefel, Jakub Kubacki.

Investigation: Stefanie Stegmüller.

Methodology: Paul R. Torgerson, Jakub Kubacki.

Project administration: Jakub Kubacki.

Resources: Cornel Fraefel, Jakub Kubacki.

Software: Weihong Qi, Jakub Kubacki.

Supervision: Cornel Fraefel, Jakub Kubacki.

Validation: Jakub Kubacki.

Visualization: Stefanie Stegmüller, Jakub Kubacki.

Writing – original draft: Stefanie Stegmüller.

Writing – review & editing: Weihong Qi, Paul R. Torgerson, Cornel Fraefel, Jakub Kubacki.

References

1. De La Fuente J, Estrada-Pena A, Venzal JM, Kocan KM, Sonenshine DE. Overview: Ticks as vectors

of pathogens that cause disease in humans and animals. Frontiers in Bioscience. 2008 May 113

(18):6938–46. https://doi.org/10.2741/3200 PMID: 18508706

2. Diuk-Wasser MA, Vanacker MC, Fernandez MP. Impact of Land Use Changes and Habitat Fragmen-

tation on the Eco-epidemiology of Tick-Borne Diseases. J Med Entomol. 2021 Jul 1; 58(4):1546–64.

https://doi.org/10.1093/jme/tjaa209 PMID: 33095859

3. Gritsun TS, Lashkevich VA, Gould EA. Tick-borne encephalitis. Antiviral Res. 2003; 57(1–2):129–46.

https://doi.org/10.1016/s0166-3542(02)00206-1 PMID: 12615309

4. Ecker M, Allison SL, Meixner T, Heinz FX. Sequence analysis and genetic classification of tick-borne

encephalitis viruses from Europe and Asia. Journal of General Virology. 1999 Jan 1; 80(1):179–85.

https://doi.org/10.1099/0022-1317-80-1-179 PMID: 9934700

5. Grard G, Moureau G, Charrel RN, Lemasson JJ, Gonzalez JP, Gallian P, et al. Genetic characteriza-

tion of tick-borne flaviviruses: New insights into evolution, pathogenetic determinants and taxonomy.

Virology. 2007 Apr 25; 361(1):80–92. https://doi.org/10.1016/j.virol.2006.09.015 PMID: 17169393

6. Tonteri E, Kipar A, Voutilainen L, Vene S, Vaheri A, Vapalahti O, et al. The Three Subtypes of Tick-

Borne Encephalitis Virus Induce Encephalitis in a Natural Host, the Bank Vole (Myodes glareolus).

PLoS One. 2013 Dec 13; 8(12):e81214. https://doi.org/10.1371/journal.pone.0081214 PMID:

24349041
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