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1. Introduction 

1.1 Rabies 

Around the time of Christ’s birth, as the Roman scholar Aulus Cornelius Celsus traced 

back the causative agent for rabies to a “poison” that was administered by the rabid animal to 

the bitten individual, he prophetically quoted the Latin expression virus (lat. virus - “poisonous 

substance” [1]) to define the transmitted substance [2,3]. Thousands of years later, Celsus’ 

unintended choice of words was proven right, as neurotropic viruses of the genus Lyssavirus 

from the family Rhabdoviridae of the order Mononegavirales [4] were identified as the 

causative agents for rabies. Rabies is a zoonotic disease characterized by a progressive 

encephalomyelitis that is almost always accompanied by a fatal outcome after the onset of 

symptoms [5]. It is known to affect a wide range of mammalian species, is maintained by 

several members of the orders Chiroptera and Carnivora [6], and is thought to be endemic in 

the greater kudu (Tragelaphus strepsiceros), a herbivorous antelope species in Namibia [7,8]. 

Lyssaviruses are naturally transmitted by infectious saliva after the bite or scratch of a rabid 

animal and are capable of infecting humans and other non-reservoir species. However, onward 

transmission from these so-called dead-end hosts is rare.  

Rabies in terrestrial carnivorous species is a tremendous threat for public health 

emphasized by an estimated 59,000 human deaths annually, with the highest incidences 

ascertained on the African and Asian continents [9]. Nevertheless, rabies remains one of the 

most prominent neglected diseases and the occurrence of human rabies often correlates with 

poor living conditions in low-income countries [9]. The incubation time of the disease in 

humans ranges between 20-90 days post exposure [10]. Two clinical forms are described for 

rabies: the furious/encephalitic and paralytic form. Unspecific prodromal symptoms of a 

rabies infection include, but are not limited to: fever, fatigue, headache, and the development 

of pain and pruritus at the bite wound [11]. After transition to the neurological phase, the onset 

of symptoms like hydrophobia, aggressive behavior, confusion and hypersalivation for the 

furious/encephalitic form and a pronounced early muscle weakness as well as a general longer 

survival period for the paralytic form [12] have been described. Regardless of the form, the last 

stage of the disease encompasses coma and the subsequent death of the infected individual. 

Since the days of Louis Pasteur, effective treatment after the bite of a rabid animal 

includes rigorous cleaning of the affected bite wound and the subsequent application of a post-

exposure prophylaxis (PEP) [6]. These measures comprise the treatment of the affected person 

with rabies biologicals including inactivated rabies vaccines and immune globulins. Thus, the 

development of an effective immunologic protection can be induced before the emergence of 

symptoms and the inevitable death of the affected individual [5]. Today, an approximated 29 
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million PEP treatments are administered annually, resulting in an estimated cost of 1.70 billion 

US dollars [9].  

1.2 Rabies control in dog and wildlife populations by oral rabies vaccines 

To date, 95 % of human rabies fatalities can be traced back to the bite of a rabid dog [5]. 

Consequently, the main priority of rabies control measures is the elimination of terrestrial 

rabies, particularly focusing on dog and canine wildlife populations maintaining the circulation 

of the most impactful lyssavirus for public health, the classical rabies virus (RABV). This is the 

prototype species of the genus and accounts for the vast majority of human and carnivore 

rabies cases [10]. In contrast to other lyssaviruses, RABV is transmitted by an unparalleled 

number of different reservoir species primarily in the Chiroptera and Carnivora orders [10], 

and has a worldwide distribution on all continents except for Australia and Antarctica [13]. In 

2018, the World Health Organization (WHO), the World Organization for Animal Health 

(OIE), the Food and Agriculture Organization (FAO) and the Global Alliance for Rabies Control 

announced their ambitious goal to eliminate dog-mediated human rabies cases by 2030 [14] 

to address the continuing spread of RABV especially in low- and middle-income countries. 

Since RABV-induced rabies is completely preventable by vaccination, immunization of 

exposed dog and wildlife populations represents the most practicable and cost-efficient 

approach to diminish human infections and to eliminate rabies in reservoir species [15]. For 

large-scale vaccination efforts, two different strategies have been developed: Domestic and 

free-roaming dogs are predominantly vaccinated by parenteral application of inactivated virus 

vaccines whereas replication competent live-attenuated oral rabies vaccines (ORVs) [16] and 

their bait-based distribution became a versatile tool to access susceptive populations of wildlife 

species (e.g. foxes, skunks, racoons) [17]. Recent considerations also mentioned the promising 

usage of ORVs targeting free-roaming dogs as an alternative/supportive approach for the 

actual “capture-vaccinate-release” strategy that is time-consuming and limited in its scalability 

[18].   

Most of the live-attenuated ORV strains used today descend from a common ancestor, 

the cell-culture adapted field virus strain SAD, isolated from a rabid dog in Alabama in 1935 

(designated as Street Alabama Dufferin) [19–21]. In order to generate an attenuated virus, the 

SAD strain was serially passaged in different cell-culture systems like hamster kidney cells [19], 

chicken embryos, and pig kidney cells [22], resulting in the development of the ERA strain 

(Evelin-Rockitnicki-Abelseth)[22]. This was the first vaccine strain that was successfully 

administered for the oral immunization of foxes against RABV [23] and has since then become 

the main vaccine strain used in several ORV campaigns in Canada [24]. 

In the 1970s, the ERA strain was made available to swiss research facilities. Further 

passages on baby hamster kidney cell cultures led to the development of the SAD Bernoriginal 
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vaccine strain [25,26], which was initially tested in a field trial in a swiss canton (1978) and 

became the first successful ORV campaign performed in Europe by ending two rabies 

epizootics in local fox populations [27]. Subsequently, SAD Bernoriginal was distributed to other 

European laboratories followed by the development of the first generation of commercial 

vaccine strains including SAD B19, SAD P5/88 and SAD Bern. These first generation ORVs 

were extensively used in mass vaccination efforts to eliminate fox-mediated rabies in Western 

and Central Europe, as summarized in a comprehensive study covering ORV campaigns from 

1978 to 2014 [28]. In Germany alone, more than 90 million vaccine baits were distributed from 

1983 to 2008, causing costs of approximately 100 million euros for the ORV-based eradication 

programs [29]. As a result, the last case of terrestrial rabies was reported in a red fox in 2006 

followed by the official declaration for Germany to be free of terrestrial rabies in 2008 [29]. 

1.3 Lyssaviruses 

1.3.1 Genome organization and gene transcription 

Lyssaviruses are genetically characterized by a single stranded, non-segmented, 

negative-sense RNA genome with a length of ~12,000 nt encoding for the five viral proteins in 

the following conserved order (3’ to 5’): nucleoprotein (N), phosphoprotein (P), matrix protein 

(M), glycoprotein (G) and the RNA-dependent RNA polymerase (L) [30,31]. The genes are 

separated by four noncoding intergenic regions (IGR) of variable lengths while the complete 

genome is flanked by 2 untranslated regions (UTRs) at the 3’- (leader RNA coding sequence) 

and 5’- terminus (trailer sequence) [32]. The 3’-leader sequence functions as a promoter for 

both the transcription of viral mRNA and the synthesis of the full-length RNA antigenome 

strand, whereby the complement 5’-trailer sequence becomes an antigenome promoter in the 

positive strand RNA template for the nucleoprotein-dependent replication of the viral negative 

sense genome [33]. The transcription of viral mRNA is directed by designated transcription 

initiation and transcription termination sequences flanking the coding regions of each viral 

protein and is influenced by the number of IGRs passed by the viral polymerase complex 

during transcription, leading to a decreasing gradient of cistron transcripts from the 3’- to the 

5’-terminus [34]. Another simple mechanism of transcription regulation relates to the length 

of the IGRs, as longer untranslated regions, for instance the 24 nt long intergenic G-L region 

of the RABV genome, cause an attenuated transcription of the downstream situated genes, 

which becomes particularly evident for the RNA-dependent RNA-polymerase (L) gene [34]. 

The transcription of an extensive noncoding region as part of the G gene cistron raised the 

hypothesis of an additional 6th gene within the lyssavirus genome, also referred to as 

pseudogene ψ [35]. This genome region is present in all lyssaviruses with a variable length 
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depending on the virus, however, no distinct function could be assigned to the pseudogene 

region yet. 

1.3.2 Viral protein function and virion structure  

Lyssaviruses utilize the host cell-own translation machinery for the expression of viral 

proteins. In contrast, processes involved in the transcription and replication of the lyssavirus 

genome rely on a viral protein complex formed by the RNA-dependent RNA polymerase (L) 

and the phosphoprotein (P), also referred to as the polymerase complex (PC). Thereby, the P 

protein serves as an essential non-catalytic subunit of the PC. The nucleoprotein (N) represents 

another important protein associated with the viral genome, preventing the RNase-mediated 

degradation of the genome by tightly enclosing the viral RNA. Furthermore, the N protein plays 

a key role in the viral transcription and replication processes [32] and forms, together with the 

enclosed RNA genome, the phosphoprotein (P) and the RNA-dependent RNA polymerase (L), 

the inner core structure of the lyssavirus virion, the so-called ribonucleoprotein (RNP). 

Additional functions of these RNP-associated proteins include the antagonistic effect of the P 

protein on the host innate immune response by counteracting crucial signaling pathways of 

the interferon-mediated antiviral host response. Key mechanisms therefore include the 

disturbance of the phosphorylation of the interferon regulatory factor 3  [36] and the binding 

of phosphorylated signal transducer and activator of transcription, short STATs [37,38]. The 

RNP is enveloped by a matrix protein (M) layer which condenses the RNP to a helical structure 

[39] and connects the inner nucleocapsid with the outer virion membrane as well as the 

cytoplasmic domain of the glycoprotein (G) [40]. This M protein - RNP interaction determines 

the development of the characteristic bullet-shaped form known for Rhabdovirus particles 

[39,41], resulting in virions with a diameter of 75 nm and a length of 180 nm for the rabies 

virus [42]. The virion membrane itself is formed by a lipid double layer assimilated from the 

host cell membrane during the budding and release steps of the lyssavirus life cycle [43]. 

Anchored in the virion membrane through a transmembrane domain, the G protein appears 

in a homo-trimeric form and is the sole viral protein present on the outer surface of the virion 

[44]. Consequently, the G protein plays a key role in the receptor binding at the host cell [45] 

and the subsequent clathrin-mediated endocytosis of the virus [46,47]. Furthermore, it is the 

primary surface antigen and thus the main target for neutralizing antibodies [48].  

1.3.3 Classification of lyssavirus species  

In the current concept of virus classification, the virus species determines the most 

fundamental taxonomic category which is applied to distinguish between sufficiently distinct 

viruses [49]. With respect to the variety of virus properties that can be utilized for virus 

classification, defined species demarcation criteria were established for different genera, for 
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example, the virus genome organization, host range, or pathogenicity. Furthermore, sequence 

comparison in form of sequence similarity and phylogenetic relationship have become a main 

characteristic to define a new virus taxa [49]. For the genus Lyssavirus, several characteristics 

are specified for virus species classification, including a genetic distances of 80% nucleotide 

identity between species for concatenated coding regions of the five viral genes 

(N+P+M+G+L), the phylogenetic separation from other established lyssavirus species, the 

serological discriminability in virus-neutralization tests and the occupation of distinct 

ecological niches [50], although not all characteristics have to be fulfilled by virus species 

candidates.  

Until now, 17 recognized lyssavirus species (Table 1) are assigned to the genus Lyssavirus 

according to the species demarcation criteria defined by the International Committee on 

Taxonomy of Viruses (ICTV) [51]. It is assumed that all lyssaviruses are capable of causing 

rabies in mammals [52] and that chiropteran species represent their primary evolutionary 

hosts [52,53], considering the identification of bat reservoirs for the vast majority of 

lyssaviruses. However, two exceptions have been described: The Mokola virus (MOKV) was 

initially discovered in shrews from Nigeria [54], but was later frequently isolated from 

companion animals like cats and dogs in central- and southern Africa (as summarized in [55]) 

whereas the Ikoma virus (IKOV) was only found once in an African civet in the Serengeti 

National Park in 2009 [56]. Evidence for the natural reservoirs of MOKV and IKOV is still 

lacking [57] and their association to a yet unknown bat reservoir cannot be ruled out. In 

addition, recently published results of a long-term bat surveillance program in South Africa 

indicate the circulation of an unknown new lyssavirus species in Natal long-fingered bats 

(Minopterus natalensis) [58]. However, no official classification of the putative new lyssavirus 

has been done so far. 

1.3.4 Phylogenetic groups and antigenicity of lyssaviruses 

Lyssaviruses are categorized according to their genetic and antigenetic characteristics in 

at least three distinct phylogroups [59] (Table 1, Figure 1): Phylogroup I encompasses the 

majority of lyssaviruses, including several European (European bat lyssavirus 1 – EBLV-1, 

European bat lyssavirus 2 – EBLV-2,  Bokeloh bat lyssavirus – BBLV, presumably also the 

Kotalahti bat lyssavirus – KBLV) and Asian lyssaviruses (Gannoruwa bat lyssavirus – GBLV, 

Khujand virus –  KHUV, Aravan virus – ARAV, Taiwan bat lyssavirus – TWBLV, Irkut virus – 

IRKV) as well as the Duvenhage virus (DUVV), the Australian bat lyssavirus and the globally 

distributed prototypical rabies virus (RABV). The second apparent phylogroup is formed by 

the three African lyssaviruses Mokola virus (MOKV), Shimoni bat virus (SHIBV) and Lagos bat 

virus (LBV). The third phylogroup [60] encompasses the genetically highly divergent  
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Table 1 Overview of the 17 recognized lyssavirus species and the putative Kotalahti bat lyssavirus 
(KBLV) (as of February 2021). 

Lyssavirus name Abbr. 
Main Reservoir 
(Host Species) 

Genome Length [nt] 
(Accession no. 

Reference Sequence) 
Phylogroup Source 

Aravan virus ARAV 
Bats 

 (Myotis blythi) 
11,918 

(NC_020808.1) 
I [61,62] 

Australian bat 
lyssavirus 

ABLV 

Bats 
(Pteropus alecto; 

Saccolaimus 
flaviventris) 

11,822 
(NC_003243.1) 

I [63] 

Bokeloh bat 
lyssavirus 

BBLV 
Bats  

(Myotis nattereri) 
11,900 

(NC_025251.1) 
I [64] 

Duvenhage virus DUUV 

Bats 
(Nycteris 
thebaica; 

Miniopterus sp.) 

11,976 
(NC_020810.1) 

I [65] 

European bat 
lyssavirus 1 

EBLV-1 
Bats (Eptesicus 

serotinus) 
11,966 

(NC_009527.1) 
I [66] 

European bat 
lyssavirus 2 

EBLV-
2 

Bats  
(Myotis 

daubentonii) 

11,930 
(NC_009528.2) 

I [66] 

Irkut virus IRKV 
Bats  

(Murina 
leucogaster) 

11,980 
(NC_020809.1) 

I [61] 

Khujand virus KHUV 
Bats  

(Myotis 
mystacinus) 

11,903 
(NC_025385.1) 

I [61] 

Rabies virus RABV 
mainly 

carnivorous 
species 

11,932 
(NC_001542.1) 

I [30] 

Lagos bat virus LBV 
Several 

Chiropteran 
species 

12,016 
(NC_020807.1) 

II [67,68] 

Mokola virus MOKV 
Unknown  

(rodent species, 
cats and a dog) 

11,940 
(NC_006429.1) 

II [69,70] 

Shimoni bat virus SHIBV 
Bats 

(Hipposideros 
commersoni) 

12,045 
(NC_025365.1) 

II [71] 

Ikoma lyssavirus IKOV 

Unknown  
(single isolation 

from  

Civettictis civetta) 

11,902 
(NC_018629.1) 

III/(IV) [56] 

West Caucasian 
bat virus 

WCBV 
Bats  

(M. schreibersii) 
12,278 

(NC_025377.1) 
III [60,61] 

Lleida bat 
lyssavirus 

LLEBV 
Bats  

(M. schreibersii) 
11,931 

(NC_031955.1) 
III/(IV) [72] 

Gannoruwa bat 
lyssavirus 

GBLV 
Bats 

 (Pteropus medius) 
11,919 

(NC_031988.1) 
I [73] 

Taiwan bat 
lyssavirus 

TWBV 
Bats  

 (Pipistrellus 
abramus) 

11,988 (MF472709) I [74] 

Kotalahti bat 
lyssavirus* 

KBLV 
Bats  

(Myotis brandtii) 

1,370 (MF960865 – 
only N gene sequence 

available) 
(I) [75] 

Abbr. – abbreviation; nt – nucleotides; * – Lyssavirus-related but yet unclassified virus species  
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Figure 1 Phylogenetic tree of the reference sequences from the 17 recognized and 1 putative lyssavirus 
species. At least three distinct phylogroups are recognized within the lyssavirus genus. Reference 
sequences of the recognized lyssavirus species were used as stated in Table 1. Sequence used for the 
Kotalahti bat lyssavirus: LR994545.1 . In preparation of the phylogenetic analysis, a multiple sequence 
alignment was conducted using the MAFFT [76,77] plugin (v7.388) as implemented in Geneious Prime 
(2019.2.3: build 2019-09-24). Subsequently, a maximum-likelihood phylogenetic tree was constructed 
utilizing the IQ-Tree Software [78] with 100.000 ultrafast-bootstraps and enabled ModelFinder module 
(Best-fit model: GTR+ Γ+R4) [79]. 

lyssaviruses West Caucasian bat virus (WCBV), Lleida bat lyssavirus (LLEBV) and Ikoma 

lyssavirus (IKOV).  

One characteristic of these phylogroups is the limited cross neutralization activity of 

antibodies induced by lyssaviruses from one phylogroup against viruses from another [59]. 

This issue becomes particularly important for the post-exposure treatment of rabies cases 

caused by lyssaviruses of phylogroups II and III, as currently applied rabies vaccines are based 

on inactivated rabies virus vaccine strains (phylogroup I). Consequently, antibodies raised 

against these strains provide an effective protection against viruses of phylogroup I but, on the 

contrary, show only a low/nonexistent neutralization of viruses from phylogroups II and III 

[80]. Therefore, knowledge about antigenic properties of known and novel lyssavirus species 

became a primary target to assess risks for public health, especially for the highly diverse 

members of phylogroup III. In this regard, investigations on WCBV revealed a weak 
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neutralization by virus-raised antibodies from phylogroup I and II [81] while a study on the 

antigenic properties of IKOV revealed the complete lack of cross-neutralization of the virus by 

antibodies in sera of vaccinated humans and dogs. Comparable results are described for 

LLEBV, as serum samples from vaccinated humans and domestic animals did not neutralize 

LLEBV whereas vaccination experiments in mice revealed a certain protectivity given by rabies 

vaccines [82]. Remarkably, IKOV shows no cross-reactivity with antibodies raised from WCBV 

[57] and thus contradicts the classification within the same phylogroup. Considering the 

phylogenetic segregation of LLEBV and IKOV from WCBV (Figure 1), a potential fourth 

phylogroup might be formed by LLEBV and IKOV.  

1.4 European bat lyssavirus 1 

The European bat lyssavirus 1 (EBLV-1) represents the predominant lyssavirus found in 

European bats [83] and, as it is the case for the majority of lyssaviruses, shows a distinct 

association to specific bat species. For EBLV-1, the Serotine bat (Eptesicus serotinus) [83,84] 

and its close relative, the Isabel bat (Eptesicus isabellinus) [85] represent the main reservoir 

hosts. However occasional spill over into other bat species, e.g. the common pipistrelle 

(Pipistrellus pipistrellus), the greater mouse-eared bat (Myotis myotis) and the common 

noctule (Nyctalus noctule) have been described in past studies [86,87]. Furthermore, 

infections of non-Chiropteran mammals like stone martens [88], cats [89] and sheep [90] have 

been reported. Moreover, fatal cases of human rabies caused by bat-transmitted EBLV-1 in the 

Ukraine [91] and Russia [92] demonstrate the relevance of the virus for public health, even 

though reported spillover incidences into humans are low.  

First insights into the evolution of EBLV-1 were provided by the work of Amengual et al. 

[93], whose molecular analysis described the segregation of EBLV-1 cases into two sublineages, 

namely EBLV-1a and -1b. In addition, studies about population dynamics and the molecular 

epidemiology of EBLV-1 emphasize a constrained evolution of the virus as indicated by a low 

nucleotide substitution rate of ~4.19 x 10-5
 substitutions/site/year [94], ranging among the 

lowest determined for RNA viruses [94,95]. For the EBLV-1 sublineages, phylogeographic 

investigations revealed a disparate distribution on the European continent: While EBLV-1a 

follows an East-West expansion from Russia and the Ukraine to the Netherlands and France, 

the distribution of EBLV-1b reaches from the Netherlands to Spain along a North-South axis. 

The analysis of 82 EBLV-1 full-genome sequences [94] also indicated the subdivision of both 

sublineages into multiple phylogeographically related clusters. For EBLV-1a, two clusters can 

be distinguished, designated as A1 and A2. Cluster A1 represents the most diverse group of 

EBLV-1 viruses encompassing sequences from Russia, Ukraine, Poland, Slovakia, Germany, 

Denmark, and the Netherlands while cluster A2 is exclusively formed by EBLV-1 viruses from 

France. In contrast, a distinct phylogeographic structure can be observed within the EBLV-1b 
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sublineage with a strong correlation between the geographic and phylogenetic proximity of the 

examined bat-related rabies cases and expressed by the formation of seven geographical 

clusters [94]. In this context, only a weak phylogeographic structure is postulated for 

sublineage 1a and especially for the diverse cluster A1. However, the vast geographic area 

covered by cases included in this cluster and the limited number of available full-genome 

sequences from particular countries might contribute to the less pronounced phylogeographic 

structure within the sublineage 1a and consequently does not necessarily reflect the actual 

evolutionary background of EBLV-1 in the affected European regions.  

1.5 Kotalahti bat lyssavirus 

In the past, confirmed cases of bat-related rabies in Finland were limited to two EBLV-2 

rabies cases in Daubenton’s bats (Myotis daubentonii) [96,97], and a fatal human case in 1985 

[98], providing first indications for the circulation of lyssaviruses in Finnish bat populations. 

Despite comprehensive bat surveillance and epidemiological prevalence studies of lyssaviruses 

in Finnish bats [99], no evidence was found for other lyssaviruses aside the described EBLV-2 

cases.  

In August 2017, a hitherto unknown bat-related lyssavirus, later referred to as Kotalahti 

bat lyssavirus (KBLV), was discovered in a decomposed carcass of a Brandt’s bat (Myotis 

brandtii) in the village of Kotalahti [75]. Initial diagnostic testing of sample materials 

suggested a lyssavirus infection that was subsequently confirmed by the successful 

amplification of two lyssavirus-specific gene sequences of the nucleoprotein (N) [75]. 

Sequencing and phylogenetic analysis of the N-gene fragments revealed the affiliation of the 

virus to phylogroup I. In addition, the highest sequence identity of 81 % could be observed in 

comparison to the Khujand virus [75]. However, these findings are only based on a small 

fraction of the presumed genome and therefore are not sufficient for a concluding assessment 

of the genetic relationship of KBLV. Furthermore, all attempts to isolate the virus failed and 

beside partial N-gene sequences, relevant information about this putative new lyssavirus 

species is missing. Therefore, a complete characterization of the Kotalahti bat lyssavirus and 

its classification within the lyssavirus genus is currently not possible.  

1.6 Next-Generation Sequencing (NGS) 

Today, the reversible chain-termination sequencing utilized by Illumina and the 

semiconductor sequencing applied in Ion Torrent products are the most abundant Next-

Generation Sequencing (NGS) technologies used in research. Both systems follow the 

sequencing-by-synthesis principle and therefore rely on a signal emitted during or after the 

polymerase-catalyzed incorporation of a nucleotide complementary to a template DNA strand 

[100].  
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For the genetic assessment of lyssaviruses in the course of this work, an established NGS 

workflow based on Ion Torrent semiconductor sequencing was utilized for the generation of 

sequence data [101]. Therefore, a detailed description of the Ion Torrent sequencing procedure 

is provided in the following. 

1.6.1 Ion Torrent semiconductor sequencing 

The starting point for the Ion Torrent sequencing is the preparation of compatible DNA 

libraries. As semiconductor-sequencing relies on DNA libraries, sample-derived RNA must be 

reverse transcribed into double stranded complementary DNA (cDNA) prior to library 

preparation. Therefore, the first step involves a reverse transcriptase enzyme that generates 

the initial cDNA strand from the RNA template (first strand synthesis). Subsequently, the 

replacement of the RNA strand from the RNA-DNA hybrid yields a double stranded cDNA 

molecule (second strand synthesis). The obtained cDNA is physically sheared into smaller DNA 

fragments by focused ultrasonication [102], partially creating single stranded overhangs at the 

ends of the fragmented DNA (Figure 2, b.). Due to the necessity of blunt end DNA for the 

ligation of Ion Torrent specific adapters, a succeeding end-repair step is performed and two 

linear adapters are ligated onto the end-repaired DNA. Prior to sequencing, the template 

molecules must be clonally amplified and immobilized on a spherical solid particle (ion sphere 

particle – ISP, Figure 2, c.). This is achieved by an emulsion polymerase chain reaction 

(emPCR) [103], encompassing ISPs, template molecules, PCR reagents and a DNA polymerase 

in a multitude of separated water compartments formed by a water-oil-emulsion. In order to 

attain a successful clonal amplification and to avoid polyclonally loaded ISPs, only one 

template molecule should be present in each compartment. After emPCR, an enrichment step 

based on magnetic-bead technology separates successfully loaded ISPs from unloaded ISPs. 

Subsequent to a DNA denaturation step, sequencing primer and DNA polymerase are added 

to the enriched ISPs before the suspension is flushed into the sequencing chip, harboring 

millions of sensor wells which are each connected to a pH sensitive detection unit (Figure 2, 

d.). Due to the size of the ISPs (diameter = 2 µm) and the depth of the sensor wells, it is assured 

that only a single ISP fits into each well [104]. After loading of the chip into the sequencing 

instrument, the sequencing procedure is started by the successive flushing of each of the four 

dNTPs through the chip (Figure 2, d). In case of an incorporation of the dNTP complementary 

to the ISP-bound templates, a proton (H+) is released during the polymerase-mediated DNA 

synthesis of the clonal strands, changing the pH in each addressed well (Figure 2, d., left 

illustration). Thereby, multiple incorporations of dNTPs within one flow are displayed by a 

proportional higher signal (Figure 2, d., right illustration).  

  



1. Introduction 
 

 
11 

 

Figure 2 a.: Schematic workflow for Ion Torrent semiconductor sequencing. b.: As part of the libary 
preparation, the double stranded DNA is sheard by ultrasonication followed by the end-repair of single 
stranded overhangs and blunt-end adapter ligation c.: Single library molecules are encapsidated by a 
water-oil emuslion for amplification and immobilization on the ISP during the emPCR. d.: A loaded ISP 
sits in the well of a sensor unit while the sequential flushing of dNTPs into the wells causes the release 
of H+ in the case of a nucleotide incorporation. The so induced pH shift is measured by the ISFET unit 
and the generated signal translated into the sequence of the ISP-bound library molecule. This schematic 
workflow was adapted from Rothberg et al. [105] Figure S1 under the creative commons license BY-NC-
SA 3.0. 

To overcome interferences, wash steps are conducted between each dNTP flow. The physical 

aspect of the semiconductor sequencing is based on the detection of changes in the electric 

potential on a metal-oxide-sensing layer, a key component of the solid-state pH sensor utilized 

by Ion Torrent [104]. This sensor system, also specified as ion-sensitive field-effect transistor 

(ISFET), enables the measurement of minimal pH changes in a liquid phase of interest like 

they are induced by the DNA polymerase-mediated release of protons during DNA synthesis. 

Consequently, the known order of flushed dNTPs in combination with the simultaneous 

detection of their incorporation enables the determination of the nucleotide sequence of the 

template in each well. Finally, the assessment and translation of the collected ISFET signals 
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into nucleobases, a step also referred to as base calling [106], delivers the output in form of 

short nucleotide sequences (called reads), each assigned to one sequenced library molecule. 

These reads represent the basis for subsequent bioinformatic analyses, including the mapping 

of reads against a given reference sequence and the de novo assembly of genes and genomes. 

As for all other NGS approaches, platform specific advantages and disadvantages have 

been reported for the Ion Torrent semiconductor sequencing. Main strengths of the approach 

are the capability to generate read lengths of up to 600 bp (Ion 530™ Chip on an S5 sequencer) 

[107] and an observed low error rate for substitutions, achieved by the usage of unmodified 

dNTPs and a more accurate polymerase in comparison to competing systems. These specifics 

are of special interest for the detection of possible genome variants, as examined single 

nucleotide polymorphisms (SNPs) can be called with high confidence. On the contrary, overall 

higher error rates elicited by insertion or deletion (indel) errors are described for different Ion 

Torrent semiconductor-sequencers like the PGM [108] and the S5 [109]. The majority of these 

indel errors [110] are caused by homopolymer sequences [111] and can be traced back to 

saturation effects during the incorporation of multiple dNTPs in a single flow. These impacts 

on indel base call accuracy can also affect, to a certain extent, the sequencing of lyssavirus 

genomes, as sequences in the 3’-leader and 5’-trailer sequence as well as the transcription 

termination signals (see chapter 1.2) at the downstream end of lyssavirus cistrons comprises 

homopolymers of different lengths and thus have to be carefully evaluated in each study. 

Lastly, drops of coverage related to sequences with extreme (low or high) GC content are 

reported for Ion Torrent sequencing instruments [110,112]. 

1.6.2 Enrichment of viral genome sequences  

NGS significantly accelerated the acquisition of full genomes for viral pathogens while 

reducing the cost of DNA sequencing compared to the traditional Sanger approach. However, 

a high amount of the generated sequencing data often consist of non-target genetic information 

forming a dominant background that impedes the detection of pathogen-related sequences due 

to an unfavorable virus/background ratio [113]. This background is primarily associated to 

host-specific nucleic acids or bacterial genome sequences and thus is only of minor interest. 

To prevent the time- and cost-intensive generation of large datasets to access viral full-

genomes, especially for samples with a low pathogen load, the enrichment of targeted DNA 

sequences has become a viable tool to manipulate the virus/background ratio in favor of viral 

genome sequences.  

One of the most advanced methods used for this purpose are customized biotinylated 

RNA-oligomers (myBaits®) designed according to a panel of reference sequences for an in-

solution capturing of DNA libraires. In general, the so-called RNA baits form RNA:DNA  
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Figure 3 Schematic illustration of the in-solution capturing approach utilizing customized RNA-
oligomers. A: Hybridization of biotinylated RNA baits (yellow) and targeted DNA library molecules 
(red) with blocking oligomers (black). B: Binding of the biotinylated RNA:DNA hybrids on streptavidin-
coated magnetic beads. Non-target library molecules (blue) are removed in a subsequent washing step. 
C: The denaturation of the RNA baits and the subsequent amplification of the targeted library molecules 
yield an enriched DNA library. 

hybrids (Figure 3 A) with the library molecules of interest while shorter blocking oligos prevent 

the unintentional annealing of library molecules at platform specific adapter sites [114]. After 

hybridization, bait-bound library molecules are separated from off-target molecules by binding 

of the biotinylated RNA probes to streptavidin-coated magnetic beads and subsequent washing 

of the beads (Figure 3, B). In a final step, the enriched library molecules are denatured from 

their RNA bait counterpart and amplified utilizing sequencing platform-specific primers, 

thereby generating a sequencing-ready library (Figure 3, C).  

The versatility of customized hybridization capture systems has been demonstrated for 

a variety of targeted pathogens, e.g. fungi, parasites, bacteria, and viruses (as reviewed in 

[113]). Another characteristic of these systems is the enrichment of library fragments that share 

a certain sequence identity with the targeted virus due to a defined tolerance of the synthesized 

oligomers [115]. This enables the identification of virus variants or even unknown, but related 

virus species and can support the diagnostic analysis of complex sample matrices.  
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2. Objectives 

The aim of this work was to investigate the genetic diversity of lyssaviruses based on 

phylogenetic, population and genetic variant analyses to assess implications on the evolution 

of lyssaviruses. Therefore, current knowledge gaps of representative lyssavirus species were 

addressed to elucidate lyssavirus variation at the sub-consensus, intra- and inter-species level.  

In detail, investigations of the bat-associated European bat lyssavirus 1 (EBLV-1) and the 

putative new Kotalahti bat lyssavirus (KBLV) were intended to provide further insight into the 

long-term evolution of lyssaviruses in their original host reservoir, the bat. Therefore, a sample 

panel of Danish EBLV-1 cases covering a time span of 24 years was examined to identify 

potential spatial and/or temporal dependencies between the investigated bat-associated cases. 

Moreover, a phylogenetic analysis was conducted to classify Danish viruses in relation to 

previously published EBLV-1 sequences while the inclusion of geographic data should 

elucidate whether the newly generated sequences would support the phylogeographic structure 

postulated for the respective sublineage and cluster of EBLV-1. In the case of KBLV, the genetic 

characterization of the putative new lyssavirus was conducted to enable its classification 

according to the ICTV species demarcation criteria and consequently expand the diversity of 

the genus. Furthermore, phylogenetic analyses were intended to assess the genetic relationship 

of KBLV to other members of the genus and provide further insight into the evolutionary 

history of the virus.  

As a second part of this work, the influence of the sub-consensus genetic diversity of live 

attenuated ORVs on the selection of virus variants was assessed for reported Canadian and 

European vaccine-induced rabies cases. Therefore, population and variant analyses were 

conducted to identify single nucleotide variants in ORVs that became fixed in the consensus 

sequence of related vaccine-induced cases. Since diverse virus populations can influence virus 

pathogenicity by the formation and selection of host adapted virus variants, it should be further 

elucidated whether the diverse populations of ORVs contributed to the development of rabies 

in the affected host species by investigating nucleotide alterations in known antigenic sites.  

Lastly, the applicability of an in-solution hybridization capturing approach based on 

biotinylated RNA oligomer baits was examined for RABV and KBLV field samples. 

Comparative experiments with and without in-solution capturing were intended to determine 

the enrichment capacity of the utilized diagnostic bait set for targeted and non-targeted 

lyssavirus library molecules. Since alterations of the sequence identities between baits and 

targeted library molecules have an impact on the capturing process, it was also investigated 

whether the baits treatment has an effect on the occurrence or frequency of single nucleotide 

variants. 



 

 

3. Publications 

 

 

 

3.1. Publication (I) 

 

Full-genome Sequences and Phylogenetic Analysis of Archived Danish European Bat 

Lyssavirus I (EBLV-1) Emphasize a Higher Genetic Resolution and Spatial Segregation for 

Sublineage 1a 

 

Sten Calvelage, Conrad M. Freuling, Anthony R. Fooks, Dirk Höper, Denise A. Marston, 

Lorraine McElhinney, Thomas Bruun Rasmussen, Stefan Finke, Martin Beer and Thomas 

Müller 

 

 

Submitted to Viruses (February 2021) 

  



Publications 
 

 
16 

 

 

  



Publications 
 

 
17 

 

 

  



Publications 
 

 
18 

 

 

  



Publications 
 

 
19 

 

 

  



Publications 
 

 
20 

 

 

  



Publications 
 

 
21 

 

 

  



Publications 
 

 
22 

 

 

  



Publications 
 

 
23 

 

 

  



Publications 
 

 
24 

 

 

  



Publications 
 

 
25 

 

 

 

  



Publications 
 

 
26 

 

 



Publications 
 

 
27 

 

 



Publications 
 

 
28 

 

 



Publications 
 

 
29 

 

 

 

 

 

3.2. Publication (II) 

 

Genetic and Antigenetic Characterization of the Novel Kotalahti Bat Lyssavirus (KBLV) 

 

Sten Calvelage, Niina Tammiranta, Tiina Nokireki, Tuija Gadd, Elisa Eggerbauer, Luca M. 

Zaeck, Madlin Potratz, Claudia Wylezich, Dirk Höper, Thomas Müller, Stefan Finke, Conrad 

M. Freuling 

 

 

Published in Viruses (06. January 2021) 

doi: 10.3390/v13010069 

 

  



Publications 
 

 
30 

 

 

  



Publications 
 

 
31 

 

 

  



Publications 
 

 
32 

 

 

  



Publications 
 

 
33 

 

 

  



Publications 
 

 
34 

 

 

  



Publications 
 

 
35 

 

 

  



Publications 
 

 
36 

 

 

  



Publications 
 

 
37 

 

 

  



Publications 
 

 
38 

 

 

  



Publications 
 

 
39 

 

 

  



Publications 
 

 
40 

 

 

  



Publications 
 

 
41 

 

 

  



Publications 
 

 
42 

 

 

  



Publications 
 

 
43 

 

 

  



Publications 
 

 
44 

 

 

  



Publications 
 

 
45 

 

 

 

 

 

3.3. Publication (III) 

 

Population- and Variant-Based Genome Analyses of Viruses from Vaccine-Derived Rabies 

Cases Demonstrate Product Specific Clusters and Unique Patterns 

 

Sten Calvelage, Marcin Smreczak, Anna Orłowska, Conrad M. Freuling, Thomas Müller, 

Christine Fehlner-Gardiner, Susan Nadin-Davis, Dirk Höper and Paweł Trębas 

 

 

Published in Viruses (17. January 2021) 

doi: 10.3390/v12010115 

 

  



Publications 
 

 
46 

 

 



Publications 
 

 
47 

 

 

  



Publications 
 

 
48 

 

 

  



Publications 
 

 
49 

 

 

  



Publications 
 

 
50 

 

 



Publications 
 

 
51 

 

 



Publications 
 

 
52 

 

 

  



Publications 
 

 
53 

 

 



Publications 
 

 
54 

 

 



Publications 
 

 
55 

 

  



Publications 
 

 
56 

 

 



Publications 
 

 
57 

 

 

  



Publications 
 

 
58 

 

 



Publications 
 

 
59 

 

 



Publications 
 

 
60 

 

 



Publications 
 

 
61 

 

 



Publications 
 

 
62 

 

 

  



Publications 
 

 
63 

 

 

  



Publications 
 

 
64 

 

 

  



Publications 
 

 
65 

 

 

 

 

 

3.4. Publication (IV) 

 

Next-Generation Diagnostics: Virus Capture Facilitates a Sensitive Viral Diagnosis for 

Epizootic and Zoonotic Pathogens Including SARS-CoV-2 

 

Claudia Wylezich, Sten Calvelage, Kore Schlottau, Ute Ziegler, Anne Pohlmann, Dirk Höper 

and Martin Beer 

 

 

Published in BMC Microbiome (20. February 2021) 

doi: 10.1186/s40168-020-00973-z 

  



Publications 
 

 
66 

 

  



Publications 
 

 
67 

 

  



Publications 
 

 
68 

 

 

  



Publications 
 

 
69 

 

 

  



Publications 
 

 
70 

 

 

  



Publications 
 

 
71 

 

 

  



Publications 
 

 
72 

 

 

  



Publications 
 

 
73 

 

 

  



Publications 
 

 
74 

 

 

  



Publications 
 

 
75 

 

 

  



Publications 
 

 
76 

 

 

  



Publications 
 

 
77 

 

 

  



Publications 
 

 
78 

 

 

  



Publications 
 

 
79 

 

 

  



Publications 
 

 
80 

 

 

  



Publications 
 

 
81 

 

 

 

 



 
 

 

 

4. Own Contribution 

 

(I) Full-Genome Sequences and Phylogenetic Analyses of Archived Danish European 

Bat Lyssavirus 1 (EBLV-1) Emphasize a Higher Genetic Resolution and Spatial 

Segregation for Sublineage 1a. 

 

Calvelage, S.; Rasmussen, T.B.; Marston, D.A.; McElhinney, L.; Fooks, A.R.; Freuling, C.M.; 

Höper, D.; Finke, S.; Beer, M.; Müller, T. 

 

Viruses  Submitted February 2021 

 

Sten Calvelage: 

 

Generation of sequencing libraries, sequencing of all 

investigated samples, generation of full-genome sequences, 

sequence annotation and preparation for deposition in public 

database, phylogenetic analysis via maximum-likelihood tree 

construction, phylogeographic analysis, interpretation of all 

data, preparation of illustrations, coordination 

Thomas Rasmussen collection of original sample material and metadata, 

interpretation of data 

Denise Marston Provision of sample material, revision of the manuscript 

Lorraine McElhinney: Provision of sample material, revision of the manuscript 

Anthony R. Fooks: Revision of the manuscript, coordination 

Conrad Freuling: Conceptualization and study design, interpretation of data, 

project coordination  

Dirk Höper: Conceptualization and study design, interpretation of data 

Stefan Finke Interpretation of data, supervision 

Martin Beer: Interpretation of data, supervision 

Thomas Müller: Conceptualization and study design, interpretation of data, 

supervision, coordination 

 

All authors took part in writing and editing of the manuscript 

 

  



4. Own Contribution 
 

 
83 

 

 

(II) Genetic and Antigenetic Characterization of the Novel Kotalahti Bat Lyssavirus 

(KBLV) 

 

Calvelage, S.*; Tammiranta, N.*; Nokirekim T.; Gadd, T.; Eggerbauer, E.; Zaeck, L.; Potratz, 

M.; Wylezich, C.; Höper, D.; Müller, T.; Finke, S.; Freuling, C.M.; 

* Contributed equally 

 

Viruses January 2021, doi: 10.3390/v13010069. 

 

Sten Calvelage: Interpretation of sequencing data, assembly of KBLV full-

genome sequence, sequence annotation and preparation for 

deposition in public database, phylogenetic analysis via 

maximum-likelihood tree construction, preparation of 

illustrations 

Niina Tammiranta Sample collection, initial diagnostic 

Tiina Nokireki Sample collection, initial diagnostic 

Tuija Gadd Sample collection, data curation 

Elisa Eggerbauer Animal experimental work 

Luca M. Zaeck Cloning of plasmids 

Madlin Potratz Cloning of plasmids, imaging of transfected cells 

Claudia Wylezich Baits enrichment of the original KBLV sequencing library 

Dirk Höper Initial sequencing data analysis, interpretation of data 

Thomas Müller Conceptualization and study design, interpretation of data 

Stefan Finke Interpretation of data,  

Conrad M. Freuling Conceptualization and study design, interpretation of data, 

coordination 

 

All authors took part in writing and editing of the manuscript 

 

 

 

  



4. Own Contribution 
 

 
84 

 

(III) Population- and Variant-Based Genome Analyses of Viruses from Vaccine-Derived 

Rabies Cases Demonstrate Product Specific Clusters and Unique Patterns. 

 

Calvelage, S.; Smreczak, M.; Orłowska, A.; Freuling, C.M.; Müller, T.; Fehlner-Gardiner, C.; 

Nadin-Davis, S.; Höper, D.; Trębas, P. 

 

Viruses January 2020, 115. doi: 10.3390/v12010115. 

 

Sten Calvelage: Preparation of Polish vaccine-induced case and related vaccine 

batches, sequencing of the Polish samples, data analysis, data 

curation and evaluation of sequencing results from Canadian 

vaccine cases, population analysis, genetic variant analysis, 

generation of full-genome sequences, sequence annotation 

and preparation for deposition in public database, 

interpretation of all data, preparation of illustrations, 

coordination 

Marcin Smreczak: supervision and project coordination, provision of Polish 

vaccine-induced cases and vaccine batches 

Anna Orłowska: Initial investigation of Polish vaccine-induced case, gathering 

of potential associated vaccine batches 

Conrad Freuling: Conceptualization and study design, interpretation of data, 

supervision and project coordination  

Thomas Müller: Conceptualization and study design, interpretation of data  

Christine Fehlner-

Gardiner: 

Generation and provision of sequence raw data for additional 

Canadian vaccine-induced cases 

Susan Nadin-Davis: Generation and provision of sequence raw data for additional 

Canadian vaccine-induced cases 

Dirk Höper: Conceptualization and study design, interpretation of data, 

preparation of illustrations, adaption of population analysis 

methodology  

Paweł Trębas: supervision and project coordination 

 

All authors took part in writing and editing of the manuscript 

  



4. Own Contribution 
 

 
85 

 

(IV) Next-Generation Diagnostics: Virus Capture Facilitates a Sensitive Viral Diagnosis 

for Epizootic and Zoonotic Pathogens Including SARS-CoV-2 

 

Wylezich, C.; Calvelage, S.; Schlottau, K.; Ziegler, U.; Pohlmann, A.; Höper, D.; Beer, M. 

 

BMC Microbiome February 2021, doi: 10.1186/s40168-020-00973-z 

 

Claudia Wylezich Conceptualization and study design, preparation and bait 

treatment of libraries for the enrichment of viral sequencing 

molecules, interpretation of data, preparation of illustrations 

and of the manuscript 

Sten Calvelage: Data curation and bioinformatic analysis for RABV and KBLV 

samples (full genome assembly and investigation of single 

nucleotide variants) 

Kore Schlottau Provision of sample material, initial diagnostic 

Ute Ziegler Provision of sample material, initial diagnostic 

Anne Pohlmann Study design and interpretation of the results, revision of the 

manuscript 

Dirk Höper Study design and interpretation of the results, revision of the 

manuscript 

Martin Beer Conceptualization and study design, preparation of the 

manuscript, supervision 

 

 

 

In agreement:  

 

 

 

Prof. Dr. Stefan Finke   Prof. Dr. Martin Beer   Sten Calvelage 

 



 
 

 

 

5. Results and Discussion 

 

A major achievement in the genetic assessment of lyssaviruses was accomplished in 

1988, when the sequencing of the Pasteur virus strain resulted in the first available lyssavirus 

full-genome [30]. Since then, a number of studies contributed to the current understanding 

about the genetic diversity of lyssaviruses and formed the basis to assess their spread and 

evolution in chiropteran and carnivorous species [13]. Over the past decades, advanced 

sequencing technologies [116] accessed new levels of the genetic diversity of lyssaviruses by 

accelerating the generation of genome sequences and facilitating investigations of sub-

consensus populations [117,118]. However, still little is known about the genetic diversity of 

the vast majority of lyssavirus species and potentially even the entire genus, considering the 

continuous discovery of novel lyssavirus species in new reservoirs hosts [64,72–74].  

In this work, the genetic diversity of three lyssavirus species was examined to elucidate 

the evolutionary mechanisms affecting lyssavirus genomes. In the first part, phylogenetic and 

phylogeographic analyses of the bat-associated EBLV-1 (Publication (I)) and KBLV 

(Publication (II)) identified relations between viruses at the intra- (EBLV-1) and inter- (KBLV) 

species level and provided a deeper insight into the long-term evolution of both lyssaviruses. 

In the second part, population and variant analyses assessed the influence of the sub-

consensus diversity of oral rabies vaccine strains on microevolutionary processes like the 

selection of virus variants in affected animals and a potential reversion to virulence of vaccine 

virus populations (Publication (III)). Lastly, the application of a diagnostic baits set for the 

enrichment of lyssavirus-derived library molecules was evaluated for RABV and KBLV field 

samples (Publication IV). The results of these studies will be discussed in the following. 

5.1 Investigations of the long-term evolution of representative lyssavirus 

species in European bats 

5.1.1 Phylogenetic and phylogeographic analysis of Danish EBLV-1 cases 

The implementation of a continuous bat surveillance, especially in western European 

countries [83,119–121], in combination with improved molecular diagnostic methods [122–

124] has set the basis for a reliable detection of known and novel bat-associated lyssaviruses 

over the past decades. From 1977 to 2020, a total of 1316 bat rabies cases were identified [125], 

most of them related to EBLV-1. Numerous studies were conducted to determine the 

distribution, host range and genetic properties of the most abundant lyssavirus circulating in 

European bats. However, previous analyses of the evolution [93] and molecular epidemiology 

of EBLV-1 [95] were restricted to partial sequences of the G gene and the highly conserved N 
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gene due to the low output of the utilized Sanger sequencing approaches, thus impeding a 

holistic reflection of the evolution of EBLV-1 genomes. Full-genome sequencing is particularly 

important in the case of EBLV-1, as its high genetic homogeneity often results in few nucleotide 

differences distributed over the entire genome. Consequently, the consideration of only a short 

section of the viral genome would hamper or even make it impossible to discriminate between 

single cases. With the advent of Next-Generation Sequencing techniques, efforts needed for 

the generation of complete lyssavirus genome sequences reduced significantly, which 

facilitated the investigation of the phylogenetic and geographic relations of EBLV-1 cases based 

on full-genome sequences (as described in more detail in chapter 1.4) [94]. 

From all affected European countries, Denmark ranks among the three states with the 

highest number of reported rabies cases found in bats over the last 35 years [125]. Nonetheless, 

at the time of this work, Danish EBLV-1 cases were represented by only two available full-

genome sequences (RV20, INSDC accession number KF155003.1 [126] and 02016DEN, 

INSDC accession number MF187802.1 [94]) and, thus, were only scarcely covered by recent 

molecular phylogenetic analyses [94]. Consequently, previous interpretations of the 

evolutionary relationship between EBLV-1 cases might not reflect the actual situation. This was 

demonstrated by the investigation of archived Danish EBLV-1 cases as part of Publication (I).  

In the frame of this study, a total of 21 Danish EBLV-1 positive samples were processed 

for the acquisition of full-genome sequences and analyzed according to their phylogenetic and 

phylogeographic relationship within the EBLV-1 population. The investigated samples 

included bat rabies cases collected from 1985 to 2009 and displayed a high sequence identity 

of 99.5 % in an initial alignment of generated full genomes. This high genetic homogeneity over 

a 24-year period is in accordance with the general low substitution rates determined for EBLV-

1 and its sublineages in previous studies [94,95] and further highlights the strong selective 

constraints impacting the evolution of the virus [94]. A comparable low substitution rate was 

recently published for European bat lyssavirus 2 (EBLV-2) [127], the second most common 

bat-related lyssavirus in Europe [128]. Thus, it seems plausible that the constant genetic 

homogeneity found for EBLV-1 and -2 are an expression of the advanced evolutionary 

adaptation of these lyssaviruses to their main bat host species [95,129], i.e. Eptesicus serotinus 

and Eptesicus isabellinus for EBLV-1 and Myotis daubentonii for EBLV-2. Consequently, most 

changes, especially at the amino acid level, would result in a reduced fitness of the virus in their 

natural host [95]. However, despite this pronounced host affiliation, spill over into other bat 

species and even non-chiropteran mammalians were described for both EBLV-1 

[88,89,92,119] and EBLV-2 [98,127,130]. These spill overs were also detected during 

investigation of the respective Danish cases, including the infection of a soprano pipistrelle (P. 

pygmaeus) (Publication (I), Table 1). This constitutes the first detection of EBLV-1 in this 

particular bat species.  
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 The phylogenetic analysis of new and available full-genome sequences from public 

databases confirmed the affiliation of the Danish EBLV-1 cases to the cluster A1 within the 

sublineage 1a (Publication (I), Figures 1 and 2), as previously shown for the two Danish genome 

sequences RV20 and 02016DEN [94]. With the addition of the 21 Danish sequences, cluster 

A1 was substantially extended and revealed grouping of the Danish cases into 5 distinct 

phylogenetic groups, whereby four groups were formed solely by Danish cases (Publication (I), 

Figure 2 and Table 2: Group 1, 2, 4, 5). A fifth group encompassed three Danish sequences as 

well as two EBLV-1 sequences from northern Germany (Group 3). A detailed phylogeographic 

analysis revealed an overlapping geographic distribution of Danish cases from different 

phylogenetic groups (Publication (I), Figure 2) and furthermore showed time-independent 

clustering of Danish EBLV-1 cases (Publication (I), Table 2), coinciding with previous results 

from investigations of EBLV-1 cases in Germany [129].  

Even though cluster A1 is denoted by an extensive geographic expansion and 

heterogeneous composition encompassing sequences from 9 different countries, a high genetic 

homogeneity among EBLV-1 sequences was shown for this particular cluster in previous 

studies [94,95]. However, the findings of Publication (I) challenge the assertion of a weak 

phylogeographic structure, as the formation of distinct groups nearly exclusively formed by 

Danish EBLV-1 cases revealed a geographic dependency that was previously not evident. 

Indeed, the indicated subdivision of cluster A1 into more geographically related clusters, as 

supported by the formation of the Danish groups, seems to reproduce the pattern that was 

found for the different clusters of the EBLV-1b sublineage, even though at a more detailed level. 

A potential explanation might be the slightly lower substitution rate determined for the 

sublineage 1a in comparison to sublineage 1b [94,95]. In accordance, it seems plausible that 

the faster evolution of sublineage 1b also accelerated the segregation of virus populations due 

to faster accumulation of cluster specific mutations in contrast to viruses of sublineage 1a. This 

is further emphasized by the formation of seven EBLV-1b clusters that exhibit a strong 

phylogenetic and geographic structure [94] in comparison to the two genetically homogeneous 

EBLV-1a clusters. However, the phylogenetic grouping of the examined Danish EBLV-1 cases 

provides evidence for a similar effect influencing the formation of new phylogenetically related 

groups within the A1 cluster of the EBLV-1a sublineage. Furthermore, these results highlight 

the importance of an adequate sample panel, ideally including virus sequences representing its 

overall geographic distribution. This becomes particularly evident for the heterogenic structure 

of the cluster A1, as several geographic areas, especially in the eastern expansion of EBLV-1, 

are only scarcely covered due to a lack of available full genome sequences. Therefore, additional 

sequences from countries like Ukraine, Slovenia, Russia, and countries without any recorded 

EBLV-1 case would have a considerable impact on the phylogenetic structure of cluster A1 and 
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provide further insight into the long-term evolutionary dynamics of the most common bat-

related lyssavirus in Europe, as it was demonstrated for the Danish cases in this thesis.  

5.1.2 Classification of a putative new lyssavirus species: The Kotalahti bat lyssavirus 

The classification of new virus species determines an important process to assess the 

effective diversity of established virus genera and furthermore provides a deeper insight into 

the relationships of current species and their shared evolutionary history. In the last decade 

alone, multiple new lyssavirus species have been discovered in chiropteran species, i.e. the 

Bokeloh bat lyssavirus in 2010 (Germany) [64], the Lleida bat lyssavirus in 2011 (Spain) [72], 

the Gannoruwa bat lyssavirus in 2014 (Sri Lanka) [73] and the Taiwan bat lyssavirus in 2016 

(Taiwan) [74]. In addition, a putative new lyssavirus, the Kotalahti bat lyssavirus (KBLV), was 

found in a Finnish Brandt’s bat (Myotis brandtii) in 2017 [75]. At the time of this work, an N 

gene sequence covering 1370 nt (INSDC accession number MF960865.1) represents the only 

available genetic information for KBLV [75]. To overcome this limitation, investigations on the 

genetic properties were conducted to enable the classification of KBLV within the Lyssavirus 

genus and evaluate its relationship with other lyssaviruses, as presented in Publication (II).  

Initial high-throughput sequencing was conducted to assemble the full-genome 

sequence of KBLV but was hampered by the degraded state of the investigated bat carcass and 

the resulting low quality of the extracted RNA (Publication (II), Supplementary File, Figure 

S1). To overcome this restriction, a bait-based target-enrichment approach was applied to the 

generated DNA sequencing library. The successful implementation of the enrichment 

procedure and its applicability to investigate genetically diverse lyssavirus samples will be 

discussed in more detail later in this work (chapter 5.3). After enrichment, an 11,878 nt long 

sequence of the KBLV genome was acquired, including complete sequences of the leader 

sequence (3’ UTR), all five viral genes and the intergenic regions (Publication (II), Figure 1 C). 

However, the obtained sequencing dataset revealed a significant coverage drop at the 5’ end of 

the genome, impeding an undisputed determination of the trailer sequence and therefore the 

5’ UTR must be considered incomplete. Nonetheless, the acquisition of the complete five viral 

gene sequences significantly extended the available genetic information for the Kotalahti bat 

lyssavirus and furthermore provided the basis for its classification as a new lyssavirus species, 

as key species demarcation criteria [50] are now fulfilled. This includes the determined 

maximum sequence identity for concatenated coding sequences between KBLV and KHUV of 

80 % as well as the occupation of an ecological niche represented by the discovery of KBLV in 

a potential bat reservoir not known before to be infected. However, a final assessment of the 

classification of the virus is reserved to the International Committee on Taxonomy of Viruses 

(ICTV). 



5. Results and Discussion 
 

 
90 

 

The results of the phylogenetic analysis revealed the affiliation of KBLV to phylogroup I 

(Publication (II), Figure 1 A), confirming its previously postulated classification based on the 

available N gene sequence [75]. Furthermore, close genetic relationships between the bat-

related lyssaviruses KBLV, EBLV-2, KHUV and BBLV became evident, as it was indicated by 

nucleotide sequence identity and phylogenetic clustering. These lyssaviruses have the 

association to members of the genus Myotis as their primary bat reservoir in common 

(Publication (II) Figure 1 B), even though this is based on single detection of KHUV and KBLV 

in Myotis mystacinus [131] and Myotis brandtii [75], respectively. Nonetheless, the generally 

restricted host range of bat-related lyssaviruses [132] supports the assumption that the 

reported bat species represent the true reservoirs, which is further emphasized by the grouping 

of KHUV and KBLV with other Myotis-associated lyssaviruses (BBLV - Myotis nattereri, 

EBLV-2 - Myotis daubentonii).  

The remarkable correlation between the genetically close relationship of EBLV-2, KHUV, 

BBLV and KBLV as well as the common genus of the (potential) bat reservoir species implies 

a shared evolutionary history of these four lyssaviruses. A possible explanation for this includes 

the co-evolution of lyssaviruses with their bat hosts [133] where a predecessor of these four 

lyssaviruses was maintained in an early representative of the Myotis genus. During the 

extensive diversification and worldwide spread of chiropterans starting at around 21 to 34 

million years ago [134], new Myotis species evolved by occupying several new ecological niches 

and/or segregated by geographical isolation, e.g. forming the two main lineages of New and 

Old World Myotis species [134,135]. Consequently, populations of the lyssavirus predecessor 

were separated at the same time according to their association to specific Myotis populations. 

Driven by long-term host adaptation processes, the co-evolution of these now independent 

lyssavirus populations and their Myotis host species finally led to the demarcation of the four 

lyssavirus species. However, the ancient status of lyssaviruses and their emergence in a 

timeframe dating back millions of years are controversially discussed [52,133,136] and 

currently lacks evidence. In addition, present molecular clock analyses estimated the time 

point of the emergence of the genus at around 27,000 years ago [137], far later than the 

formation of the most recent Myotis species [134]. Nonetheless, previous forecasts based on a 

more restricted sequence dataset initially estimated a time between approximately 7,100 and 

11,600 years ago [53]. The observed discrepancy between both studies emphasizes the 

influence of the utilized database size on the outcome of molecular clock estimations and 

consequently raises concerns of their robustness, considering the extrapolation of virus 

evolution for several thousand years according to substitution rates determined by genome 

sequences covering the last four to five decades [52]. Because of these controversies, a 

conclusion whether the diversification of an ancestral Myotis-related lyssavirus, co-evolving 

with host species over a time span of millions of years, resulted in the four related but distinct 
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lyssavirus species Bokeloh bat lyssavirus, Khujand lyssavirus, European bat 2 lyssavirus and 

the putative Kotalahti bat lyssavirus cannot be drawn at this point and therefore remains 

unclear.  

Another hypothesis argues with a more recent diversification of BBLV, KHUV, EBLV-2 

and KBLV, respecting the estimated time frames of lyssavirus emergence as mentioned before 

[53,137]. Spill overs into chiropteran species have been reported for several lyssaviruses 

[119,127,138–141] and in some instances, like for EBLV-1, are presumed to play a role in the 

long-range distribution of the virus via migratory bat species [87,95,142]. In contrast, host shift 

events resulting in the maintenance of a non-RABV lyssavirus in a new bat host reservoir are 

seldom reported [133]. However, it seems plausible that host shift events between bat species 

appeared several times in the history of lyssaviruses, given the postulated thousands of years 

since the emergence of the genus [137]. Such events might also have yielded the formation of 

the Myotis-associated lyssaviruses where a common progenitor lyssavirus underwent a host 

shift from one Myotis species to another, favored by the close relationship of both host 

reservoir species and the resulting low adaptive requirements to maintain the lyssavirus in its 

new host reservoir. Indeed, investigations of RABV cross-species transmissions between North 

American bats revealed the close relationship of affected bat species as a decisive determinant 

for a successful host shift event [143]. Furthermore, recent findings describing the molecular 

epidemiology of EBLV-2 [127] may provide additional evidence for this assumption: The 

evaluation of metadata from 34 bat-related cases originating from several European countries 

clearly identified Myotis daubentonii as the main host reservoir for EBLV-2. However, for the 

Dutch EBLV-2 cases, all reported incidents (n = 4) were exclusively related to another Myotis 

species, namely Myotis dasycneme. A detailed analysis of the collated data from bat 

surveillance programs in the Netherlands from 1984 to 2003 reported an additional confirmed 

EBLV-2 case (total cases n = 5), but more interestingly showed the complete absence of EBLV-

2 in Myotis daubentonii in a comparable number of investigated individuals (M. daubentonii 

n = 111; M. dasycmene n = 129) [130]. According to this data, it seems rather unlikely that 

periodical spillover of EBLV-2 from its designated host reservoir, M. daubentonii, can be 

accountable for the number of recorded EBLV-2 cases in M. dasycmene and therefore suggests 

the maintenance of the virus in this alternative Myotis species. Nonetheless, it has to be 

considered that the last confirmed EBLV-2 case in the Netherlands dates back to 1993 

[127,130]. Furthermore, phylogenetic analysis showed the separation of the Dutch sequences 

in an own cluster, which might be a result not only of its geographic location but also its host 

affiliation [127]. These findings suggest the potential of EBLV-2 for a host shift between Myotis 

species, a process that might also be responsible for the emergence of KBLV, the closest relative 

of EBLV-2 (Publication (II), Figure 1 B). Therefore, a precedent host shift event of a common 

ancestor of both viruses seems to be a reasonable scenario, which is supported by the given 
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coincidence between the overlapping geographic distribution of M. daubentonii (EBLV-2) and 

M. brandtii (KBLV) and the occurrence of EBLV-2 and KBLV as the only bat-related 

lyssaviruses found in Finland so far [75,97,144].  

5.2 Selection of virus variants in vaccine-induced rabies cases  

The formation of diverse virus populations, also described as viral quasispecies, refers to 

the concept of a collection of closely related viral genomes shaped by mutation, recombination 

and segment reassortment events [145]. The genome plasticity of these populations provides 

the advantage for viruses to quickly adapt to changing environmental requirements by 

selection of the fittest virus variant. Several viral pathogens can maintain genetically diverse 

populations with a demonstrated impact on virus evolution, including hepatitis C virus [146], 

human [147] and avian influenza virus [148,149], chikungunya virus [150] and the 

pandemically emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [151].  

Lyssaviruses, like other RNA viruses, are characterized by comparatively high mutation 

rates that continuously generate genetic variation, a consequence of the error-prone 

replication of the viral genome elicited by a missing proof-reading mechanism of the RNA-

dependent RNA-polymerases [152,153], and thus fulfill the prerequisite to form genetically 

diverse virus populations. However, molecular evolutionary investigations of partial N and G 

genes of RABV isolates revealed high constraints especially towards nonsynonymous 

mutations [154] and furthermore demonstrated a strong purifying selection, i.e. the removal 

of deleterious mutations from viral populations [155], in coding regions of RABV [154,156]. 

These restrictions set a limited framework for the formation of genetic diversity in lyssaviruses, 

although evidence for sub-consensus variation has been shown for RABV during cell culture 

passages [157,158], intra- [117,118,159] and inter-host species transmission [117].  

On the contrary, highly diverse virus populations were identified in live-attenuated 

vaccine strains of first generation ORVs [160,161]. Although monitored for high levels of safety 

and efficacy [25,162–165], these ORVs occasionally induced rabies in target [24,166,167] and 

non-target [24] species during vaccination campaigns in several European countries and 

Canada. Despite previous investigations of these cases [160], the influence of the genetic 

diversity found for ERA and SAD Bern/B19 vaccine virus strains on microevolutionary 

processes like the selection of virus variants in the affected host and the potential reversion to 

virulence of these vaccine strains are still not fully understood. To address these questions, 

further analysis of virus populations and single nucleotide variants (SNVs), enabled by the 

collection and generation of additional deep-sequencing data for ERA- and SAD Bern-related 

cases and vaccines, were conducted as presented in Publication (III). 

With the inclusion of previous datasets [21,160], the population analysis of the new 

vaccine strains and vaccine-induced cases (Publication III, Table 1) confirmed the grouping 
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patterns as they were described in previous studies [21,160] (Publication (III), Figure 1). 

However, the addition of further Canadian samples [24] to the pool of ERA-related cases 

revealed the formation of three distinct groups (Publication (III), Figure 1, numbers 1-3), a 

result that was not evident in previous population analysis [160]. Detailed investigations of the 

deep-sequencing datasets uncovered distinct consensus differences between the three groups 

of Canadian cases and revealed their connection to SNVs found in the sub-consensus 

population of the ERA lot 16 vaccine batch. Thereby, each group was represented by an own 

exclusive pattern of selected SNVs distinguished by 3-9 nucleotide exchanges that became 

fixed in vaccine-induced cases of the respective groups (Publication (III), Figure 2, Table 4).  

According to these findings, it seems evident that each of these patterns describes one 

replication-competent haplotype selected from a population of at least three ERA vaccine virus 

variants. These selection patterns also provide a reasonable explanation for the grouping of the 

ERA-derived cases in close proximity to ERA lot 16 (Publication (III), Figure 1), as each 

haplotype-specific nucleotide exchange of the vaccine-induced cases reflects a portion of the 

sub-population found in ERA lot 16. In contrast, none of the identified SNVs in SAD Bern/B19 

vaccine batches had an influence on the consensus sequence of selected viruses. Moreover, 

consensus sequences of SAD Bern/B19-related cases showed little to no alterations compared 

to the sequences of their associated vaccine batches (0-4 nucleotide exchanges) which indicates 

the appearance of only one replication-competent haplotype in each of the individual SAD Bern 

and B19 batches. 

A potential explanation for the observed divergent number of replication-competent 

haplotypes in the ERA and SAD Bern/B19 vaccine virus strains might be found in their 

individual passage history. Although all ORV strains are derived from the same progenitor field 

virus (see chapter 1.2), they differ in the number of passages and cell culture systems that were 

applied to address and adjust specific characteristics of the vaccine strain like its 

thermostability [27] or safety [168]. In this regard, the ERA vaccine virus strain represents the 

closest relative of the original field virus strain SAD that was used as ORV in this study 

[21,23,24]. Furthermore, this is indicated by the close genetic relationship of ERA lot 16 and 

SAD Wistar, an ancestral SAD strain [16,21], as shown in the population analysis (Publication 

III, Figure 1) and previous phylogenetic studies [160]. Thus, it might be argued that a lower 

number of passages applied to the ERA vaccine strain conserved a certain genetic variety of 

replication-competent haplotypes, whereas further propagation on different cell-lines [21] led 

to the selection of only a single replication-competent haplotype in the case of SAD Bern and 

B19.  

Genetically diverse populations of attenuated virus strains are suspected to have an 

impact on the potential reversion to virulence [169] by selection of adapted variants, as it is 

indicated for a vaccine strain used against Peste des Petit Ruminants virus [170] and shown for 
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oral poliovirus vaccines [171,172]. The investigation of known antigenic sites affecting RABV 

pathogenicity [37,55,173–184] showed no evidence for mutations in favor of a reversion to 

virulence neither on the consensus level nor in minor variants found in vaccine strains and 

vaccine-induced case, in line with the results of previous studies [160]. Furthermore, no 

concordant mutations could be detected in affected animals of the same species beside the 

mentioned haplotype-related nucleotide exchanges, although it must be considered that data 

for some species like skunks and raccoons were limited (Publication (III), Supplementary File, 

Table S5). A similar pattern was observed for the postulated haplotypes found in ERA lot 16: 

Although all three haplotypes occurred in a comparable number of cases, none of them were 

selected by only one specific host species (Publication (III), Table 4). Therefore, it seems rather 

unlikely that one of these haplotypes offers an evolutionary advantage in one of the 

investigated host species, assuming that in this case the preferable haplotype is prioritized in 

the selection of virus variants in the respective species.  

 Interestingly, one of the two investigated virus sequences that derived from a vaccine-

induced case in a striped skunk (C/CAN/1994N35116) revealed three unique nonsynonymous 

mutations in the glycoprotein (Val-G13-Gly; His-G139-Arg, Gln-G275-Arg). One of these 

mutations, His-G139-Arg, was present as minor variant in the ERA lot 16 vaccine batch 

(Publication (III), Figure 2, black dotted line). These mutations might be a first indication for 

an initial host adaptation of the attenuated virus, as the influence of G gene-located amino acid 

exchanges on host-adaption processes was shown before [157,158]. However, none of these 

mutations could be detected in the second skunk-derived ERA-related case (C/CAN/1991, 

Publication (III), Figure 2 and Table 4) and thus predictions for the impact of the mentioned 

mutations on host adaption and virus pathogenesis are impeded without the provision of 

further data. 

5.3 Evaluation of a hybridization capturing approach for the enrichment of 

targeted and non-targeted lyssavirus sequences  

The improvement of established methods and the development of new techniques for 

high-throughput sequencing constantly increases the data output of next-generation 

sequencing (NGS) approaches. As a result, the NGS-based detection and genetic 

characterization of viral pathogens has significantly improved, as reflected by the growing 

numbers and diversity of accessible virus sequences in public databases. However, limited 

sample material and quality, as it was observed for material derived from passive bat 

surveillance in Publication (II) (Figure S1), often result in low yields and/or poor quality of the 

extracted RNA, thus representing a challenge for DNA library preparation. Moreover, low viral 

loads often require the generation of extensive datasets in order to complete viral genome 

sequences, as seen for KBLV in Publication (II), or to achieve a sufficient sequencing depth for 
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subsequent variant analysis, like for the vaccine-induced rabies cases in Publication (III), thus 

entailing laborious and cost-intensive successive sequencing runs. To overcome these sample-

derived limitations, a diagnostic bait set of customized biotinylated RNA oligomers was 

designed to capture and enrich viral sequences of 35 epizootic and zoonotic pathogens 

(Publication (IV), Table 1) from generated DNA libraries as part of Publication (IV). In 

particular, the applicability of the examined diagnostic bait set was evaluated for the 

enrichment of lyssavirus-related sequences, for which the results shall be discussed in the 

following.  

In order to design a bait set of customized RNA oligomers, a genome dataset was 

compiled encompassing 18,800 complete virus genomes, including 494 RABV genomes to 

ensure capturing of lyssavirus-related sequences (Publication (IV), Table 1). The results 

obtained from RABV infected Kudu (Tragelaphus strepsiceros) samples demonstrated the 

successful application of the bait set as shown by a 65-fold enrichment for RABV-related library 

molecules for the brain and a 9160-fold enrichment for the salivary gland (Publication (IV), 

Table 2 and 3, Figure 4). As a result, the enrichment led to the acquisition of a full-genome 

RABV sequence from the salivary gland material, which, in contrast to the brain sample, could 

not be obtained utilizing the established metagenomic sequencing approach [101]. While 

capturing of the brain sample was likely confined due to a saturation effect during the 

hybridization step capping at 97.5 % virus portion in the treated library (Publication (IV), Table 

2), the 9160-fold enrichment for the salivary gland sample emphasizes the potential of bait 

enrichment by increasing the portion of viral sequences by 3 orders of magnitude. In addition, 

the investigation of single nucleotide variants (SNVs) found in the RABV Kudu brain sample 

and the KBLV genome showed equivalent SNV frequencies before and after bait treatment 

(Publication IV, Figure 4) and therefore demonstrated the suitability of the bait enrichment 

for sub-consensus variant analysis of lyssaviruses.  

The successful application of the bait set for capturing of lyssavirus sequences diverging 

from genome sequences included in the bait design was shown in the case of the previously 

discussed KBLV (Publication (II)), resulting in a 26-fold enrichment of viral sequences and the 

acquisition of a nearly complete genome sequence. However, the sequencing results of KBLV 

also revealed potential limits of the approach, as the untranslated pseudogene region of KBLV 

showed a distinct drop of coverage for the treated library (Figure 4). In this case, the G-L 

intergenic region or pseudogene ψ represents the part of the genome with the lowest sequence 

identity (~40 %) between the RABV sequences used in the bait design and the enriched KBLV 

sequence. Consequently, only low affinity of the RABV-derived baits was demonstrated in 

accordance with previous publications referring to the intergenic G-L  region as the most 

diverse area of the lyssavirus genome [185,186]. In contrast, a high coverage could be observed 

for the coding regions of the 5 lyssavirus genes (Figure 4), reflecting the more conserved status  
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Figure 4 Coverage along the generated KBLV genome after bait treatment of the respective library 
(blue). The noticeable coverage drop encompasses the intergenic region between the coding sequences 
of the G and L genes and can be attributed to the high genetic diversity between the RABV genomes 
utilized for bait design and the KBLV genome. Mapping was conducted using the 454 Sequencing System 
Software v3.0 (Roche) and visualized in Geneious Prime (2019.2.3: build 2019-09-24). KBLV genome 
adapted in part and modified from Figure 1 (C) of Calvelage et al. [187] under the creative commons 
license CC BY 4.0. 

of these genome segments compared to the non-coding and intergenic gene regions. 

Comparable results were observed for a probe set focused on human viral pathogens that was 

investigated, inter alia, for its capability to enrich genetically divergent viral sequences not 

included in the original probe design, as it was demonstrated for the avian influenza A virus 

subtype H4N4 [188]. In this case, all but two segments of the subtype H4N4 reached high levels 

of enrichment after the treatment, whereas the most divergent segments, segment 4 

(hemagglutinin) and 6 (neuraminidase), indicated a lower enrichment correlating with their 

genetic distance to the human influenza A sequences included in the oligomer design process.  

Therefore, despite this limitation, the effective enrichment of library molecules derived 

from a hitherto unknown lyssavirus emphasizes the potential of the method for the detection 

of new lyssavirus species. This becomes even more evident considering the diagnostic purpose 

of the presented bait set, the genetically divergent targeted virus (RABV) and the limited 

portion of baits designated to RABV genome sequences constituting only 6.5 % of all baits of 

the applied set (Publication IV, Table 1). With respect to future sequencing projects, the 

observed low coverage of highly divergent genome regions could be overcome with the design 

of a lyssavirus-specific bait set comprising a higher genetic variety with the inclusion of 

additional lyssavirus genomes. Moreover, in order to assure an optimal enrichment, the bait 

set can be further customized by modulating number and sequences of baits covering regions 

of known genetic diversity to access a broader spectrum of targeted library molecules.  
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Taken together, this work provided an extended insight into the genetic diversity and 

evolution of selected lyssavirus species and furthermore contributed to close current gaps of 

knowledge for the investigated viruses. As covered by the genetic analysis of Danish bat-related 

rabies cases, EBLV-1 represents one of the slowest evolving lyssaviruses known so far and is 

characterized by a high genetic homogeneity maintained over long time periods. Despite this 

constrained evolution, a distinct geographical influence on the segregation of EBLV-1 

populations was pointed out by the formation of phylogeographic-related clusters in the EBLV-

1 sublineage 1a. In the case of KBLV, a combined shotgun and enrichment sequencing 

approach was successfully applied to complement currently available genetic information for 

the putative new lyssavirus. Although the single detection of KBLV limits conclusions on its 

true reservoir host, distribution and genetic variability, the phylogenetic assessment of KBLV 

indicates a common evolutionary history of Myotis-associated lyssaviruses and thus provides 

further knowledge on the emergence of lyssavirus species. The examination of vaccine-induced 

rabies cases revealed no evidence for the selection of host-adapted virus variants from highly 

diverse vaccine virus populations and showed no indication of the emergence of more 

pathogenic sub-populations. However, the discovery of distinct selection patterns in ERA-

derived cases suggests the existence of at least three replication competent haplotypes in ERA 

vaccine strains compared to the single selected haplotype found in SAD Bern/B19 vaccine 

strains, giving evidence for the influence of the passage history of oral rabies vaccines on 

haplotype selection. All presented studies emphasize the importance of accessible and reliable 

genome sequences for the interpretation of evolutionary processes, especially for lyssaviruses 

like EBLV-1 and KBLV considering the general limited amount of available genetic data for 

bat-associated lyssaviruses. In addition, the findings of this work further demonstrate the 

genetic constraints affecting lyssavirus evolution, as shown by the genetic homogeneity of 

Danish EBLV-1 sequences over a 24-year period, the close genetic relationship of Myotis-

related lyssavirus species (up to 80 % sequence identity on coding gene regions) and the nearly 

unaltered genome sequences of vaccine strain haplotypes selected in a variety of different host 

species. Finally, the development and evaluation of an in-solution hybridization capturing 

system provided a highly efficient tool for the experimental assessment of lyssavirus diversity. 
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6. Summary 

 

Lyssaviruses, the causative agents of rabies, are a long-known threat for animals and 

humans. To date, terrestrial rabies still accounts for tens of thousands of human deaths 

annually, notwithstanding ambitious vaccination campaigns targeting susceptible dog and 

wildlife populations that act as reservoirs for the prototypic rabies virus. Moreover, the 

continuing discovery of newly emerging virus species in hitherto unconcerned chiropteran 

hosts and geographic regions drive the expansion of the Lyssavirus genus by unveiling its 

actual variety, host range and distribution.   

In this work, the genetic diversity of three distinct lyssaviruses, namely EBLV-1, KBLV 

and RABV, was elucidated by in-depth genomic analyses to provide further insight into 

lyssavirus evolution. The generation of full-genome sequences from primarily bat-associated 

Danish EBLV-1 samples significantly increased the number of available Danish EBLV-1 

genome sequences while phylogenetic and phylogeographic analysis revealed a stronger 

phylogeographic structure for the cluster A1 of the sublineage EBLV-1a than it was postulated 

in previous studies. In addition, the acquisition of a nearly complete genome sequence for the 

Kotalahti bat lyssavirus provided the basis for the classification of this putative new lyssavirus 

species as a recognized member of the genus. Furthermore, phylogenetic analysis revealed the 

affiliation of KBLV to a group of Myotis-associated lyssaviruses giving a deeper insight into the 

shared evolutionary history of lyssaviruses co-evolving with particular bat species. Moreover, 

a deep-sequencing approach was utilized to assess the high genetic diversity of vaccine virus 

populations, uncovering three independent patterns of single nucleotide variants (SNVs) that 

became selected in ERA-related vaccine-induced cases. However, no apparent influence of the 

genetic diversity of vaccine viruses on microevolutionary processes like a potential reversion 

to virulence or a species-specific adaptation of the vaccine virus strains could be detected, 

leaving the question for the cause of rabies induction in the affected animals unanswered. 

Lastly, the successful implementation of a hybridization capturing system for the generation 

of full-genome sequences and deep-sequencing variant analyses of RABV and KBLV samples 

was demonstrated for a diagnostic bait set, highlighting the versatility and consistency of this 

approach to assess the genetic spectrum of known and novel lyssavirus species while setting 

the basis for its application and optimization in upcoming projects. 

In conclusion, as shown by the studies in this work, the investigation of lyssavirus 

genomes at the sub-consensus, full-genome and population level remains crucial to assess the 

complexity of lyssavirus evolution, as it provides an indispensable source of information to 

cover the diversity of the genus and understand evolutionary dynamics on a long-term and 

microevolutionary scale.
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