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Zusammenfassung 

Fledermäuse (Chiroptera) bilden die zweitgrößte Säugetiergruppe. Mit über 1.250 Arten reprä-

sentieren sie etwa 20% aller Säugetierarten weltweit. Sie sind die einzigen Säugetiere, die aktiv 

fliegen können und sind mit Ausnahme der arktischen Regionen auf der ganzen Welt verbreitet. 

Fledermäuse haben spezielle ökologische Nischen besetzt und tragen durch ihre speziellen Nah-

rungsspektren dazu bei, Arthropoden-Populationen zu reduzieren oder Samen und Pollen verschie-

dener Pflanzenarten zu verteilen. 

Fledermäuse spielen jedoch auch eine entscheidende Rolle bei der Verbreitung verschiedenster 

hochpathogener, teils zoonotischer Viren und weisen neben den Nagetieren die höchste Dichte an 

verschiedenen Virusspezies auf. Klinische Symptome nach Infektion mit Viren werden jedoch 

selten in Fledermausgemeinschaften beobachtet. Auch eine Serokonversion, retrospektiver Beleg 

für eine Infektion mit diesen Viren, ist für viele in Fledermäusen nachgewiesene Viren, nicht ge-

funden worden. Da die Inzidenz von Viren in passiven Surveillance-Studien meistens sehr niedrig 

ist, stellt sich die Frage, wie Fledermäuse als Reservoir für solche Viren dienen können. Da sehr 

viele dieser Viren in anderen Säugern schwerste Erkrankungen auslösen, muss es eine besondere 

evolutionäre Beziehung zwischen den viralen Pathogenen und den Fledermäusen als Wirt geben, 

die möglicherweise auf physiologische Anpassungen, auch in Bezug auf Resistenz und Immunität, 

beruht. 

In dieser Arbeit wurden zwei Lyssavirusspezies; das European Bat Lyssavirus 1 and 2 (EBLV-1 

und -2) ausgewählt, um die Immunantwort von europäischen Fledermäusen gegen Virusinfektio-

nen in vitro zu untersuchen. Lyssaviren sind die Erreger der Tollwut, einer tödlichen Zoonose mit 

neurotropen Eigenschaften. 

Eine wichtige Frage war, wie die Koevolution von EBLV und europäischen Fledermäusen dazu 

führte, dass sie Reservoir für EBLV sind und gleichzeitig eine hohe Krankheitsresistenz ausge-

prägt haben. Die Arbeit beruht auf drei Hypothesen zur angeborenen Immunantwort von Fleder-

mäusen bei Lyssavirus-Infektionen: 

A. Bei Fledermäusen haben sich spezielle Resistenzmechanismen entwickelt, die nach aerogenen 

Übertragung von viralen Pathogenen mit nachfolgender Infektion der peripheren Nasenepithe-

lien das Risiko einer systemischen Virusinfektion verringern. 

B. Die Koevolution von EBLV und angeborenem Immunsystem der Fledermäusen führte zu einer 

besonders effektiven Typ-I-Interferonantwort, die eine systemische Ausbreitung von EBLV 

wirksam hemmt. 
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C. Die spezifische Temperaturphysiologie insbesondere der tägliche Wechsel von sehr niedriger 

Körpertemperatur (< 30°C) und physiologischen Fieber während des nächtlichen Fluges (> 

40°C) behindert die Virusreplikation, begünstigt jedoch die Typ-I-Interferonantwort. 

Um die Interferon-basierten Resistenzmechanismen zu analysieren, wurden die Typ-I-Interferon-

Gene (IFN) zweier europäischer Fledermausarten (Eptesicus serotinus und Myotis myotis) kloniert 

und sequenziert. Mit etablierten Zelllinien aus dem respiratorischen Nasenepithel (MmNep), dem 

olfaktorischen Nasenepithel (MmNol) und dem Bulbus olfactorius (MmBr) wurde die Typ-I-IFN-

Reaktion entlang eines möglichen aerogenen Infektionsweges untersucht. Die antiviralen Wirkun-

gen durch Induktion von IFN und Interferon-stimulierten Genen (ISG) in jeder Zelllinie wurden 

in in vitro Infektionsexperimenten detailliert untersucht. 

Zusätzlich wurde in Zellkulturexperimenten der Einfluss unterschiedlicher Temperaturen auf die 

Lyssavirus-Replikation analysiert. Dabei wurden bei Fledermäusen vorkommende, tägliche Tem-

peraturänderung simuliert und neben der Lyssavirus-Replikation auch die Expression von Typ I 

Interferonen und ISG analysiert. 

Die Ergebnisse zeigten, dass (a) entlang des möglichen aerogenen Infektionswegs die Empfäng-

lichkeit für eine EBLV-Infektion abnimmt (b) IFN-Aktivität ansteigt und so eine Lyssavirus-In-

fektion limitieren könnte und (c) die wechselnden Körpertemperaturen der Fledermäuse diese bei-

den Prozesse unterschiedlich beeinflusst; die virale Replikation wird behindert, die Interferonant-

wort begünstigt. 

Die Ergebnisse aus den in vitro Studien stützen die Hypothese einer besonderen Koevolution zwi-

schen Lyssaviren und Fledermäusen, auch wenn in vivo Studien zur Relevanz im infizierten Tier 

bisher fehlen. Über Fledermaus-Lyssaviren hinaus gehend könnte das vorgestellte Modell auch 

Erklärungen für die allgemein begrenzte Pathogenität von Fledermaus-assoziierten Viren liefern. 
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Summary 

Bats (Chiroptera) form the second largest order of mammals and with over 1,250 species, they 

represent about 20% of all mammalian species worldwide. They are the only mammals with true 

and sustained flight and distributed all over the world except the arctic regions. Moreover, bats 

entered specific ecological niches and with their food spectra, they reduce different arthropod pop-

ulations as well as disperse seeds and pollen of plant species in various regions and habitats. 

Bats also have a crucial role in spreading high-pathogenic and zoonotic viruses, harbor in general 

more viruses (zoonotic and non-zoonotic), and, related to the species, number even more than 

rodents. However, clinical symptoms of viral diseases are rarely reported in bat communities. Also 

seroconversions after infection were not reported for a variety of viruses found in bats. Since the 

incidence of virus-positive bats estimated in passive surveillance studies is usually very low, it is 

a question how such viruses can use bats as reservoir hosts. There is obviously a special evolu-

tionary relationship between the pathogens and bats as hosts, which are based on possibly physio-

logic adaptations also in resistance and immunity. 

In this thesis, the two lyssaviruses, European Bat Lyssavirus 1 and 2 (EBLV-1 and -2) were chosen 

as a model to investigate the immune response of European bats against viral infection in vitro. 

Lyssaviruses are the causative agents of rabies, a fatal zoonotic disease with neurotropic charac-

teristics. 

One main question to investigate was in which way bats act as reservoir host and developed a high 

disease resistance. The present thesis is based on three hypotheses about innate immune response 

against lyssavirus infection: 

A) In bats specific peripheral resistance mechanisms evolved which reduce the risk of systemic 

viral infection after a hypothesized airborne transmission and infection via nasal epithelium sup-

ported by the social structure of and communication within bat communities. 

B) The co-evolution of EBLV and the innate resistance of bats resulted in a very effective type I 

interferon response to inhibit a systemic lyssavirus infection. 

C) The specific physiology of body temperature of bats with daily torpor depresses the viral rep-

lication but favours the type I interferon response. 

To analyze the interferon-based resistance mechanisms, the type I interferon (IFN) genes of two 

European bats species (Eptesicus serotinus and Myotis myotis) were cloned and sequenced. Using 

established cell lines from the respiratory nasal epithelium (MmNep), olfactory nasal epithelium 

(MmNol), and Bulbus olfactorius brain (MmBr), the type I IFN response along a possible airborne 

infection route was investigated. The anti-viral effects and induction of IFNs/interferon stimulated 
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genes (ISGs) in each cell line were also investigated in detail after infection in vitro. Finally, the 

influence of different temperatures on lyssavirus replication was analyzed in cell culture experi-

ments. 

The results indicated that (a) along the hypothesized airborne infection route the susceptibility for 

lyssavirus infections is decreased, (b) the type I IFN activity in contrast is increased contributing 

to a limitation of lyssavirus replication and (c) an obvious influences of varying cultivation tem-

peratures on the resistance against lyssavirus infections, which favor the IFN response and repress-

ing lyssavirus replication. 

The result from these in vitro studies supports the hypothesis of a special co-evolution between 

lyssaviruses and bats. However, in vivo studies on the relevance in infected animals are missing 

so far. This model could also explain the generally limited pathogenicity of bat-associated viruses. 
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1. Introduction 

1.1. Bats: origin, evolution, phylogeny and physiology 

1.1.1. Origin of bats and geographic distribution 

Bats (Chiroptera) belong to a very old mammalian order, and were probably already present by 

the end of the Cretaceous Period, as indicated by Bayesian dating analyses (Teeling et al. 2005). 

The oldest fossils of extinct bat species, such as Palaeochiropteryx tupaiodon (48 million years 

ago), Onychonycteris finneyi (52 million years ago), and Hassianycteris kumara (55 million years 

ago) are determined to be from the early Eocene (Colleary et al. 2015). Traditional morphological 

and genetic data support bat monophyly and a single origin of flight and laryngeal echolocation 

(Simmons et al. 1998). 

Bats are found in nearly all habitats worldwide except in the high Arctic and Antarctic regions and 

on a few isolated oceanic islands (Mickleburgh et al. 2002). The distribution of bat species in 

tropical areas exceeds that in temperate areas (Figure 1). The largest variety of bat species exists 

in South America and Indonesia. Bats survive in some extreme environments and often uniquely 

adapt themselves for hunting and roosting. Roost availability is a greater limitation than food avail-

ability for bat distribution (Fenton 1990). Hollows, crevices, foliage, and even human-made struc-

tures can be used as bat roosts (Krauel et al. 2016).  

Megabats, or flying foxes, are mainly distributed in the tropical and subtropical regions of Africa, 

southern Asia, Australia, and Western Oceania (Mickleburgh et al. 2002). They consume leaves, 

flowers, pollen, nectar, and fruits. In contrast, microbats are found worldwide, but the highest 

species diversity is observed in the tropical region. They feed mostly on insects, or birds, lizards, 

frogs, smaller bats and fish (Moura et al. 2003). 

In Europe, 53 bat species have been detected. Except for one megabat species (Rousettus 

aegyptiacus, in Cyprus), most bats in Europe belong to the families Vespertilionidae (44 species) 

and Rhinolophidae (5 species) (Dietz et al. 2009). All these species are endangered and have been 

protected by law since 1994, according to the agreement regarding the Conservation of Populations 

of European Bats. 
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Figure 1. Distribution of bat species around the globe.  The map is generated at a spatial resolution of 

10×10 km using the Eckert IV equal-area projection. The map represents merely the native, extant species 

(from: http://biodiversitymapping.org, permission granted). 

 

1.1.2. Evolution and phylogeny of bats 

According to morphological taxonomy, bats belong to the superorder Archonta. However, molec-

ular data show that bats are grouped into the superorder Laurasiatheria, a sister taxon of Fereuun-

gulata (Tsagkogeorga et al. 2013) or Perissodactyla (Zhang et al. 2013). The Chiroptera order 

comprises two suborders: Megachiroptera (megabats) and Microchiroptera (microbats) (Figure 2) 

(Simmons et al. 2008). Comprising over 1250 species, bats represent the second largest group of 

mammals on Earth, and about one-fifth of all recognized mammalian species (Agnarsson et al. 

2011, Vidovszky et al. 2015).  

Both subgroups evolved independently from a common ancestor with the ability to fly over a long 

time (Simmons et al. 2008). Recent genetic evidence supports that the monophyly of bats and the 

ability to fly evolved earlier than both the suborders separately (Simmons et al. 2008). 

 

http://biodiversitymapping.org/
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Figure 2. Phylogenetic analysis of bat families.  The phylogenetic tree was built based on the cytochrome 

b sequences of bat species using jModeltest and the relaxed clock methods in BEAST 1.6.1. for the “time” 

matrix (Agnarsson et al. 2011), open access. 

 

1.1.3. Physiology and habitats of bats 

Throughout evolution, bats have developed special physiology and behaviour to adapt to unique 

ecological niches. The ability to actively fly which enables an almost unrestricted migration and 

contributes to their evolutional diversity. Bats flight ability resulted in high metabolic activities 

and in higher body temperature which can reach 42°C during flight (O'Shea et al. 2014). On the 

other hand, most bats use daily torpor to lower their body temperature down to 13°C in some 



Introduction 

17 

 

species (McNab 1969). During seasonal hibernation in winter, bats can reduce their body temper-

ature to less than 10°C. This allows bats to reduce their metabolisms to save energy (Geiser 2004).  

The temperature physiology is also related to the preferential night activity of bats, which opens 

an ecological niche of night-active insects as a food source. To hunt for these prays and to orientate 

in the dark the echolocation evolved. 

The large population sizes of bats of more than a million animals for some bat species (Fenton et 

al. 2015) have a variable population structure and an intense social interaction and communication. 

The latter is a result of their echolocation abilities (Kerth et al. 2011). Many bat species aggregate 

densely and share a habitat with different ecological niches.  

 

1.2. Bats and zoonotic pathogens 

Bats are important reservoirs of zoonotic pathogens (Wibbelt et al. 2009). They have been proven 

to be reservoirs for intracellular and extracellular protozoa (Schaer et al. 2013), bacteria (Evans et 

al. 2009, Muhldorfer 2013) and viral pathogens and to harbor a significantly higher proportion of 

zoonotic viruses than all other mammalian orders (Sarkis et al. 2017). They are an ancestral host 

for many lethal viruses (Calisher et al. 2006) such as coronaviruses (MERS-, SARS-coronavirus) 

(Lu et al. 2015, Hu et al. 2017), filoviruses (Ebola virus, Marburg virus) (Olival et al. 2014) and 

lyssaviruses (Badrane et al. 2001). Between 2007 and 2013, more than 248 different viruses, be-

longing to 24 different virus families, were found to be present in bats (Young et al. 2016). Com-

paring with Megachiroptera, the habitats of Microchiroptera are more widespread and the oppor-

tunity to be exposed to different viruses is therefore higher. 

One reason for this might be the social structure with intense communication between individual 

bats allowing a rapid spread of pathogens (Kuzmin et al. 2011). Their ability to fly may be another 

reason for the easy spread of pathogens to other potential hosts (O'Shea et al. 2014). 

 

1.2.1. Zoonotic viruses in Megachiroptera 

The rabies virus was the first human disease-causing virus that was identified in bats (Carini 1911). 

In the last 20 years, several viruses have been detected in Megachiroptera. The Lagos bat virus, 

belonging to the genus Lyssavirus, mainly infected Megachiroptera such as Eidolon helvum, Mi-

cropteropus pusillus, Epomops dobsonii, and Epomophorus wahlbergi (Dzikwi et al. 2010, Hay-

man et al. 2012). In Australia, multiple Pteropus species were detected to act as hosts for Austral-

ian bat lyssavirus (McColl et al. 2002). Viruses of the family Paramyxoviridae can found in meg-

abats in the genus Pteropus: Hendra virus infected P. Alecto, P. poliocephalus, P. scapulatus and 

P. conspicillatus (Plowright et al. 2011), while Nipah virus infected P. hypomelanus, P. vampyrus 

and P. lylei (Middleton et al. 2007). In the family Paramyxoviridae, Menangle virus has been 
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detected in P. poliocephalus (Philbey et al. 2008) and Tioman virus in P. hypomelanus (Chua et 

al. 2001). In the family Togaviridae, Chikungunya virus has been found in R. aegyptiacus (Caglioti 

et al. 2013). In the family Flaviviridae, Carey Island virus has been detected in Cynopterus 

brachiotis and Macroglossus minimus, Jugra virus and Phnom-Penh bat virus have been identified 

in Cynopterus brachiotis, Kyasanur Forest disease virus has been found in Cynopterus sphinx, and 

Uganda S virus has been detected in Rousettus spp. (Kading et al. 2016). In the family Reoviridae, 

viruses in genus Orthoreovirus infected Megachiroptera: Nelson Bay virus infected P. 

poliocephalus, Pulau virus infected P. hypomelanus and Broome virus infected P. alecto (Pritchard 

et al. 2006, Chua et al. 2008, Thalmann et al. 2010). In the family Filoviridae, Marburg virus 

infected R. aegyptiacus (Amman et al. 2012), and Ebola virus was detected in Hypsignathus 

monstrosus, Epomops franqueti, and Myonycteris torquata (Leroy et al. 2005). 

 

1.2.2. Zoonotic viruses in Microchiroptera 

The habitats of Microchiroptera are more widespread than those of Megachiroptera and the oppor-

tunity to encounter different viruses is therefore higher. All virus species from the genus Lyssa-

virus were identified in Microchiroptera. This includes not only the rabies virus, but also the Lagos 

bat virus in Nycteris gambiensis (Kuzmin et al. 2008), Duvenhage virus in Miniopterus, Nyctalus 

noctula, Vespertilio murinus and Nycteris thebaica (Fekadu et al. 1988), Australian bat lyssavirus 

in Saccolaimus flaviventris (Gould et al. 2002), European bat lyssavirus 1 in Eptesicus serotinus, 

European bat lyssavirus 2 in Myotis daubentonii, Myotis myotis, Myotis dasycneme, Myotis 

nattereri, Miniopterus schreibersii, and Rhinolophus ferrumequinum (Amengual et al. 1997), 

Bokeloh bat lyssavirus in Myotis nattereri (Freuling et al. 2011), Aravan virus in Myotis blythii, 

Khujand virus in Myotis mystacinus (Kuzmin et al. 2003), Irkut virus in Murina leucogaster (Liu 

et al. 2013) and West Caucasian bat virus in M. schreibersii (Botvinkin et al. 2003). 

A classical strain of Influenza virus A (H3N2), a remarkably promiscuous virus, was detected in 

Nyctalus noctula (L'Vov D et al. 1979). Furthermore, two new subtypes of influenza A virus 

(H17N10 and H18N11) were identified in Sturnira lilium and Artibeus planirostris (Mehle 2014). 

These two novel subtypes are more closely related to each other than to any of the other subtypes, 

although they were discovered from different bat species that were located more than 3000km 

away from each other, and having several years between the discoveries (Tong et al. 2012, Tong 

et al. 2013). 

Coronaviruses of the family Coronaviridae, such as the SARS and MERS coronaviruses, caused 

an epidemic in Asia (Dye et al. 2003, Meng 2015). The origins of SARS and MERS coronaviruses 

were affirmed from Microchiroptera (Wang et al. 2014, Hu et al. 2017). 



Introduction 

19 

 

Apart from Menangle and Tioman viruses, another Rubulavirus, the Mapuera virus, was also dis-

covered in S. lilium (Henderson et al. 1995). Additionally, the Sindbis virus belonging to the genus 

Alphavirus infected Rhinolophidae and Hipposideridae (Blackburn et al. 1982). Most of the 

viruses in the family Flaviviridae were detected in Microchiroptera: The Bukalasa bat virus was 

discovered in Chaerephon pumilus and Tadarida condylura, while the Carey Island virus was 

detected in Cynopterus brachiotis and Macroglossus minimus, Entebbe bat virus was identified in 

Chaerephon pumilus and Mops condylurus, Kyasanur Forest disease virus was detected in 

Rhinolophus rouxi and Cynopterus sphinx, Montana myotis leucoencephalitis virus was found in 

M. lucifugus, Phnom-Penh bat virus was detected in Eonycteris spelaea, Rio Bravo virus was 

discovered in Tadarida brasiliensis Mexicana and Eptesicus fuscus, Saboya virus was identified 

in Nycteris gambiensis, Sokuluk virus was detected in Vespertilio pipistrellus and Tamana bat 

virus was detected in Pteronotus parnellii (Kading et al. 2016). The Catu virus of the family Bun-

yaviridae was found in Molossus obscurus (Tikasingh et al. 1974), while Nepuyo virus was de-

tected in Artibeus jamaicensis and Artibeus lituratus (Calisher et al. 1971). The Hantaan virus of 

the family Bunyaviridae infected Eptesicus serotinus, Rhinolophus ferrumequinum and Nyctalus 

noctula (Strakova et al. 2017), Rift Valley fever virus infected Micropteropus pusillus, Hippo-

sideros abae, Miniopterus schreibersii, Hipposideros caffer, Epomops franqueti and Glauco-

nycteris argentata (Grobbelaar et al. 2011), Toscana virus was identified in Pipistrellus kuhlii 

(Charrel et al. 2005), Kaeng Khoi virus was detected in Chaerephon plicatus and Eucampsipoda 

sundaica (Feng et al. 2017), Bangui virus was detected in Scotophilus, Pipistrellus and Tadarida 

(Digoutte et al. 1973). The formed virus belonging to the family Reoviridae was detected in Nyc-

teris nana and Nycteris gambiensis (Boiro et al. 1986). The Tacaribe virus belonging to the family 

Arenaviridae was discovered in Artibeus lituratus and Artibeus jamaicensis (Downs et al. 1963). 

The Agua Preta and Parixa viruses belonging to the family Herpesviridae was detected in Carollia 

subrufa and Parixa virus infects Lonchophylla thomasi (Razafindratsimandresy et al. 2009). In the 

family Filoviridae, Marburg virus infected Rhinolophus eloquens (Swanepoel et al. 2007). 

 

1.3. Bats and lyssavirus 

1.3.1. Lyssaviruses 

Lyssaviruses belong to the order Mononegavirales and family Rhabdoviridae (Tordo et al. 2005). 

Within Rhabdoviridae, 16 species are recognized by the International Committee on Taxonomy 

of Viruses (ICTV). They are subdivided into phylogenetic groups according to their serological 

properties and sequence similarities (Rupprecht et al. 2017). 

The phylogenetic group I includes classical rabies virus (RABV), Aravan lyssavirus, Australian 

bat lyssavirus (ABLV), Bokeloh bat lyssavirus (BBLV), Duvenhage lyssavirus (DUVV), 
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European bat lyssavirus type 1 and 2 (EBLV-1, EBLV-2), Irkut lyssavirus (IRKV) and Khujand 

lyssavirus (KHUV). The phylogenetic group 2 is composed of the African Lyssavirus Lagos-bat 

virus (LBV), Mokola virus (MOKV) and Shimoni bat lyssavirus (SHIBV). The classification of 

Ikoma lyssavirus (IKOV), Western Caucasian bat virus (WCBV), Lleida bat lyssavirus (LLEBV) 

and Gannoruwa bat lyssavirus (GBLV) into a third phylogenetic group is discussed because of 

their genetic distance from the lyssaviruses in phylogenetic groups 1 and 2 (Fisher et al. 2018). 

Taiwan bat lyssavirus (TWBLV) was detected in 2016 and 2017 (Hu et al. 2018). 

The evolutionary history of the lyssaviruses is unclear (Rupprecht et al. 2017). Because most lys-

savirus species replicate in bat populations, it is possible that carnivore-associated lyssaviruses 

originated by spill-over infections of bat-associated viruses in terrestrial mammals  approximately 

888 to 1459 years ago (Badrane et al. 2001). 

Lyssavirus particles have an average length of 180 nm and a diameter of approximately 75 nm. 

They contain a helical single-stranded RNA, which forms the ribonucleoprotein complex (RNP 

complex) with the RNA-binding nucleoprotein (N protein) (Albertini et al. 2011). The RNA de-

pendent RNA-polymerase (L protein) is associated with the phosphoprotein (P protein). They form 

the viral RNP complex. This inner nucleocapsid is surrounded by the matrix protein (M protein), 

which is bound to the cytoplasmic membrane (Mebatsion et al. 1999). The glycoprotein (G protein) 

is located on the outer surface of the envelope membrane. The RNP is assembled into the typical 

bullet-shape particle (Figure 3) (Mebatsion et al. 1999).  

 

 

 
Figure 3. Schematic representation of a rhabdovirus virion and its ultrastructure.  A rhabdovirus 

virion is shown schematically in the centre. The electron micrographs show the cross-section (left) and a 

longitudinal section (right) of a rhabdovirus virion. The single-stranded RNA and the N protein constitute 

an RNP complex. Other structure proteins, the P protein, the M protein, and L protein combine with the 

RNP complex. The G protein is located on the virion surface. (Electron microscopy and graphic design: Dr. 

H. Granzow and M. Jörn; FLI, Insel Riems) 
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The RNA of the lyssavirus genome encodes five structural proteins (Figure 4). It contains two 

short untranslated regions at the genomic termini: a leader RNA coding sequence at the 3' end and 

a trailer sequence at the 5' end. The ORFs of five virus proteins are arranged in the order nucleo-

protein-phosphoprotein-matrix protein-glycoprotein-polymerase (N-P-M-G-L) in the 3'-5'-orien-

tation. The pseudogene (ψ) is located in the 3’ non-translated region of the G-gene. Intergenic 

regions (IGR) with variable nucleotide lengths are located between the individual virus genes 

(Finke et al. 2005). 

 

 

 
Figure 4. Schematic representation of the rabies virus genome.  The leader and mRNA coding se-

quences are separated by sequences of variable lengths (2-24 nt). The pseudogene is located in the 3’ non-

translated region of the G gene and is not translated.  

 

The pathogenesis of lyssavirus infection is similar in carnivores and humans. Mainly transmitted 

by bites the viruses replicate initially in the skin or muscle tissue. The incubation period varies 

from a few days up to several months depending on the viral load and the distance of the exposure 

site to the central nervous system (CNS) (Rupprecht et al. 2017). 

A viral life cycle begins after the virus gets attached to cell surface receptors via viral G proteins. 

Four cell surface proteins were identified to act as receptors for lyssaviruses: the nicotinic acetyl-

choline receptor (Cholinergic Receptor Nicotinic Alpha 1 Subunit; CHRNA1) (Gastka et al. 1996), 

the neural cell adhesion molecule (NCAM) (Thoulouze et al. 1998), the neurotrophin receptor 

p75NTR (Tuffereau et al. 1998) and the metabotropic glutamate receptor subtype 2 (mGluR2) 

(Wang et al. 2018). CHRNA1 and p75NTR are mainly expressed in neural tissue (Albuquerque et 

al. 2009, Tomellini et al. 2014), while NCAM (CD56) is expressed in various differentiated tissues 

(Sytnyk et al. 2017). Recently, the mGluR2 was identified as the fourth cellular receptor for rabies 

virus, which is expressed in the CNS and very rarely in other tissues (Wang et al. 2018). Endocy-

tosis leads to viral invasion into the host cell (Gaudin et al. 1993). After pH-depended conforma-

tional changes in the viral glycoprotein in the endosomal vesicle, fusion with endosomal mem-

branes is initiated, and the RNP complex is released into the cytoplasm (Gaudin, et al. 1993, Al-

bertini et al., 2012). Because the RNP complex is bound to the RNP-dependent viral RNA poly-

merase, transcription can proceed in the cytoplasm of the host cell. 

The transcription of the mRNAs from the negative strand genome template begins at a single ini-

tiation site, the genome promoter. A complementary non-coding leader RNA is first synthesized. 

Thereafter, five genes are transcribed as monocistronic mRNAs in the order N-P-M-G-L. The 
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transcription stops at the end of each individual gene, skips the intergenic regions and reinitiates 

transcription at the next gene. This process is not always successful, therefore downstream gene 

transcription is attenuated, and the amount of the synthesized mRNA decreases with the distance 

of the gene to the 3' initiation site (Albertini et al. 2011). 

After the transcription of the viral mRNAs, the proteins are translated by host cell ribosomes. 

Depending on its concentration, the N protein mediates the packaging of the synthesized viral 

genome and the formation of the RNP complex (Finke et al. 2005). By bridging the RNP and 

glycoprotein containing plasma membrane, the matrix protein mediates the assembly and budding 

of the new viral particles (Pollin et al. 2013). 

After exposure by bite, the virus may replicate in muscle cells or directly enters peripheral neurons. 

The virus is then transported to the CNS through retrograde axonal transport (Gillet et al. 1986, 

Gluska et al. 2015) and transsynaptic spread (Wall et al. 2010). After the virus reaches the brain, 

it further spreads and can be detected in different brain regions, such as Ammon’s horn, hippo-

campus and brain stem (Dietzschold et al. 2005). Finally, it centrifugally spreads to peripheral 

organs such as salivary gland and other organs. 

The most frequent histological changes include the development of perivascular infiltrates of lym-

phocytes and monocytes in the brain. Negri bodies occurring in neurons are found to be sites of 

viral replication (Lahaye et al. 2009). Lyssaviruses spread from the brain to salivary glands and 

eyes. The salivary gland is the primary organ for the excretion of the virus.  

Apart from transmission via the classical peripheral route during biting, the airborne transmission 

of lyssavirus may also be possible. Although controversially discussed, human cases of rabies 

potentially caused by accidental airborne transmission have been reported several times. These 

victims were infected either in a cave colonized by bats and showed no evidence of being bitten 

(Irons et al. 1957, Kent et al. 1960) or in a laboratory with aerosolized virus (Winkler et al. 1973). 

A study showed that EBLV-2 and RABV could be experimentally transferred by airborne trans-

mission, via direct intranasal inoculation in mice, within the laboratory environment (Johnson et 

al. 2006). 

 

1.3.2. The disease: rabies 

Rabies is a viral zoonosis that has been known for more than 4,000 years and nowadays causes 

about 60,000 fatal infections per year all around the globe. Approximately 15 million people re-

ceive post-exposure prophylaxis after contact (mainly by a bite or scratch) with a rabid or poten-

tially rabid animal, thereby preventing hundreds of thousands of deaths annually (Hicks et al. 

2012). The major hosts of rabies include carnivores such as foxes in Europe, as well as racoons, 

skunks, and bats in North America (wild rabies) (Figure 5). In Asia and Africa, dogs are the main 
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hosts of rabies (urban rabies), while in most European countries pets are totally rabies-free because 

of mandatory vaccinations (Leung et al. 2007). 

The incubation period required for rabies development varies in humans and other animals from 

ten days to several months. The first symptoms include a nonspecific headache, arthralgia, and 

fever. The neurological phase of the disease is accompanied by disorders associated with changes 

in consciousness, hydrophobia, increased salivation, and spasms (Hemachudha et al. 2002). In the 

acute stage, symptoms such as hyperactivity and convulsions are observed. "Rabies raging” is 

associated with symptoms such as hydrophobia, swallowing, increasing fever and increased sali-

vary flow. After symptoms occur, the disease is always fatal (Rupprecht et al. 2006). In the final 

stage, the destruction of the regions of the brain leads to severe neurological disorders, and possi-

bly to a coma. Death usually causes damage to the autonomic nervous system and cardiovascular 

failure. 

 

 

Figure 5. Global distribution of identified hosts for rabies (Rupprecht et al. 2002). Permission was 

granted by Elsevier. 

 

1.3.3. Bats and lyssaviruses 

Except MOKV and IKOV, all non-RABV lyssaviruses were detected in bats Rupprecht et al. 2017, 

Fisher et al. 2018). Some of them could spill over the species barrier and infect other mammals, 

including humans.  

In Africa, the diversity of lyssaviruses is associated with six different species (RABV, LBV, 

DUVV, MOKV, SHIBV, and IKOV). In 1956, LBV was isolated from the brain of Eidolon helvum 

in Lagos Island (Nigeria) (Boulger et al. 1958). Evidence for LBV spill-over infections exists for 

domestic animals and an African marsh (Atilax paludinosus), but not for humans (Kuzmin et al. 

2008). There were two reports of DUVV from Miniopterus spp. (Mi. schreibersii, Mi. natalensis), 

in 1981 in South Africa, and Nycteris thebaica, in 1986 in Zimbabwe (Warrell 2010), and three 
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human infections during the years 1970, 2006 and 2007 with unspecified African bats (Meredith 

et al. 1971, Paweska et al. 2006, van Thiel et al. 2008). MOKV infections have been detected in 

humans, domestic animals, and wild animals, but never in bats (Kgaladi et al. 2013). However, 

virus-neutralizing MOKV antibodies were detected in R. aegyptiacus and Eidolon helvum (Dzikwi 

et al. 2010, Wright et al. 2010). The SHIBV comes from a deadly bat known as Hipposideros 

vittatus in Kenya (Kuzmin et al. 2010). 

In America, only RABV circulates in bats. The transmission of RABV by bat species remained 

unconfirmed until 1931 when 75 humans and thousands of animals involved in animal husbandry 

were infected with rabies in an epidemic on the island of Trinidad (Pawan 1959). In the USA, 

individuals from almost all of the 41 indigenous bat species have been tested positive for rabies, 

with RABV infections being found most commonly in Eptesicus fuscus, M. lucifugus, Tadarida 

brasiliensis and Lasiurus borealis (Blanton et al. 2012, Patyk et al. 2012).  

In Australia, ABLV was isolated from P. alecto in 1996 (Gould et al. 1998). Two cases of infected 

humans confirmed the ability to spill-over (Johnson et al. 2010). 

In Asia, Aravan virus was identified from Myotis blythi in 1991 from the South of Kyrgyzstan 

(Kuz'min et al. 1992), Khujand virus (KHUV) was identified from Myotis mystacinus in 2001 from 

the North of Tajikistan (Kuzmin et al. 2003) and Irkut virus (IRKV) was isolated from Murina 

leucogaster in 2002 from Eastern Siberia (Botvinkin et al. 2003). Gannoruwa bat lyssavirus 

(GBLV) was isolated from Pteropus medius in Sri Lanka in 2016 (Gunawardena et al. 2016). 

Recently the lyssavirus species Taiwan bat lyssavirus (TWBLV) was identified from Pipistrellus 

abramus in 2016 and 2017 (Hu et al. 2018). 

In Europe, the first case of rabies in bats was reported in Hamburg in 1954 (Mohr 1957). Between 

1977 and 2010, 959 cases of bat rabies were confirmed. Bat rabies is common throughout Europe, 

though most cases were reported in the Netherlands, Denmark, and Germany (Schatz et al. 2013). 

Through the comparative analysis of the N-gene of lyssavirus, the majority of bat rabies was 

characterized to be caused by EBLV-1. Individuals from a few bat species were tested positive for 

EBLV-2 (Amengual et al. 1997). EBLV-1 mainly infects species that belong to the genus Epte-

sicus (Bourhy et al. 1992), while EBLV-2 has been detected only in bats of the Myotis genus so 

far (Vos et al. 2007, Harris et al. 2008). BBLV was also detected in one Myotis species (Myotis 

nattererii) (Freuling et al. 2011). 

In Germany, from 1954 to 2007, the presence of about 900 lyssavirus cases was confirmed in bats. 

Most of these occur in north Germany, especially in Lower Saxony (Muller et al. 2007). 

Lyssaviruses infect not only bats but also carnivores and humans. Foxes are the major hosts for 

lyssaviruses amongst the carnivores in Europe (Wandeler et al. 2004). But at present, racoons as 

another possible RABV host are distributing across Europe (Vos et al. 2013). In their native habitat 
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in North America, they are the major hosts of RABV (Elmore et al. 2017). The risk of spillover of 

EBLV from bats to carnivores cannot be ignored (Beltrán-Beck et al. 2012). Two experiments 

were able to prove that foxes could be infected with EBLV-1/2 (Picard-Meyer et al. 2008, Cliquet 

et al. 2009). 

 

1.4. The resistance of bats against viral infection 

1.4.1. Immune response of bats against viral infections 

Interestingly, although bats carry a variety of viruses, they rarely exhibit clinical symptoms during 

infection (Leroy et al. 2005, Middleton et al. 2007, Towner et al. 2009, Schatz et al. 2013). Viruses 

such as Hendra, SARS, and Ebola viruses result in high disease mortality in other mammals such 

as humans. But in bats, merely persistent infection causing viruses are identified (Middleton et al. 

2007). The only viral disease observed in bats is caused by lyssaviruses (McColl et al. 2002, Schatz 

et al. 2013).  

Why and how can bats protect themselves against viral infection? In many studies, specific aspects 

of the immune system of bats, which provide resistance or effective protection against viral infec-

tions, were investigated. Also, the influence of the specific behaviour and the unique physiology 

of bats on viral infections were analyzed. 

At the genomic level, many genes in the DNA damage checkpoint - DNA repair pathway of bats 

are under positive selection, including serine/threonine protein kinase, the catalytic subunit of 

DNA dependent protein kinase, BRCA2, and p53. Changes might be related to their flight activity, 

and cause an increase in the oxidative metabolic rate, which might enhance the function of the 

innate immune system (Zhang et al. 2013).  

A higher background expression of type I interferon, one of the most important cytokines against 

viral infection, is seen in Pteropus alecto (Zhou et al. 2016). However, in comparison with other 

vertebrates, bats have a smaller type I interferon locus of around 250 kb. In other mammals, the 

sizes of these loci range from 350 kb (mouse) to 1,000 kb (pig) (Figure 6). This contracted inter-

feron locus contains merely 3 functional interferon alpha isoforms, as compared to the 7–18 inter-

feron alpha isoforms at the loci of other mammals (Zhou et al. 2016).  

 



Introduction 

26 

 

 

 
Figure 6. Vertebrate type I IFN gene family among species.  The type I IFN genes in different species 

are annotated and labelled. The IFNα (red), IFN, IFNβ, other intron-less type I IFNs (blue), and the non-

IFN gene, KLH9 (yellow), are shown in blocked arrows. The intron-containing fish and frog IFNs are 

shown in large blue blocked arrows. The white columns represnt the exon/intron boundaries. (Zhou et al. 

2016). (Noncommercial and educational use allowed without requesting permission). 

 

Bats display a highly active innate immune response using type I IFNs to trigger a protective re-

sponse towards pathogens. They have also an effective inflammasome pathway, which is mediated 

by interleukin 1 beta (IL-1β), and detect aberrant self-DNA or exogenetic DNA in the cytoplasm. 

Surprisingly, the loss of the entire PYRIN and HIN domain (PYHIN) gene families (Figure 7), 

which consists of immune sensors of the inflammasome, is observed in bats (Ahn et al. 2016). 

Viral DNA or host DNA damage induced by RNA virus infections induces the inflammasome 

response. This might be a reason for viral abundance in bats. The loss of the PYHIN gene family 

may result in tolerance of infection in bats by a majority of viruses, and a new DNA sensor family 

of bats or a known DNA sensor with divergent functions might be evolved to restrict viral invasion 

(Ahn et al. 2016). 
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Figure 7. The PYHIN locus in bats and other mammals.  Genomic imaging of the PYHIN locus in bats 

and other mammalian species. The PYHIN locus is limited by the SPTA1 gene and the CADM3 gene (blue) 

at both the ends. Red arrows trace the members of the PYHIN gene family. Short diagonal lines indicate 

gaps in the two Pteropodiformes bats that are connected by each other’s scaffolds. Vertical lines in M. 

brandtii show an inter-scaffold gap (Ahn et al. 2016), open access. 

 

1.4.2. Interferons and viral infections 

Interferons (IFN) (Isaacs et al. 1957) are proteins, whose name is attributable to their property of 

interfering with the replication of viruses. Interferons play an important role in innate and adaptive 

immune defence. They are expressed in response to viral infections (Samuel 2001), regulate cell 

growth (Goodbourn et al. 2000) and appear to be involved in anti-oncogenic processes (Belardelli 

et al. 2002). Interferons stimulate numerous genes, called interferon-stimulated genes (ISGs), 

which interfere with many cellular processes (de Veer et al. 2001). 

To date, numerous interferons have been identified and categorized into the groups of type I, II 

and III interferons. Type I IFNs are IFN-α, -β, -δ, -ε, -κ, -ω, and –τ, and IFN-γ is the only type II 

IFN that has been detected (Mihm et al. 2004). Type III IFNs include IFN-λ1, -λ2, -λ3 and –λ4 

(Kotenko et al. 2003). 

Gene conversions and gene duplications lead to the development of many IFN types and isoforms. 

The evolutionary history of the type I IFN indicates that IFN was the common ancestor and exists 
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in all vertebrates from fish to mammals, while IFN is absent in fish. The rest of the type I IFNs 

are expressed in diverse mammalian species. Some type I IFN are expressed in different species 

only as pseudogenes, such as IFN and IFN in horses, or IFN delta (IFN) in humans (Xu et al. 

2013). Instead of IFN, mice express IFN zeta (IFN). No species encodes all type I IFNs, and the 

members of IFNs differ between mammalian species (Xu et al. 2013). In swine, the locus of type 

I IFNs is extremely long (more than 1 million nucleotides) and contains 19 isoforms of IFN, 8 

isoforms of IFN, 3 isoforms of IFN 5 isoforms of IFN one copy of IFN/IFN and 16 

pseudogenes (Sang et al. 2014). The type I IFN locus of human is 405k nucleotides long and 

contains 13 IFN  one of IFNIFN/IFNIFN and  12 pseudogenes (Hardy et al. 2004). How-

ever, all these loci are confined in a frame between IFN and IFN. All the type I IFNs are located 

inside this cluster, but all detected IFN are located outside (Xu et al. 2013, Zhou et al. 2016).  

Type I interferons are proteins of 150-172 amino acids consisting of a signal sequence necessary 

for their secretion. They are produced and secreted by leukocytes, fibroblasts, and epithelial cells 

(Pestka et al. 2004). 

The spatial structures of the human IFNα2b (Radhakrishnan et al. 1996) and IFNβ (Senda et al. 

1992, Karpusas et al. 1998) have already been clarified (Figure 8). They show the typical structure 

of class II cytokines, and consist of five α-helices (AE) with three short sections of 2-4 amino acids 

(AAs) (BC-CD and DE loop) and a long section (AB loop) with 30 AAs. The interferon structure 

is stabilized by a disulfide bridge (Senda et al. 1992, Mitsui et al. 1993, Radhakrishnan et al. 1996, 

Karpusas et al. 1998), which confers a certain resistance to temperature and change in pH-value. 

 

 

 
Figure 8. Structures of type I IFNs (I)IFNα2-Human, (II) IFNβ-Human, (III) IFNβ-mouse. (Senda et 

al. 1995)  

 

The function of multiple type I IFN (up to 23 isotypes) and the type I IFN sequences have been 

investigated. Type I IFNs such as IFNα, IFNβ and IFNω are responsible in particular for carrying 
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out reactions against viral infections. They are responsible for the transcriptional activation of a 

large group of genes that play an essential role in the development of resistance to viral infections. 

In addition, they activate adaptive immune mechanisms such as antigen presentation, cytokine 

production, activation of T cells, B cells, and NK cells (Le Bon et al. 2002).  

The transcription of type I interferon genes is induced by different pattern recognition receptors 

(PRRs) after the detection of pathogens. Almost all nucleated cells can produce and secrete type I 

interferons. RNA viruses are detected mainly via retinoic acid-inducible gene I (RIG-I) and mela-

noma differentiation-associated protein 5 (MDA-5) and the subsequent signalling pathways lead 

to the transcription of the type I IFN genes and secretion of interferons (Takeuchi et al. 2008). In 

a second signalling pathway, the adapter protein TRIF is involved. It is activated by toll-like-re-

ceptor TLR3 or TLR4 after the recognition of pathogen-associated molecular pattern (PAMP). A 

third signalling pathway is induced by TLR7 / 8, and TLR9 and leads to the activation of the 

interferon-regulated-factor IRF7 (Uematsu et al. 2007). 

After type I IFNs are secreted, they bind to a common receptor (IFNAR). This stimulates the 

JAK1-STAT signalling pathway and the formation of the ISGF3 complex, which is composed of 

the “signal transducers and activators of transcription” (STAT1-STAT2) dimers and IRF8. Inter-

feron-stimulated gene factor 3 complex (ISGF3) binds to IFN-stimulated response elements 

(ISREs) in the promoters of IFN-stimulated genes and regulates their expression (Figure 9). IRF-

7 initiates the transcription and secretion of type I IFNs. This feedback mechanism allows the 

neighbours to be protected against viral infection (Ivashkiv et al., 2014). 
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Figure 9. Type I IFN-initiated signal pathway.  After binding to the common receptor IFNAR, janus 

kinases and tyrosine kinases are activated, which phosphorylate the intracytoplasmic part of the receptor. 

Thus, STAT inhibits transcription after formation of the ISGF3. The following genes modulate the antiviral 

and pro-inflammatory defence mechanisms of the cell (Ivashkiv et al., 2014). Permission was granted by 

Nature Reviews Immunology. 

 

The expression of IFNα and IFNβ induces the expression of various proteins. The protein kinase-

R inhibits viral protein synthesis (Munir et al. 2013). The oligo adenylate (2'-5' OA) synthetase 

degrades dsRNA by autophosphorylation and activation of RNA nuclease L (Samuel 2001). The 

IFN-α/β-induced RNA-specific adenosine deaminase (ADAR1) leads to the deamination of the 

adenosine to inosine to disrupt the replication of the viral dsRNA (Bass 1997). Activated Mx pro-

teins hinder viral transcription and prevent translation (Kochs et al. 1999).  

To resist this defence, viruses develop numerous strategies to inhibit these complex mechanisms 

by blocking central regulators (Garcia-Sastre 2017). For example, the P-protein of rabies virus can 

inhibit the phosphorylation of interferon regulatory factor 3 (Brzózka et al. 2005) and accumula-

tion of STAT1 (Brzózka et al. 2006) to block interferon signal pathway (Vidy et al. 2005). In bats, 

the mechanisms on both sides - pathogen and host - seem to be adapted in order to prevent serious 

infections, but the pathogen could nevertheless be transferred to other potential hosts in a replica-

tion-competent manner (Brook et al. 2015). 

The role of interferons acting against viral infections was investigated in P. alecto (black flying 

fox), a megabat species. The whole genome and transcriptome of P. Alecto were sequenced (Zhang 

et al. 2013, Pamela et al. 2017), its type I interferon locus was analyzed (Zhou et al. 2016), and the 

induction of ISGs after viral infection was investigated (Pamela et al. 2017). In addition, the ge-

nome of P. vampyrus was sequenced, and its type I and type II interferons were detected (Kepler 
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et al. 2010). Among microbats, the genomes of M. brandtii, M. davidii and M. lucifugus were 

sequenced (Kepler et al. 2010, Seim et al. 2013, Zhang et al. 2013). Furthermore, type I and type 

II interferons were detected in M. lucifugus (Kepler et al. 2010), and the antiviral activities of 

interferon beta in M. davidii and two horseshoe bats (Rhinolophus sinicus/Rhinolophus affinis), 

and that of interferon kappa/omega in E. serotinus were verified (He et al. 2014, Li et al. 2015, 

Liang et al. 2015). Interferon alpha and beta from Desmodus rotundus were cloned and their ac-

tivities were confirmed using poly I:C (Sarkis et al. 2017). Two reports from our group have shown 

that type I interferons inhibit the viral replication of lyssaviruses (He et al. 2014). In addition, a 

different susceptibility to lyssaviruses could be demonstrated in established cell lines in which 

IFN-induced genes are activated (He et al. 2014). 

 

1.4.3. Adaptive immunity against lyssavirus infections 

In infected animals, a weak immune response usually results after a lyssavirus infection. This is 

mainly because the invasion of lyssaviruses in nerve cells cannot be recognized by the immune 

system. Therefore, when neurological symptoms occur, an infection is always fatal.  

CD8 + T-cells and their IFN- secretion seem to play only a subordinate role in the elimination of 

lyssaviruses (Desmezieres et al. 1999). CD4+ Thelper cells and cytolytic T cells are the most im-

portant cellular effectors in the development of resistance to lyssaviruses (Xiang et al. 1995). Be-

cause neutralizing antibodies are sufficiently formed in naïve hosts with a time lag of 7-10 days, 

observed resistance to lyssavirus infections (e.g., in bats) must be based on other immune mecha-

nisms that could control the replication of lyssaviruses. Moreover, viral proteins actively inhibit 

the expression of adaptive immune response (Johnson et al. 2010). Innate immune components, 

e.g., interferons can be involved in developing resistance to lyssaviruses.  

In bat species, cases of death because of lyssavirus infections are rarely reported. However, in 

2009 in France, six E. serotinus bats were infected with EBLV-1 and subsequently died. In this 

colony, a high detection rate of neutralizing EBLV-1 antibodies (≈ 50%) was detected (Picard-

Meyer et al. 2017). In another colony at the same location, several serotine bats with EBLV-1 

RNA were detected, and seroconversion of EBLV-1 was discovered in some other bats (Robardet 

et al. 2017). Furthermore, EBLV neutralizing antibodies were also detected in M. daubentonii, in 

Southern parts of Sweden (Hammarin et al. 2016).  

 

1.4.4. Influence of bat-specific metabolism on viral replication 

The active flight of bats resulted in an increase of their body temperature which leads to a higher 

metabolic rate. Enzyme kinetics studies have shown that an increase in temperature results in 

higher enzyme activities. A higher body temperature could be used to activate regulatory or 
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effector proteins in the immune system. Fever develops in mammals as a defensive mechanism 

against the invasion of pathogens. The mammalian body temperature during fever is the normal 

temperature observed in bats during flight, whereas the temperature observed during fever in other 

mammals is not maintained for a long time. During the flight, regulatory mechanisms of the im-

mune system of bats could be activated which provides an advance to protect themselves against 

viral infection, replication, and transcription (Hasday et al. 2000, Blatteis 2003, O'Shea et al. 2014).  

On the other hand, most microbats use torpor as a strategy to decrease their body temperature if 

food sources are limited or if they have a limited ability to store fat. Their body temperature in this 

state is generally reduced to 6–30 °C and energy expenditure might be reduced by 50 to 99% 

(Geiser et al. 2011).  

The diurnal and seasonal fluctuations of body temperatures in bats are very drastic. The hibernat-

ing bats decrease their body temperature to below 10°C and over 90% of energy expenditure is 

reduced. At this low temperature, not only the activities of pathogens but also those of most im-

mune responses are repressed (Bouma et al. 2010). 

 

1.4.5. Influence of bat behaviour on viral transmission 

The social behaviour of bats differs from that of most other mammals. Most bats build colonies 

with high density in a small habitat. Some of them consist of more than a million bats. This may 

conduce to introduce young bats to hibernation sites, signal reproduction in adults and afford adults 

to generate with those from other populations (Fenton et al. 2015). The fission-fusion social struc-

ture is found in several bat species, which means large numbers of bats gather round one roosting 

area mixing of subgroups. Within these societies, bats are able to maintain long-term relationships 

(Kerth et al. 2011). However, the social behaviour of bats makes them favourable hosts for viruses. 

In closely communicating bats, the aerosol is a favourable medium for airborne viral transmission 

(Gibbons 2002). This transmission route could explain the occurrence of rabies positive cases 

among bats and between bats/humans that haven’t been bitten (Johnson et al. 2006, Picard-Meyer 

et al. 2017). In addition, bats use echolocation to communicate between individuals (Racey 2015). 

This vocal communication avoids aggressive behaviour in bat population (Budenz et al. 2009, 

Knörnschild et al. 2014) and decreases the possibility of viral transmission during injury between 

bat individuals (Fisher et al. 2018).  

 

1.5. The aim of the present study 

Summarizing the literature, it is obvious that in contrast to other susceptible hosts, lyssaviruses 

appear to circulate in bat colonies with short infectious periods but no increased mortalities. In 

addition, a seroconversion after infection, which would indicate an adaptive immune response to 
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lyssaviruses, was not found in a high number of individuals in these colonies. (Amengual et al. 

2007). The reasons for these phenomena are not understood. Due to the still missing information 

about effector molecules (interferons, interferon-stimulated genes etc.), the limited availability of 

appropriate tools and the difficulties to perform in vivo studies using European bats, the aims of 

the present thesis were: 

1. to clone and sequence type I Interferons of M. myotis and E. serotinus, 

2. to analyze the activation of these IFN by synthetic ligands and during lyssavirus infection in 

vitro,  

3. to characterize the antiviral activity against EBLV infection, 

4. to evaluate the IFN activity in cell lines which might mimic the airborne infection route, and 

5. to characterize the influence of varying body temperatures of bats on lyssavirus replication as 

well as IFN responses in vitro using the above mentioned cell lines and a modelled tempera-

ture profile which mimics the daily temperature profile of European bats. 
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2. Material 

2.1. Consumables 

Centrifugal Filter Units, Amicon Ultra-15, 

nominal molecular weight limit (NMWL) 50 KDa 
Merck Millipore 

Centrifugal Filter Units, Amicon Ultra-4, 

NMWL 10 KDa 
Merck Millipore 

Centrifuge tubes Sarstedt 

Multiple culture plates Costar 

Nitrocellulose membrane Whatman 

Petri dishes Corning 

Pipette tips Gilson, Eppendorf 

Pipette tips with filter Sarstedt, Nerbe plus 

Tissue culture flasks Corning 

Tubes Nerbe Plus 

Tubes for PCR Biozym 

Tubes RNase /DNase free STAR Lab 

Tubes „safe lock“ Eppendorf 

  

2.2. Equipment 

Centrifuges Model 5424 or 5810R Eppendorf 

Chemiluminescent Imager CemoCam Imager Intas 

CO2-Incubator MCO-19AIC Sanyo 

Electroporation system Neon Invitrogen 

Gel electrophoresis-System Sub-Cell® GT Bio-Rad 

Heating block Thermomixer comfort Eppendorf 

Incubator MCO 19AIC Sanyo 

Laminar box Safe 2020 Thermo Scientific 

Microwave oven  Exquisit 

Nanodrop Lite Thermo Scientific 

pH- gauge FiveEasy Plus Mettler Toledo 

Pipettes  Research/ Research Plus Eppendorf 

SDS-PAGE-System  Bio-Rad 

Shakers  New Brunswick Scientific 

Thermocycler C1000 or CFX-96 Bio-Rad 
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2.3. Chemicals 

Acetic acid  Roth 

Acrylamide 30%/Bis solution Bio-Rad 

6- aminocaproic acid  Roth 

Agar  ICN Biomedicals 

Agarose  Invitrogen 

Ampicillin  Serva 

Boric acid  Roth 

Calcium chloride  Roth 

Chemiluminescent substrates ECL, ClarityTM Bio-Rad 

Disodium phosphate  Roth 

dNTPs  Thermo Scientific 

EDTA  Roth 

Ethanol  Roth 

GelRedTM,  10,000× in a. dest Biotium 

Glycerol  Roth 

Glycin  Roth 

IPTG  Sigma-Aldrich 

Isopropanol  Roth 

Lipofectamine 2000 1 µg/µl Invitrogen 

Mercaptoethanol   Roth 

Methanol   Roth 

Monopotassium phosphate  Roth 

Paraformaldehyde (PFA)  Merck 

Peptone  BD Biosciences 

Potassium chloride  Roth 

SDS  Bio-Rad 

Sodium chloride  Roth 

TEMED  Sigma-Aldrich 

Tris  Invitrogen 

Waster, RNase free  Qiagen 

X-Gal  Sigma-Aldrich 

Yeast extract  ICN Biomedicals 
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2.4. Media and buffer 

Alsever’s Trypsin-Versen-solution: ATV (Michaelsen et al. 1971), pH 7.2  

8.5 g NaCl  

0.4 g KCl  

1 g Dextrose 

0.58 g NaHCO3  

0.5 g 1:250 Trypsin 

0.2 g EDTA 

cell culture medium ZB 28  

Ham's F12 / IMDM (1:1), with 10% fetal bovine serum (FBS) 

cell culture medium ZB 28d  

Ham's F12 / IMDM (1:1), without FBS  

cell culture medium ZB 5  

MEM (Earle's salts) + MEM (Hanks' salts) (1:1) + nonessential amino acids, with 10% FBS 

LB-medium, solidified, in 1 L a. dest 

10 g NaCl  

10 g Peptone  

15 g Agar  

5 g yeast extract 

LB-medium, liqid, in 1 L a. dest 

10 g NaCl  

10 g Peptone  

5 g yeast extract  

PBS, 10×, in 1 L a. dest 

80 g NaCl  

2 g KCl  

7.62 g Na2HPO4  

0.77 g KH2PO4  

PBS-Tween  

0.05% or 0.25% Tween 20 in a. dest 

TBE-buffer, 10×, in 1 L a. dest   

108 g Tris 

55 g boric acid 

40 ml EDTA (pH 8.0)  
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2.5. Oligonucleotides 

Table 1. Primers used in this thesis 
 

Name Sequence 5’ - 3’ 

IFNb-F1 GACAGCACTGCTCCCCTTG 

IFNb-R4 TGTGAGGAGTTCCAGAGTGA 

IFNb MM cDNA F1 GCCATCATGACCAACAGGTG 

IFNb MM cDNA R1 GCCATCATGACCAACAGGTG 

pcDNAIFNbMM-F CAGTGTGCTGGAATTCCACCATGACCAACAGGTGCACCCT 

pcDNAIFNbMM-Flag-R1 TCACTTATCGTCATCGTCCTTGTAATCGTCCTGGAGCTCACCTATAA 

pcDNAMMISG56-flag-R2 GATATCTGCAGAATTCTCACTTATCGTCATCGTC 

IFNbMM-RT-F4 AACGCTGGCTGGAATGAGAC 

IFNbMM-RT-R1 TTGATTTCCTCCAGGGCTGTC 

IFNe-F3   GCAGAGAGACAAGCAACATA 

IFNe-R3   TTGCTGCTGGCTCCACATGA 

IFNe-F4   GCAGAGAGACAAGCGGCGTA 

IFNe-R4   TTGCTGCTGGCTCCACATGA 

IFNkMM-F3   TAAAAGGCACGCAATGGCAT 

IFNkMM-R3   CAATCCAGCCGAGAGCAGGC 

IFN0MM-F5 GGAAGCAAAAGTGGGAAGAA 

IFN0MM-R3 TCACCATTCAGGCAGTAACC 

IFN02MM-iF1 TCACCTGGAACACGACCCTG 

IFN02MM-iF2 CGCTCAGGACTCCATCGGCA 

IFN02MM-iR1 CCCACCAGGGTCGTGTTCCA 

IFN02MM-iR2 CCAATCTCCTCCACCAAACA 

IFNO1-F1 TTGTGYCCRMGMCKCCC 

IFNO1-R1 TYSTKAWTTMKTWGCCTTTC 

IFNt-F3   CCTGCCTGAGATTCCCCCTG 

IFNt-R3   TGGAGATTGCTTTGGGCTGA 

IFNa-F11 CTCCCCCTGGTGGTAGTTCC 

IFNa-R12 ATGTGCCTGGGGAAGGGAAG 

IFNe-MM-RT-F3 ATGGGACTGCAAACAGATCA 

IFNe-MM-RT-R4 TCCTGTGAGTGGGAACACAAAGA 

IFNk-MM-RT-F2 CCTGACGTGATTCGAAAGTG 

IFNk-MM-RT-R4 AGTCACAGCCCAGAGAGAGC 

IFNt-MM-RT-F1 GGCTGACAGAAACGACTTCA 

IFNt-MM-RT-R1 GCTGGACAGGAGTTGAGACA 

IFNo-MM-RT-F3 GATGGGAGAGGAAGGATCTG 

IFNo-MM-RT-R3 TTGCAAGGCTGTTATTGAGG 

M13-F TGTAAAACGACGGCCAGT 

M13-R CAGGAAACAGCTATGACC 

β-actin-F GCGCAAGTACTCTGTGTGGA 

β-actin-R ATCTCGTTTTCTGCGCAAGT 

ISG56-F CAGGCTAAATCCAGAAGATG 

ISG56-R TTCCAGAGCAAATTCAAAAT 

ISG43-F CATGATGCTGCTCAACTCTA 

ISG43-R TAAGGTGGATTGTCAAGGTC 

Mx1-F TCTACTGCCAAGACCAAGCGT 

Mx1-R CGAGGGAGCAAGTCAAAGGA 

IFIT3-F AGCAGAGGAGCTTGCAGAAG 

IFIT3-R CCGGAAAGCCATAAACAAGA 

EBLV1-F GAAAGGKGACAAGATAACACC 

EBLV1-R ARAGAAGAAGTCCAACCAGAG 
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Name Sequence 5’ - 3’ 

EBLV2-F GGTGTCTGTAAAGCCAGAAG 

EBLV2-R TTATAAGCTCTGTTCAAG 

 

2.6. Enzymes and antibodies 

DNA polymerase, Advantage® HD, Clontech 

DNA polymerase, GoTaq®, Promega 

Mouse-Anti-flag, monoclonal, Sigma-Aldrich 

Mouse-Anti-IgG-PoD, monoclonal, Promega 

 

2.7. Molecular-biological kits 

DNA Blood Mini Kit      Qiagen 

Gel Extraction, QIAquick      Qiagen  

GeneRuler 1 kb DNA Ladder, Ready-to-Use   Thermo scientific,  

In-Fusion® Advantage PCR Cloning Kit    Clontech,  

InsTAclone PCR Cloning Kit     Thermo scientific,  

Plasmid Midi Kit       Qiagen,  

Plasmid Miniprep, GeneJet      Thermo scientific,  

qRT-PCR, SensiFAST SYBR No-ROX One-Step Kit Bioline 

RNeasy Mini Kit       Qiagen 

 

2.8. Cells, bacteria, and viruses 

HEK 293, Collection of Cell Lines in Veterinary Medicine (CCLV), FLI 

HEK 293 is a human embryonic kidney cell line (Graham et al. 1977).  

Na42/13, Collection of Cell Lines in Veterinary Medicine (CCLV), FLI 

Na42/13 is a mouse neuroblastoma cells (Thoulouze et al. 1998), generally used for lyssavirus 

cultivation. 

M. myotis cell lines  

The cell lines were established from different tissues of an M. myotis bat (He et al. 2014) and 

immortalized by transfection using the pRSVAg1 plasmid expressing Simian Vacuolating Virus 

40 large T antigen (SV40T) with Lipofectamine 2000 according to the protocol (Invitrogen). 

MmNep, from the respiratory nasal epithelium displaying epithelial morphology 

MmNol, from the olfactory nasal epithelium displaying epithelial morphology 

MmBr, from the brain, identified as microglia cells 

E. serotinus cell lines  
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An immortalized cell line from E. serotinus brain tissue (FLG-R), obtained from the cell culture 

collection of the Friedrich-Loeffler-Institut, Germany (cell bank number FLI-1093). 

E. coli TB1  

Genotype: F- ara Δ(lac-proAB) [Φ80dlac Δ(lacZ)M15] rpsL(StrR) thi hsdR 

The E. coli strain TB1 contains a streptomycin resistance gene RpsL. A deletion of the lacZ gene 

allows a blue-white selection with the aid of X-Gal (Yanisch-Perron et al. 1985). 

Lyssavirus strains 

EBLV-1, isolate RV9, reference number 9395GER (Marston et al. 2007) 

EBLV-2, isolate 9018HOL, (Davis et al. 2005) 

SAD-GFP, genetically engineered, the sequence contains an extra eGFP gene between the G and 

L genes (obtained from Stefan Finke, FLI Riems) 
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3. Methods 

3.1. Molecular biological methods  

3.1.1. Preparation of chromosomal DNA from cells 

DNA was isolated from MmBr cells and E. serotinus brain cells using the "QIAamp® DNA Blood 

Mini Kit" following the manufacturer’s protocol for cultured cells. 

Cells grown in a monolayer were detached from the culture flask by trypsinization using ATV 

solution washed ones with PBS/EDTA. After cell counting (see 3.2.1.) 2 x 106 cells were collected 

in a 2 ml tube and centrifuged for 5 min at 300 × g. The supernatant was removed and the cell 

pellet re-suspended in 200 µl PBS. Afterwards, 20 µl proteinase K and 200 µl Buffer AL were 

added to the sample and mixed by pulse-vortexing for 15 s. Then, the sample was incubated at 

56°C for 10 min. Afterwards, 200 µl 99% ethanol was added to the sample and mixed again by 

pulse-vortexing for 15 sec. The mixture was added to the QIAamp spin column in a 2 ml collection 

tube and centrifuged at 6000 × g for 1 min. The column was then placed to a clean 2 ml collection 

tube, 500 µl Buffer AW1 was added and the sample again centrifuged at 6000 × g for 1 min. 

Afterwards, the column was transferred to a clean 2 ml collection tube, 500 µl Buffer AW2 was 

added and the sample was centrifuged at 20,000 × g for 3 min. Finally, the column was transferred 

to a clean 2 ml tube and 200 µl RNase-free water was added. The sample was incubated at room 

temperature (RT, 15–25°C) for 1 min, and then centrifuged at 6000 × g for 1 min. This step was 

repeated to obtain higher yields of DNA. 

 

3.1.2. Amplification of DNA fragments 

3.1.2.1. Primer Design 

Primers were designed based on consensus sequences of the target genes of related bat species M. 

davidii; M. lucifugus; M. brandtii and E. fuscus using the Primer Premier 5.0 program. In cases 

where target gene sequences could not be identified in these databases, they were chosen from 

horse (E. caballus) because several genes have high homology to bat gene sequences. The primers 

were selected in a way that they were complementary to one of the two DNA strands and flanking, 

if possible, the whole open reading frame of the target genes (Saiki et al. 1988). Designed primes 

were ordered from Eurofins (Germany) as unmodified oligonucleotides. 

 

3.1.2.2. PCR amplification of target genes 

Target gene fragments were amplified by PCR using either chromosomal or plasmid DNA (see 

3.1.3.4.) as a template. Two polymerases were used for PCR. Taq-Polymerase (Mullis 1991), a 

heat-stable enzyme from Thermus aquaticus, which works over 30 cycles without the addition of 
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a new enzyme. It generates incorrect nucleotides every 104 bp and thus was only used for analytical 

PCRs. The Advantage® HD polymerase was used to amplify DNA fragments for cloning because 

of a lower error rate (approximately 10-3). PCR reaction mixtures (20 μl) were prepared on ice in 

0.5 ml RNase-free reaction tubes as follows: 

Taq-Polymerase  Advantage® HD-Polymerase 

RNase-free Water 10.5 µl RNase-free Water 13.3 µl 

5×buffer 4 µl 5×buffer 4 µl 

25 mM MgCl2 2 µl   

10 pmol/µl Primer F 1 µl 10 pmol/µl Primer F 0.4 µl 

10 pmol/µl Primer R 1 µl 10 pmol/µl Primer R 0.4 µl 

40 mM dNTPs 0.4 µl 40 mM dNTPs 0.4 µl 

5 U./µl Polymerase 0.2 µl 2.5 U./µl Polymerase 0.4 µl 

DNA-Template 1µl DNA-Template 1µl 

 

The DNA fragments were amplified in the thermocycler C1000 of Bio-Rad using the following 

temperature program: 

- initial denaturation: 94 °C, 1 min. 

- denaturation: 94 °C, 30 sec. 

- annealing: varying temperature (50 – 65°C), 30 sec. 

- elongation: 72 °C, 1 min. 

- finale elongation: 72 °C, 10 min. 

The annealing temperature was selected based on the Tm temperatures of the primer pair and length 

of the amplified sequence. During the PCR, the heating cap was heated to 105°C to prevent the 

condensation of the reaction mixture on the tube cap.  

 

3.1.2.3. Agarose gel electrophoresis for detection of amplified DNA fragments 

The size of the amplified DNA fragments was determined by agarose gel electrophoresis using 

1.5% agarose gel. 1.5 g agarose in 100 ml 1 × TBE-buffer were completely dissolved by heating 

in a microwave oven, mixed with 8 µl GelRedTM loading dye (1:10 diluted) and poured into a gel 

chamber with an inserted comb. The samples from PCR (see 3.1.2.2.) were mixed with 3 μl of 6X 

"DNA Loading Dye" and the whole volume was transferred to the gel pocket. A DNA-Marker 

(GeneRulerTM 1 kb DNA Ladder; Thermo Fisher) was used to determine the size of DNA frag-

ments. All samples were separated at 110 V, for 30 min. and the gels were photographed under 

UV light in the gel documentation system. 

 

34 cycles 
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3.1.2.4. Purification of DNA fragments 

DNA fragments were detected under UV light (302 nm) and extracted from the gel and purified 

using the "QIAquick Gel Extraction" kit according to the provided protocol. Briefly, the gel piece 

was mixed with 300 μl buffer QG and melt in a heating block at 50°C. After addition of 100 μl of 

isopropanol, the solution was transferred to a spin column and centrifuged at 6000 × g for 30 sec. 

The column was then washed with 500 μl PE buffer by centrifugation (30 sec, 6000 x g). For 

elution of the DNA fragments, the column was transferred to a new Eppendorf tube, 20 μl EB 

buffer was added, incubated for 2 min at room temperature, and centrifuged for 1 min at 17,900 x 

g. The concentration of the purified DNA was determined using a Nanodrop spectrophotometer. 

EB buffer was used for normalization. 

 

3.1.3. Cloning of target genes 

3.1.3.1. Ligation of DNA molecules 

The isolated DNA fragments from PCR were ligated to the pTZ57R/T vector for cloning using T4 

DNA ligase. DNA ligases combine 5'-phosphate residues with 3'-OH groups by forming a phos-

phodiester bond. In the present thesis, the linearized and ddT tailed pTZ57R/T vector (Figure 10) 

containing a multiple cloning sites (MCS) region, an ampicillin resistance cassette (Zhao et al. 

2007) and the lacZ gene were used for cloning of amplified DNA fragments of target genes (see 

3.1.3.3.).  

 

 

 

Figure 10. Schematic representation of the vector pTZ57R/T.  A multiple cloning site, an ampicillin 

resistance cassette, a lacZ gene, a replicon, a Phage f1 origin and unique restriction sites are indicated. 
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The ligation mix (see below) was pipetted in the tube on ice and then incubated at 22 °C for 3 

hours: 

5X ligation buffer 2 µl 

vector pTZ57R/T 0.5 µl 

T4 DNA ligase 0.35 µl 

purified DNA-fragment 50 ng 

nuclease-free water 7 µl 

 

3.1.3.2. Transformation of DNA fragments in E. coli 

To clone the target gene containing vectors (see 3.1.4.1.) competent E. coli strain TB1 was trans-

formed using a standard protocol. Briefly, the E.coli strain TB1 was treated with CaCl2 to increase 

the absorption efficiency of DNA vectors. For this, 5 μl of TB1 cells cultivated at 37 °C overnight 

on an LB agar plate. A single colony was selected and incubated in 2 ml LB medium at 37 °C for 

24 hours with agitation. 1 ml of this stock was then further cultivated in 100 ml LB medium at 

37 °C for 2 hours. Then, the bacterial suspension was centrifuged for 10 min at 4000 x rpm (Cen-

trifuge 5424 from Eppendorf) at 4 °C. The bacterial pellet was re-suspended with 10 ml on ice pre-

cooled 0.1 M CaCl2 solution, transferred into 30 ml 0.1 M CaCl2 and incubated on ice for 30 min. 

Then the bacteria were pelleted again by centrifugation for 10 min at 4000 x rpm (Centrifuge 5424 

from Eppendorf) at 4 °C and the obtained bacteria pellet re-suspended in 6 ml of 0.1 M CaCl2 / 

15% glycerol in a. dest. The suspension not used immediately was stored in 50 μl or 100 μl aliquots 

at -80 °C for later use. 

For transformation 50 μl of competent E. coli were mixed with the ligation mixture and incubated 

for 30 min on ice. After a heat shock for 1 min at 42 °C, the bacterial suspension was immediately 

cooled on ice for 2 min. Then 500 μl of LB medium was added and the culture was incubated for 

60 min at 37 °C and agitated. Finally, the transformed bacteria were cultivated overnight on agar 

plates with 0.1% ampicillin, IPTG and X-Gal at 37 °C. 

 

3.1.3.3. Determination of cloning efficacy 

To determine the transformation efficacy the blue-white selection approach was used based on the 

insertion of target gene DNA fragments into the lacZ gene cassette of the pTZ57R/T vector. 

Successful ligation of target gene DNA fragments was leading to a disruption of the lacZ gene 

cassette in the pTZ57R/T vector and therefore white E.coli colonies grew after cultivation on X-

gal agar plate. Non-modified lacZ gene in the pTZ57R/T vector in transformed bacteria results 

into blue colonies. White colonies were selected and the inserted gene sequence in the lacZ gene 
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cassette of the pTZ57R/T vector (transgene) was confirmed by PCR using the primer pair M13. 

The PCR mixtures were pipetted into 0.5 ml RNase-free reaction tubes on ice as follows:  

Colony PCR approach (10 µl) 

RNase-free water 5.8 µl 

5×buffer 2 µl 

25 mM MgCl2 0.5 µl 

10 pmol/µl Primer M13uni 0.5 µl 

10 pmol/µl Primer M13rev 1 µl 

40 mM dNTPs 0.2 µl 

5 U./µl Polymerase 0.05 µl 

DNA-template from white colonies 

 

The inserted DNA was amplified in the thermocycler C1000 of Bio-Rad using the following pro-

gram: 

- initial denaturation: 95 °C, 1 min. 

- denaturation: 95 °C, 30 sec. 

- annealing: 55 °C, 30 sec. 

- elongation: 72 °C, 1 min. 

- finale elongation: 72 °C, 10 min. 

The amplified PCR product was visualized by agarose gel electrophoresis (see 3.1.2.3.). 

 

3.1.3.4. Plasmid isolation 

E. coli colonies containing plasmid of a predicted size were propagated in 2 ml LB medium con-

taining 0.1% ampicillin overnight at 37 °C and then purified using the "GeneJet Plasmid Miniprep" 

kit according to the provided protocol. Briefly, the E. coli cultures were centrifuged at 6000 × g 

for 2 min. The bacterial pellet was re-suspended in 250 μl of "resuspension solution", and the 

bacteria were lysed by adding 250 μl of "lysis solution" and inverting the tube five times until the 

solution becomes viscous and slightly clear. Then subsequent neutralization of the pH was done 

by the addition of 350 μl of "neutralization solution". After centrifugation at 10,000 × g for 5 min, 

the supernatant was transferred to the spin column, and the column was centrifuged at 10,000 × g 

for 1 min. The column was then washed twice with 500 μl of "wash solution" by centrifuging it at 

10,000 × g for 1 min. Then the column was transferred into a fresh 1.5 ml reaction tube and incu-

bated with 50 μl of elution buffer at RT for 2 minutes. The plasmid DNA was then eluted at 10,000 

× g for 2 min. The concentration of the isolated plasmid DNA was determined using a Nanodrop 

spectrophotometer. 

34 cycles 
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3.1.3.5. Sequencing of plasmid DNA 

Plasmid DNA samples were sequenced by Source Bioscience. The obtained DNA sequences were 

compared with the consensus sequences built from the other related Myotis or Eptesicus species 

target gene sequences using the program "BioEdit" (North Carolina State University, USA) to 

confirm the identity of the cloned target gene DNA fragments. 

The confirmed, new DNA sequences were used to design primers to clone the entire target gene. 

Using these primers, a cDNA was amplified by PCR (see 3.1.2.2.) using genomic DNA as a tem-

plate, re-cloned and amplified into competent E. coli (see 3.1.3.1.). The plasmids were purified 

(see 3.1.3.4.) and again sequenced by Source Bioscience. 

 

3.1.3.6. Bioinformatic characterization of the target gene sequence 

The open reading frame (ORF) of entire target gene sequences was characterized using the pro-

gram "NCBI ORF-Finder". The deduced protein sequences in the NCBI database were compared 

with the protein sequence of other related bat species.  

The phylogenetic relationship of the proteins was analyzed using the MEGA5 program. The 

neighbour-joining algorithm was used to compare all the sequences. (Saitou et al. 1987). 

 

3.1.4. Generation of a eukaryotic expression vector  

The target DNA sequences were cloned into the pcDNA3 expression vector (Figure 11) for eukar-

yotic expression. For this, the in-fusion cloning technique was used. 

 

 

 

Figure 11. Schematic representation of the plasmid pcDNA3.  A multiple cloning site, antibiotic selec-

tion cassettes, origins, promoters, an enhancer and unique restriction sites are indicated. 
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3.1.4.1. In-Fusion cloning  

This technique allows restriction endonuclease free cloning and combination of different cDNA 

fragments. The encoding target gene sequences used in this thesis contained also the coding se-

quence for the Flag-tagged for later expression detection by Flag-specific antibodies. The cDNA 

inserts were generated by a two-step PCR strategy. The first PCR amplified the DNA sequences 

with 15 bp extensions homologous to vector pcDNA3 sequence at the 5'-end and an overlapping 

"flag-tag" sequence (DNA sequence: 5'-GATTACAAGGACGATGACGA-TAAGTGA-3; pro-

tein sequence: D-Y-K-D-D-D-D-K) at the 3' end. In the second PCR using the products of the first 

PCR as a template, the "flag-tag" sequence was amplified with 15 bp extensions homologous to 

vector pcDNA3 sequence at the 3'-end in the PCR product. The In-Fusion enzymes (combination 

of exonuclease and polymerase) created single-stranded regions at the ends of the vector pcDNA3 

and PCR product, which were then fused due to the 15 bp homology (Figure 12). 

The concentration of the resulting PCR product was measured by a Nanodrop spectrophotometer 

and the product was homolog recombined into the plasmid pcDNA3. To achieve this via 

recombination, the solution was pipetted into 0.5 ml RNase-free reaction tubes on ice as follows: 

 

 

 

Figure 12. Schematic representation of the In-Fusion cloning (Clonetech) strategy.  The "flag-tag" 

sequence was overlapped at the 3'-end on the target gene and the whole gene was fused in a pcDNA vector 

by homolog recombination. 
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Recombination approach in 5 µl (all ingredients from In-Fusion cloning kit): 

- 5X In-Fusion Reaction buffer 1 µl 

- In-Fusion enzymes 0.5 µl 

- PCR-product 50 ng 

- plasmid 50 ng 

- nuclease-free water Up to the total volume in 5 µl 

The reaction mixture was incubated for 15 min. at 50 °C and afterwards immediately put on ice. 

After transformation of competent E. coli, the plasmid DNA was isolated (see. 3.1.3.4.) and se-

quenced by Source Bioscience using the vector primers T7 at the 5'-end and sp6 at the 3' end. 

 

3.1.4.2. Plasmid isolation in large amounts 

For the transfection of eukaryotic cells, larger amounts of plasmids were required. Therefore, 

transformed E. coli were grown in 100 ml cultures at 37 °C overnight. The culture was then cen-

trifuged for 15 min at 6000 × g at 4 °C and the plasmid was isolated with the "Qiagen Plasmid 

Midi Kit" according to the manufacturer’s instructions. For this purpose, the bacterial pellet was 

re-suspended in 4 ml buffer P1 in a 15 ml falcon tube. After the addition of 4 ml buffer P2, the 

culture was mixed thoroughly by vigorously inverting five times and incubated at RT for 5 min. 

Then, the mixture was strongly mixed thoroughly by vigorously inverting 5 times with 4 ml buffer 

P3, incubated on ice for 15 min and then centrifuged at 14,000 × g for 10 min at 4 °C. In the 

meantime, the "Qiagen-tip 100" column was equilibrated with 4 ml QBT buffer. After centrifuga-

tion, the supernatant was filtered through the column by gravity flow and the column was washed 

twice with 10 ml buffer QC by gravity flow. The plasmid DNA was eluted from the column using 

5 ml buffer QF. After re-suspending the plasmid DNA in 3.5 ml isopropanol, the sample was 

divided into 2 ml reaction tubes and centrifuged for 30 min at 4 ° C and 15,000 × g. The pellets 

were then washed with 1 ml 70% ethanol by centrifugation for 10 min at 15,000 × g. The super-

natant was discarded; the plasmid DNA was dried at RT and finally dissolved in 50 μl buffer EB. 

The concentration of the plasmid DNA was determined by a Nanodrop spectrophotometer. 

 

3.1.5. qRT-PCR 

Expression levels of all newly identified target genes and different molecules of the signalling 

pathway (He et al. 2014) were determined and compared for three M. myotis cell lines by quanti-

tative real-time PCR (qRT-PCR) after preparation of RNA with the Qiagen RNeasy Mini Kit ac-

cording to the supplier's instructions.  

For this purpose, cultivated cells were lysed with appropriate amount of RLT buffer (with 1% -

mercaptoethanol) and transferred into an Eppendorf tube. The sample was then mixed with 250 μl 
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70% ethanol, transferred to an "RNeasy Mini Spin Column" and centrifuged for 30 sec at 8000 × 

g. Then, 350 μl RW1 buffer was applied and the column was centrifuged again for 30 seconds at 

8000 × g. In order to degrade the DNA in the sample, 40 μl DNase I (diluted 1: 7 in DRR buffer) 

was added to each column and the mixture was incubated at RT for 15 min. The column was first 

washed with 350 μl of RW1 buffer for 30 sec at 8000 × g and then washed with 750 μl RPE buffer 

for 30 sec at 8000 × g. The column was then centrifuged again at 8000 × g for 30 sec, and the RNA 

sample was eluted with 50 μl of RNase-free water with centrifugation for 1 min. at 8000 × g. All 

samples were stored at -80 °C until used.  

The qRT-PCR was performed using the "SensiFAST SYBR No-ROX One-Step Kit", in which the 

cyanine dye SYBR Green interacts with the newly formed cDNA. The fluorescence of the meas-

ured sample increased with an amplification of the number of newly formed cDNA double strands 

(Bustin 2000). 

The expression of the measured genes was normalized against the "housekeeping gene" β-actin 

(Rasmussen 2001). The solutions prepared for PCR (10 μl) were pipetted in 0.5 ml RNase-free 

reaction tubes on ice as follows: 

RNase-free Water 3 µl 

Enzym-Mix 5.3 µl 

RNA- sample 1 µl 

10 pmol/µl Primer F 0.4 µl 

10 pmol/µl Primer R 0.4 µl 

 

The solutions were amplified using the following temperature program: 

- reverse transcription: 45 °C, 10 min. 

- initial denaturation: 95 °C, 2 min. 

- denaturation: 95 °C, 5 sec. 

- annealing: varied temperature, 10 sec. 

- elongation: 72 °C, 10 sec. 

- measurement of fluorescence 

- melting curve: 95 °C, 5 sec; 70 °C, 5 sec; 0.2°C-step 

The measured ct-values were calculated using the 2-ΔΔCt method using the "Rotor-Gene-Software" 

program and their relative expression level was determined (Livak et al. 2001). 

 

 

 

 

39 cycles 
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3.2. Cell biology methods 

3.2.1. Cultivation of mammalian cell lines 

All cell lines from humans, mouse or bats (see 2.8.) were cultured in ZB28 cell culture medium at 

37 °C and 5% CO2.  

For transfer or propagation, the medium from cells was discarded. The cells were washed once 

with ZB28d and then incubated with ATV solution for about 10 min under microscopic control. 

When the cell layer started to detach, the cells were collected, washed once with ZB28 medium 

and were counted using a hemocytometer. 10 µl cell suspension was pipetted into the well of the 

counting chamber on the hemocytometer. The cell number (A) in the central square was counted. 

The cell density was calculated as (A) × 104 cells/ml. Dependent on the experiments, they were 

seeded in an appropriate density and were further incubated at 37 °C and 5% CO2 in an incubator.  

For cryopreservation, the cells were detached and re-suspended as described and cryopreserved in 

a special medium (ZB28 + 10% DMSO) in liquid nitrogen. 

 

3.2.2. Transfection by electroporation 

For electroporation, cells were detached and re-suspended as described. 5 × 107 cells per sample 

were washed twice with PBS and re-suspended in 1 ml buffer R (Neon transfection kit, Invitrogen). 

The transfection chamber of the Neon transfection apparatus was filled with 3 ml buffer E2. 100 

μl of cell suspension in buffer R was mixed with 5 μl of the target gene containing pcDNA3 plas-

mid solution. The suspension was then transferred air bubbles free into the Neon chamber and the 

transfection by electroporation was induced by two pulses at 1100 V for 20 milliseconds. 

Afterwards, the treated cells were cultivated with 30 ml ZB 28 medium in a 160 cm2 tissue culture 

flask at 37 °C in a CO2 incubator.  

 

3.2.3. Transfection by Lipofectamine 2000 treatment 

For transfection with Lipofectamine 2000, the cells were cultivated in 24-well multiple-culture 

plates with 500 μl ZB28 medium overnight at 37 °C and 5% CO2 in an incubator with the following 

densities: 

 
Table 2. Cell densities on multiple culture plates for transfection with Lipofectamine 2000. 

 

 M. myotis cell type Density per well to 24-well 

MmNep 1.7×105 

MmNol 1.5×105 

MmBr 3×105 

 



Methods 

50 

 

The reaction mix for transfection was prepared in two separate Eppendorf tubes: (a) 0.5 μg of the 

target gene containing pcDNA3-expression plasmid (see 3.1.4.2.) were diluted in 100 μl of ZB28d 

medium and (b) 1 μl of Lipofectamine 2000 was diluted in 100 μl of ZB28d medium. Both reaction 

mixes were mixed 1:1 (v/v) in a separate tube and incubated for 5 min at RT. 200 μl of the trans-

fection reaction mix was then added slowly to the cell culture wells after careful aspiration of the 

cell culture medium. After 4 to 6 hours incubation at 37 °C and 5% CO2 in an incubator, the 

transfection medium was replaced by normal cell culture medium and the cells were cultured for 

further 24 to 48 at 37 °C and 5% CO2 in an incubator. The transfection rate was evaluated by 

immunofluorescence (IF) as described in section 3.5. 

 

3.2.4. Stimulation with TLR-agonists 

The different M. myotis cell lines were cultivated in 24-well cell culture plates, as described in 

section 3.2.1. The cells were incubated with TLR-agonists (poly I:C, imiquimod and R848, 10 μg 

/ ml). Non-treated cells were used as negative controls. 24 h after incubation, the cells were har-

vested and RNA was isolated using the RNeasy kit (see 3.1.5.). The influence on the expression 

of genes in the IFN pathway was measured at the mRNA level using qRT-PCR.  

 

3.2.5. Stimulation with different recombinant type I IFNs 

Cell lines were cultivated as described in section 3.2.1. in 24-well cell culture plates. In order to 

investigate the induction of genes associated with signalling pathway they were stimulated with 

recombinant type I IFNs in two different ways: 

(a) The cells were incubated with supernatants from HEK 293cells transformed with the corre-

sponding pcDNA3 expression plasmids containing recombinant type I IFN (3.2.2.) or 

(b) The cells were transfected directly with the pcDNA3 expression plasmids (3.2.3.) containing 

recombinant type I IFN to induce expression of the target genes products. 

24 h later, the cells were harvested and RNA was isolated with the RNeasy kit as described in 

section 3.1.5 for further analysis. The influence on the expression of molecules of signalling path-

ways was measured at the mRNA level using qRT-PCR. Non-transfected cells or cell culture su-

pernatant from non-transfected HEK 293 cells served as negative controls.  

 

3.3. Virological methods  

3.3.1. Virus multiplication in cell culture 

Na42/13 cells were seeded at a density of 106 cells in 30 ml cell of ZB5 culture medium in a 75 

cm2 culture flask and 0.13×106 cells were seeded in 4 ml ZB5 in two 35 mm2 tissue culture dishes 

(each 2 ml). Virus stocks with known titers were diluted in ZB5 medium to obtain a multiplicity 
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of infection (MOI) of 0.001 when 1 ml virus solution was added to the tissue culture. Every three 

days, the contents of one tissue culture dish were fixed in 4 % PFA at RT for 25 min and stained 

using an anti-RABV-FITC conjugate. The supernatant in the culture flask was harvested when 

100% of cells displayed green fluorescence in the immunofluorescence control. The supernatant 

was centrifuged at 2500 × rpm (Centrifuge 5424 from Eppendorf) for 10 min, and aliquots of the 

supernatants were prepared and stored at -80 °C. 

To confirm the infectious virus titer of the virus stock, a sample of 100 µl was diluted with 900µl 

ZB5 medium. 200 µl of this dilution was pipetted in the four wells of the first vertical line in a 96-

well plate. The rest of the wells were filled with 100 µl of a Na42/13 cell suspension with a con-

centration of 4 × 105 cells/ml. A dilution series was built in a 1:1 ratio of Na42/13 cells and the 

virus: 100 µl of the virus/cell mixture was mixed with 100 µl in the next vertical line and 1:2 

diluted. After the dilution, every well was filled with 100 µl cell suspension and finally contained 

200 µl of the virus/cell mixture. After incubation for 48 hours, the cells were washed twice with 

PBS and fixed with 4 % PFA at RT for 25 min. Then the fixed cells were stained with anti-RABV-

FITC conjugate at 37 °C for 60 min. The plate was finally washed twice with PBS and once with 

a. dest. Afterwards, the wells were inspected by fluorescence microscopy and the virus titer was 

determined using the Spearman-Karber formula (Hierholzer et al. 1996): 

log10 50% end point dilution = − (𝑋0 −
𝑑

2
+ 𝑑 ∑

𝑟𝑖

𝑛𝑖
) 

x0 = log10 of the reciprocal of the highest dilution at which cells are 100% infected; 

d = log10 of the dilution factor (here 0.5); 

ni = number of viruses used in each individual dilution; 

ri = number of detected viruses (out of ni). 

The summation was started at dilution x0. 

 

3.3.2. Infection of mammalian cell lines with lyssaviruses 

Cell lines were cultivated as described in section 3.2.1. in 24 well cell culture plates with 2×105 

cells. After 24 hours, the cells were infected with various lyssaviruses (EBLV-1 and EBLV-2) at 

an MOI of 0.1. Non-infected cells were used as negative controls. Cells were washed with PBS 

and lysed in RLT buffer for RNA isolation (see 3.1.5.). The influence of infection on the expres-

sion of target genes was measured at the mRNA level using qRT-PCR (see 3.1.5.). 

The influence of recombinant IFN proteins on the replication of lyssaviruses was investigated after 

stimulating them prior to infection with different lyssaviruses. For this purpose, cells were 

cultivated as described in section 3.2.1. and incubated with different dilutions of recombinant IFN 

proteins for 24 hours. Then, the cells were infected with various lyssaviruses with an MOI of 0.1. 
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24h after infection, the cells were harvested and RNA was isolated using the RNeasy kit (see 

3.1.5.). The replication of lyssaviruses at transcriptional level was quantified by qRT-PCR, and 

the expression of the viral N-protein was determined by immunofluorescence (see 3.5.). 

 

3.4. Biochemical methods 

3.4.1. SDS-PAGE 

To identify recombinant IFN proteins, the supernatants containing type I IFN protein after trans-

fection by electroporation were pre-purified using Amicon® Ultra-4 (to filter proteins < 10 kDa) 

and Ultra-15 (to filter proteins > 50 kDa) Centrifugal Filter Units by centrifugation at 4000× g for 

20 min. A separating gel (12% Acrylamide; see below) and a stacking gel solutions were prepared 

and immediately filled into a gel chamber placed into the gel cast stand and overlaid with double-

distilled water. The purified supernatants were used for SDS-PAGE.  

Then, the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed. After polymerization for 30 min, the water was removed. The stacking gel solution 

(See below) was prepared, immediately filled into a gel chamber on-top of the separating gel and 

a well-forming comb was inserted to the gel chambers. After polymerization for 30 min the gel 

chamber was placed into the SDS-PAGE frame and by this, the buffer chamber formed. The run-

ning buffer (see below) was filled into the inner chamber until the buffer surface reaches the re-

quired level of the gel chamber. 

Separating gel: 

double-distilled water 3.3 ml 

30% Acrylamide/Bis-acrylamide 4 ml 

1.5 M Tris (pH=8.8) 2.5 ml 

10% SDS 0.1 ml 

10% ammonium persulfate (APS) 0.1 ml 

TEMED 0.004 ml 

Stacking gel: 

double-distilled water 2.7 ml 

30% Acrylamide/Bis-acrylamide 0.67 ml 

1.0 M Tris (pH=6.8) 0.5 ml 

10% SDS 0.04 ml 

10% ammonium persulfate (APS) 0.04 ml 

TEMED 0.004 ml 
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Running buffer for SDS-PAGE: 

Tris-HCl 25 mM 

Glycine 200 mM 

SDS 0.1% (w/v) 

 

Then 10 µl (3-5 µg/µl) protein samples were mixed with 10 µl sample loading buffer: 

SDS 10% (w/v) 

Dithiothreitol 10 mM 

Glycerol 20 % (v/v) 

Tris (pH=6.8) 0.2 M 

Bromophenol blue 0.05% (w/v) 

The samples were then heated at 95°C for 5 min and loaded into individual slots of the stacking 

gel. 5 µl of a protein marker was loaded into one slot as loading and size prediction control. The 

gen was than run at for 175V for 1 hour.  

 

3.4.2. Semi-dry Western blot 

The protein samples separated by SDS-PAGE were transferred to nitrocellulose membrane using 

a semi-dry blotting system (Bio-Rad). 

Two pieces of filter paper and one nitrocellulose membrane were soaked in anode buffer, and two 

pieces of filter paper were soaked in cathode buffer: 

 

anode buffer (pH 10.4) cathode buffer (pH 9.4) 

Tris 25 mM Tris 25 mM 

methanol 20 % (v/v) methanol 20 % (v/v) 

  caproic acid 40 mM 

 

The SDS gel was incubated in anode buffer for 15min. Two pre-soaked filter paper from cathode 

buffer were placed onto the anode. Then the gel was carefully placed on top of the filter paper. 

The nitrocellulose membrane was next placed on top of the gel. In the end, two pre-soaked filter 

paper from anode buffer was covered on the top of the nitrocellulose membrane. All air bubbles 

were carefully removed. The anode plate was placed onto the stack, and the system was set at 25 

V for 30 min. 

After the transfer, the nitrocellulose membrane was incubated with 5% non-fat milk solution at 

RT for one hour to prevent unspecific binding of the antibodies used afterwards. The membrane 

was washed three times for 5 min with 0.05% PBS-Tween and incubated with primary antibody 
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at 4°C overnight. After washing the membrane three times for 5 min in 0.25% PBS-Tween, the 

secondary antibody conjugate was incubated on the membrane at 4 °C overnight. Then the mem-

brane was finally washed four times for 5min in 0.25% PBS-Tween and incubated with chemilu-

minescent substrates (ECL, ClarityTM, Bio-Rad). The chemiluminescence signal was detected us-

ing Intas ChemoCam Imager. 

 

3.5. Immunofluorescence 

Immunofluorescence (IF) was used to visualize IFN proteins or virus in infected or transfected 

cells. 

Cells were washed three times with PBS and then fixed with 4% PFA at RT for 25 min. After three 

times washing with PBS, cells were incubated in 0.5% Triton X-100 (diluted in PBS) at RT for 10 

min. Then, cells were washed three times with PBS and incubated with 1% BSA in PBS at RT for 

1 hour. The solution was removed and cells were incubated with primary antibody at 37 °C for 

one hour. After three times washing with PBS, cells were incubated with DAPI (1:1000 diluted in 

PBS) and the secondary antibody at RT for 30min. Finally, cells were washed three times with 

PBS and analyzed by fluorescence microscopy. 

 

3.6. Statistical analysis 

All statistical analyses were done by the one-way-ANOVA test (n=3) using SPSS software. 
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4. Results 

4.1. Cloning and sequencing of type I IFN gene sequences from M. myotis 

4.1.1. Cloning of M. myotis IFN-beta sequence 

In order to clone the IFN-beta gene (IFN) coding sequence of M. myotis, the primer pair IFN-

F1/ IFN-R4 was deduced from the reference sequences after alignment of the predicted gene 

sequences of other Myotis species from NCBI database (Appendix, Figure A1). 

With these primers, a 671 bp DNA fragment was amplified using genomic DNA prepared from 

MmBr cell line (Figure 13). After agarose gel purification the PCR product was cloned in the 

plasmid vector pTZ57R/T (see 3.1.3.). By colony PCR with the M13 primer pair (Table 1), the 

insertion of a DNA sequence of the correct size was confirmed. 

 

 

 

Figure 13. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line.  Lanes show two samples amplified with the primer IFN-F1/ IFN-R4 at different annealing temper-

atures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment.  

 

One resultant plasmid clone was sequenced with the primer M13F. The inserted sequence con-

tained a 561 nt ORF. The sequence exhibited 95%, 94% and 94% identities to the IFN reference 

sequences from M. davidii, M. brandtii and M. lucifugus, respectively (Figure 14).  
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Figure 14. Multiple alignments of published IFN sequences  from Myotis species with the sequenced 

M. myotis IFN  Published Myotis IFN: M. brandtii: NW_005326225.1; M. davidii: NW_006291549.1; 

M. lucifugus: NW_005871269.1. The primer pair was marked with frames, start and stop codons are 

underlined. 

 

The deduced protein sequence consisted of a 187 AAs polypeptide with 88%, 87% and 85% iden-

tities to the IFN protein sequences of M. brandtii, M. davidii and M. lucifugus, respectively (Fig-

ure 15).  
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Figure 15. Multiple alignments of published IFN protein sequences  from Myotis species with the 

newly sequenced M. myotis IFN gene sequence  Published Myotis IFN: M. brandtii: 

NW_005326225.1; M. davidii: NW_006291549.1; M. lucifugus: NW_005871269.1. Start and stop codons 

are framed. Identical AAs are shown as dots. 

 

4.1.2. Cloning of M. myotis IFN-epsilon sequence 

For cloning of the IFN-epsilon gene (IFN) coding sequence of M. myotis, the predicted gene 

sequences of other Myotis species (Appendix, Figure A2) were used to select the primer pair IFN-

F3/ IFN-R3. 

A 636 bp DNA fragment was amplified with these primers (Figure 16). The PCR product was 

purified by agarose gel and then cloned in the plasmid vector pTZ57R/T (see 3.1.3.). The insertion 

of a DNA sequence of the correct size was checked by colony PCR with the M13 primer pair 

(Table 1). 
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Figure 16. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line. Lanes show three samples amplified with the primer IFN-F3/ IFN-R3 at different annealing tem-

peratures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment.  

 

One resultant plasmid clone was picked and sequenced with the primer M13F. The inserted se-

quence had a 582 nt ORF (Figure 17).  

 

 
 

Figure 17. Multiple alignments of published IFN sequences  from Myotis species with the recently 

sequenced M. myotis IFN Published Myotis IFN: M. brandtii: NW_005371986.1, M. davidii: 

NW_006294552.1, M. lucifugus: NW_005871269.1 The primer pair was marked with frames, start and 

stop codons are underlined. 
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The identities of sequenced DNA fragment with the IFN sequences of M. lucifugus (96%), M. 

brandtii (96%), and M. davidii (95%) from the NCBI database revealed high homology.  

The deduced protein sequence consisted of a 194 AAs polypeptide with 98%, 91% and 85% iden-

tities to the IFN protein sequences of M. brandtii, M. davidii and M. lucifugus, respectively (Fig-

ure 18).  

 

 

 

Figure 18. Multiple alignments of published IFN protein sequences  from Myotis species with the 

newly sequenced M. myotis IFN gene sequence  Published Myotis IFN: M. brandtii: 

NW_005371986.1; M. davidii: NW_006294552.1; M. lucifugus: NW_005871269.1. Start and stop codons 

are framed. Identical AAs are shown as dots. 

 

4.1.3. Cloning of M. myotis IFN-kappa sequence 

To clone the IFN-kappa gene (IFN) coding sequence of M. myotis, the primer pair IFN-F3/ 

IFN-R3 was designed using the reference sequences of IFN in other Myotis species (Appendix, 

Figure A3). With these primers, an 819 bp DNA fragment was amplified (Figure 19). After agarose 

gel purification the PCR product was cloned in the plasmid vector pTZ57R/T (see 3.1.3.). By 

colony PCR with the M13 primer pair (Table 1), the insertion of a DNA sequence of the correct 

size was confirmed. 
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Figure 19. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line.  Lanes show four samples amplified with the primer IFN-F3/ IFN-R3 at different annealing tem-

peratures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment.  

 

One resultant plasmid clone was sequenced with the primer M13F. The inserted sequence con-

tained a 627 nt ORF (Figure 20).  
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Figure 20. Multiple alignments of published IFN sequences  from Myotis species with the sequenced 

M. myotis IFN Published Myotis IFN: M. brandtii: NW_005371555.1, M. davidii: NW_006297901.1, 

M. lucifugus: NW_005871394.1 The primer pair was marked with frames, start and stop codons were 

marked with underlines. 

 

This sequence had 98%, 96% and 96% identities to the published sequences for IFN in M. davidii, 

M. brandtii and M. lucifugus, respectively. The deduced protein sequence contains 209 AAs with 

96%, 91% and 90% identities to the IFN protein sequences of M. brandtii, M. davidii and M. 

lucifugus, respectively (Figure 21).  
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Figure 21. Multiple alignments of published IFN protein sequences  from Myotis species with the 

newly sequenced M. myotis IFN gene sequence  Published Myotis IFN: M. brandtii: 

NW_005371555.1; M. davidii: NW_006297901.1; M. lucifugus: NW_005871394.1. Start and stop codons 

are framed. Identical AAs are shown as dots. 

 

4.1.4. Cloning of M. myotis IFN-tau sequence 

To clone the IFN-tau gene (IFN) coding sequence of M. myotis, the reference DNA sequences of 

other Myotis species were used to select the primer pair IFN-F3/ IFN-R3. 

A 641 bp DNA fragment was amplified with these primers (Figure 22). The PCR product was 

purified by agarose gel and then cloned in the plasmid vector pTZ57R/T (see 3.1.3.). The insertion 

of a DNA sequence of the correct size was amplified and checked by colony PCR with the M13 

primer pair (Table 1). 
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Figure 22. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line.  Lanes show four samples amplified with the primer IFN-F3/ IFN-R3 at different annealing temper-

atures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment.  

 

One resultant plasmid clone was sequenced with the primer M13F. The inserted sequence con-

tained a 516 nt ORF. The sequenced DNA fragment was compared with the only IFN in Myotis, 

M. brandtii from NCBI database and showed high identity of 92% (Figure 23).  

 

 

 

Figure 23. Multiple alignments of published IFN sequences  from Myotis species with the sequenced 

M. myotis IFN  Published M. brandtii IFN: NW_005371986.1 The primer pair was marked with frames, 

start and stop codons were marked with underlines. 

 

The deduced protein sequence consisted of a polypeptide of 172 AAs and with an 84% identity to 

the IFN protein sequences of M. brandtii (Figure 24).  
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Figure 24. Multiple alignments of published IFN protein sequences  from Myotis species with the 

newly sequenced M. myotis IFN gene sequence  Published Myotis IFN: M. brandtii: 

NW_005371986.1. Start and stop codons are framed. Identical AAs are shown as dots. 

 

4.1.5. Cloning of M. myotis IFN-omega sequence 

For Myotis species, two predicted IFN-omega genes are published in databases: a predicted IFN-

omega1 gene (IFN) was found in M. brandtii and M. lucifugus and an IFN-omega 2 gene 

(IFN) was found in M. brandtii, M. davidii and M. lucifugus.  

The published IFN sequences of M. brandtii and M. lucifugus have a low identity between each 

other (Appendix, Figure A4). Therefore, the regions upstream of the start codon and downstream 

of the stop codon with both 96% identity on nucleotide level were used to design several primers 

pairs to clone potential IFN gene sequence from M. myotis. Despite several trials, no IFN 

gene cDNA could be amplified. 

Then, IFN and IFN of M. brandtii and M. lucifugus were aligned to identify homolog 

sequence parts to identify suitable regions for primer selection. These alignments exhibit that 

IFN from  M. brandtii  had a deletion of 132 bp compared with IFN of M. brandtii, but the 

remaining part of the ORF of both IFN and  IFN displayed 98% identity (Appendix, Figure 

A5A). In contrast, IFN and IFN of M. lucifugus exhibit only an identity of 58% on nucleotide 

level (Appendix, Figure A5B). Primer pairs were selected from both sides up- and downstream the 

132 bp fragment IFN sequence from M. brandtii. However, also these primer pairs not led to 

the amplification of an IFN cDNA from genomic DNA of the MmBr cell. 
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Therefore, in a further approach, the forward primer IFN-F5 was deduced from the reference 

sequences of M. brandtii IFN (XM_005886202.2) and reverse primer IFN-R4 was 

deduced from M. lucifugus IFN (XM_006109056.2) after alignment of both (Appendix, Figure 

A6). 

With these primers, a 945 bp DNA fragment could be amplified (Figure 25). After agarose gel 

purification the PCR product was cloned in the plasmid vector pTZ57R/T (see 3.1.3.). By colony 

PCR with the M13 primer pair (Table 1), the insertion of a DNA sequence of the correct size was 

confirmed. 

 

 

 

Figure 25. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line.  Lanes show three samples amplified with the primer IFN-F5 / IFN-R4 at different an-

nealing temperatures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment.  

 

One resultant plasmid clone was sequenced with the primer M13F. The inserted sequence con-

tained a 588 nt ORF. The sequence was compared with published IFN sequences from M. 

davidii, M. brandtii and M. lucifugus and show identities of 95%, 95% and 97%, respectively 

(Figure 26).  
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Figure 26. Multiple alignments of IFN genes  of  Myotis species using ClustalW.  All DNA sequences 

of Myotis IFN were taken from NCBI gene database (M. brandtii: NW_005371986.1, M. davidii: 

NW_006294552.1, M. lucifugus: NW_ 005871269.1). The differences of nucleotide sequence between 

species were found (marked in grey). The primers (framed) for cloning of M. myotis IFN were chosen 

from areas upstream and downstream of the IFN ORF. Start and stop codons were marked with underlines. 

 

The deduced protein sequence consisted of a polypeptide of 196 AAs with 92%, 90% and 87% 

identities to the IFN protein sequences of M. brandtii, M. davidii and M. lucifugus, respectively 

(Figure 27).  
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Figure 27. Multiple alignments of published IFN protein sequences  from Myotis species with the 

newly sequenced M. myotis IFN gene sequence  Published Myotis IFN: M. brandtii: 

NW_005371986.1; M. davidii: NW_006294552.1; M. lucifugus: NW_ 005871269.1. Start and stop codons 

are framed. Identical AAs are shown as dots. 

 

4.1.6. Cloning of M. myotis IFN-alpha sequence 

For Myotis species, four IFN-alpha (IFN) genes sequences are published in NCBI databases: 

predicted sequences for IFN and IFN were described for M. brandtii, M. davidii encodes 

IFN and IFN genes also found in M. lucifugus. To clone the IFN gene coding sequence of 

M. myotis, the primer pair IFN-F11/ IFN-R12 was deduced from the reference sequences after 

alignment with the predicted IFN gene sequences of M. brandtii (Appendix, Figure A7). 

With these primers, a 912 bp DNA fragment was amplified (Figure 28). After agarose gel purifi-

cation the PCR product was cloned in the plasmid vector pTZ57R/T (see 3.1.3.). By colony PCR 

with the M13 primer pair (Table 1), the insertion of a DNA sequence of the correct size was 

confirmed. 
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Figure 28. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line.  Lanes show two samples amplified with the primer IFN-F11/ IFN-R12 at different annealing tem-

peratures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment.  

 

One resultant plasmid clone was sequenced with the primer M13F. The inserted sequence con-

tained a 522 nt ORF. The sequence showed 89% identity to the reference sequences of IFN in 

M. brandtii. The deduced protein sequence consisted of a polypeptide of 174 AA with 79% identity 

to the IFN protein sequences of M. brandtii (Figure 29).  

 

 

 

Figure 29. Multiple alignments of published IFN protein sequences  from M. brandtii with the se-

quenced M. myotis IFN gene sequence  Published Myotis IFN: M. brandtii: XM_014533302.1. Start 

and stop codons are framed. Identical AAs are shown as dots. 

 

The IFN of M. brandtii contained Asn25, which was absent in IFN of M. myotis. Moreover, 

Leu175 in IFN of M. brandtii was changed to a stop codon in M. myotis. 
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In addition to the ORF of a complete IFN, a second ORF of IFN was amplified according to 

the reference sequences of M. brandtii (XM_005879956.1). The obtained DNA fragment is shown 

in Figure 30. 

 

 

 

Figure 30. Amplified potential IFN DNA fragments from genomic DNA from M. myotis MmBr cell 

line.  Lanes show two samples amplified with the primer IFN -F1/ IFN -R2 at different annealing tem-

peratures. The arrow indicates the gel band with the potential M. myotis IFN DNA fragment. 

 

One resultant plasmid clone was sequenced with the primer M13F. Notably, the inserted sequence 

showed 95% identity to a published M. brandtii sequence. However, 6 stop codons were identified 

in the 528 nt long sequence (Figure 31). 

 

 
 

Figure 31. Multiple alignments of published IFN protein sequences  from M. brandtii with the se-

quenced M. myotis IFN pseudogene sequence. Published Myotis IFN: M. brandtii: XM_005879956.1. 

Start and stop codons are framed. Identical AAs are shown as dots. 
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4.2. Cloning and sequencing of type I IFNs gene sequence from E. serotinus 

4.2.1. Cloning of E. serotinus IFN-beta sequence 

To clone the IFN gene sequence of E. serotinus, the primer pair IFN-F1/ IFN-R4 was deduced 

from the reference sequences after alignment of the prediction gene sequences of E. fuscus (Figure 

33). 

With these primers, a 677 bp DNA fragment was amplified (Figure 32). After agarose gel purifi-

cation the PCR product was cloned in the plasmid vector pTZ57R/T (see 3.1.3.). By colony PCR 

with the M13 primer pair (Table 1), the insertion of a DNA sequence of the correct size was 

confirmed. 

 

 

 

Figure 32. Amplified potential IFN DNA fragments from genomic DNA from E. serotinus spleen 

tissue.  Lanes show two samples amplified with the primer IFN-F1/ IFN-R4 at different annealing tem-

peratures. The arrow indicates the gel band with the potential E. serotinus IFN DNA fragment.  

 

One resultant plasmid clone was sequenced with the primer M13F. The inserted sequence con-

tained a 561 nt sequence with 97% identity to a published E. fuscus sequence. (Figure 33).  
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Figure 33. Multiple alignments of published IFN sequences  from Eptesicus species with the se-

quenced E. serotinus IFN  Published Eptesicus IFN: E. fuscus: XM_008145044.1. The primer pair was 

marked with frames, start and stop codons are underlined. 

 

The deduced protein sequence encoded for a polypeptide of 187 AAs with 79% identity to the 

IFN protein sequences of E. fuscus (Figure 34).  
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Figure 34. Multiple alignments of published IFN protein sequences  from Eptesicus species with the 

sequenced E. serotinus IFN gene sequence  Published Eptesicus IFN: E. fuscus: XM_008145044.1. 

Start and stop codons are framed. The identical AAs were shown as dots. 

 

4.2.2. Cloning of E. serotinus IFN-epsilon sequence 

For cloning of the IFN of E. serotinus gene sequence, the primer pair IFN-F4/ IFN-R4 was 

deduced from the reference sequences after alignment of the prediction gene sequences of E. fuscus 

(Figure 35). 

With these primers, a 636 bp DNA fragment was amplified (Figure 35).  

 

 

 

Figure 35. Amplified potential IFN DNA fragments from genomic DNA from E. serotinus spleen 

tissue.  Lanes show one sample amplified with the primer IFN-F4/ IFN-R4 at the different annealing 

temperature. The arrow indicates the gel band with the potential E. serotinus IFN DNA fragment.  
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After agarose gel purification the PCR product was cloned in the plasmid vector pTZ57R/T (see 

3.1.3.). By colony PCR with the M13 primer pair (Table 1), the insertion of a DNA sequence of 

the correct size was confirmed. One resultant plasmid clone was sequenced with the primer M13F. 

The inserted sequence contained a 582 nt ORF. This sequence was 98% identical with published 

IFN DNA sequences of E. fuscus (Figure 36).  

 

 

 

Figure 36. Multiple alignments of published IFN sequences  from Eptesicus species with the se-

quenced E. serotinus IFN  Published Eptesicus IFN: E. fuscus: XM_008154086.1. The primer pair was 

marked with frames, start and stop codons are underlined. 

 

The deduced protein sequence encodes for a polypeptide of 194 AAs with 96% identity to the 

IFN protein sequences of E. fuscus (Figure 37).  
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Figure 37. Multiple alignments of published IFN protein sequences  from Eptesicus species with the 

newly sequenced E. serotinus IFN  Published Eptesicus IFN: E. fuscus: XM_008154086.1. Start and 

stop codons are framed. The identical AAs were shown as dots. 

 

4.3. In silico analysis of type I IFN gene loci of Myotis and Eptesicus species  

A summarized multiple sequence alignment using the ClastalW alignment method in the Geneious 

program of all sequenced M. myotis type I IFN genes with the published type I IFN of the three 

North American Myotis species M. brandtii, M. davidii and M. lucifugus is shown in Table 3. This 

analysis clearly shows a high homology of the corresponding type I IFN’s in Myotis species, in 

general. In addition, between non-corresponding IFN  IFN  and IFN sequences comparatively 

high variabilities exist. 
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Table 3. Similarities of type I IFNs in Myotis species.  High identities between the corresponding type I 

IFNs are marked in yellow, low identity are underlined in grey. Higher identities between non-

corresponding IFN are underlined in light-blue. M. m. =Myotis myotis, M. b. =Myotis brandtii, M. d. =My-

otis davidii, M. l.= Myotis lucifugus.  

 

 M. m. IFN M. m. IFN M. m. IFN M. m. IFN M. m. IFN M. m. IFN 

M. b. IFN8 89% 42% 46% 42% 74% 48% 

M. d. IFN1 46% 44% 41% 34% 43% 40% 

M. b. IFN 48% 95% 52% 46% 43% 42% 

M. d. IFN 48% 94% 51% 45% 42% 42% 

M. l. IFN 49% 94% 52% 45% 43% 42% 

M. b. IFN 49% 52% 96% 44% 47% 43% 

M. d. IFN 50% 53% 95% 45% 47% 44% 

M. l. IFN 49% 53% 96% 44% 48% 42% 

M. b. IFN 45% 43% 45% 96% 42% 49% 

M. d. IFN 46% 42% 46% 98% 43% 50% 

M. l. IFN 46% 44% 46% 96% 42% 49% 

M. b. IFN 80% 44% 49% 43% 92% 43% 

M. b. IFN1 46% 35% 37% 41% 41% 71% 

M. b. IFN2 50% 38% 42% 50% 42% 94% 

M. l. IFN1 83% 44% 48% 43% 86% 45% 

M. l. IFN2 51% 39% 42% 49% 42% 94% 

 

To ensure that all type I IFN genes in M. myotis and E. serotinus have been cloned an in silico 

analysis using different scaffolds from whole genome sequencing data containing type I IFNs of 

other Myotis and Eptesicus species was performed. The resultant type I IFN gene loci were com-

pared with published type I IFN locus-related data of P. alecto (Zhou et al. 2016) (Figure 38). 

The arrows in the in silico created type I loci indicate the locations orientation of identified genes, 

beginning with the S-methyl-5'-thioadenosine phosphorylase gene (MTAP) at the 5’ end and end-

ing with the 3-hydroxyacyl-CoA dehydratase 4 gene (HACD4) at the 3’ end. In most vertebrates 

the type I IFN genes are located between the IFN gene at the 5’ end and IFN at the 3' end. The 

kelch-like 9 gene (KLHL9) is always located within this region. 

The type I IFN genes identified in the scaffold95 (NW_006441071.1) and the scaffold222 

(NW_006433716.1) form two parts of type I IFN locus of P. alecto and encode for four IFN and 

three IFN molecules. 

The entire type I IFN locus of M. lucifugus could be identified in scaffold221 (NW_005871269.1) 

and encodes for 11 IFN (two of them were pseudogenes) and one IFN molecules. The type I 

IFN locus of M. davidii was separated in scaffold1343 (NW_006294552.1) and scaffold197 

(NW_006291549.1) and encoded two IFN and two IFN molecules. The locus of M. brandtii 

was separated at scaffold618 (NW_005370354.1) and scaffold963 (NW_ 005371986.1), encoded 

for three IFN, two IFN and one IFN molecules. Here the IFN was located outside the locus 
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and in an unplaced genomic scaffold (NW_005326225.1). The type I IFNs of E. fuscus were en-

coded at scaffold00029 (NW_007370679.1) and scaffold00097 (NW_007370747.1) and include 

one IFN, two IFN In comparison to other Myotis species, except IFN1, all type I IFN se-

quences in M. myotis have been cloned in the present study. 

 

 

 
Figure 38. Loci analysis of type I IFNs in bat species in silico.  The loci are shown in the order 5’ to 3’. 

All arrows indicate genes: IFN (red), other type I IFNs (blue), IFN and IFN (green), KLHL9 (yellow), 

and other genes (violet). Sizes of the loci, distances between IFN and IFN (in same species were sepa-

rated in two scaffolds), and distances between each gene (under the loci) are indicated. Genes with the 

names in grey are pseudogenes.  
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4.4. Phylogenetic analysis of M. myotis and E. serotinus type I IFNs 

To investigate the relationship of newly cloned and sequenced type I IFNs of M. myotis and E. 

serotinus respectively, a phylogenetic tree of IFNs in Myotis and Eptesicus was constructed, based 

on the protein alignment of 4 Myotis (M. myotis, M. brandtii, M. davidii, and M. lucifugus), and 2 

Eptesicus (E. serotinus, and E. fuscus) species by the Neighbor-Joining method (Figure 39). 

Generally, the type I IFNs of Myotis have a closer relationship to each other than to type I IFNs of 

Eptesicus. Furthermore, IFN and IFN build a subgroup, while IFN has a closer relationship to 

IFN. Unexpectedly, the IFN1 of E. fuscus has a close relationship to Myotis IFN8. 

 

 

 

Figure 39. Phylogenetic tree of type I IFNs in the comparison between Myotis and Eptesicus.  Neigh-

bor-Joining method (bootstrap n= 1000) was used to establish this phylogenetic tree with protein sequences 

from M. brandtii (IFN XP_005853085.1, IFN XP_005886265.1, IFN XP_005884960.1, IFN 

XP_005886263.1, IFN XP_014388788.1), M. davidii (IFN XP_006765009.1, IFN XP_006768770.1, 

IFN XP_006773794.1, IFN XP_015420227.1), M. lucifugus (IFN XP_014319257.1, IFN 

XP_006098181.1, IFN XP_006101292.1), E. fuscus (IFN KF758763.1, IFN KF758764.1), and E. sero-

tinus (IFN XP_008143266.1, IFN XP_008152308.1, IFN XP_008152293.1, IFN1 XP_008152320.1).  
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Furthermore, the sequenced type I IFNs in M. myotis and E. serotinus were compared with IFNs 

in other bat species (Miniopterus natalensis, Rhinolophus sinicus, and Desmodus rotundus as mi-

crobats; P. Alecto, and R. aegyptiacus as megabats) and described by the phylogenetic tree (Figure 

40).  

 

 

 

Figure 40. Phylogenetic tree of type I IFNs in comparison in bats.  Neighbor-Joining method (bootstrap 

n= 1000) was used to establish this phylogenetic tree with protein sequences from M. natalensis (IFN 

XP_016060969.1, IFN XP_016073683.1, IFN XP_016075977.1, IFN XP_016073678.1, IFN 

XP_016073682.1), R. sinicus (IFN AJO25030.1, IFN XP_019570619.1, IFN XP_019591848.1, IFN 

XP_019605910.1, IFN XP_019605908.1, IFN XP_019605909.1), D. rotundus (IFN ATW00986.1, 

IFN XP_024414041.1, IFN XP_024414185.1, IFN XP_024414176.1, IFN ATW00985.1, IFN 

XP_024414086.1), P. alecto (IFN XP_006918399.1, IFN XP_015442083.1, IFN ELK11063.1, IFN 

XP_014388788.1, IFN XP_015449919.1, IFN ELK15819.1, IFN XP_006908418.1, IFN 

XP_006918398.1, IFN ELK06973.1), and R. aegyptiacus (IFN XP_016015903.1, IFN 

XP_015993008.1, IFN XP_016011759.1, IFN1 XP_015993699.1, IFN XP_015999512.1, IFN 

BAF37102.1, IFN XP_016015899.1, IFN XP_016015901.1).  
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The analysis revealed that the IFN genes of M. myotis and E. serotinus have a close relationship 

to IFNs of other bat species. However, as shown before (Figure 39), IFN and IFN build a sub-

group in the compared bat species, and the identified IFN gene sequences have a closer relation-

ship with IFN genes of R. aegyptiacus than with IFN of other bat species 

 

4.5. Comparative analysis of deduced type I IFN protein sequences of M. 

myotis and E. serotinus 

The encoded peptide sequences of the here described type I IFN DNA sequences together with 

already published IFN/IFN peptide sequences from E. serotinus (He et al. 2014) were compared 

by multiple alignments using Geneious and ClustalW (Figure 41). 

This result showed that specific regions are highly conserved among the type I IFN, especially 

those containing cysteine (Cys59, Cys182), which forms disulfide bridges and retains the tertiary 

structure.  

 

 

Figure 41. Multiple alignments of deduced peptide sequences of type I IFNs from M. myotis (Mm) 

and E serotinus (Es).  Identical sequence parts with high identity are shown in dark green, those with 

medium identity in light green, and those displaying low identity in yellow. Conservative binding positions 

are shown in red boxes. 



Results 

80 

 

Also, the phenylalanine (Phe67), tyrosine (Tyr179), critical for IFN receptor 1 binding to, as well as 

leucine (Leu47, Leu127) and lysine (Lys164), critical for IFN receptor 2 binding are highly conserved 

(Figure 41, respective amino acid positions highlighted by red boxes). 

 

4.6. Functional characterization of type I IFNs  

All cloned M. myotis IFN gene sequences were characterized in different functional assays in order 

to proof their expressions after induction with TLR ligands, to confirm their expression after viral 

infections, to proof their induction of IFN signalling pathways using recombinant IFN proteins, 

and to investigate the antiviral activity against lyssavirus replication. All experiments were 

performed in M. myotis cell lines obtained from nasal cavity up to Bulbus olfactorius. These cell 

lines have been established earlier (He et al., 2014). The MmNep is an epithelial cell line derived 

from respiratory nasal epithelium, MmNol was derived from olfactory ensheathing cells and MmBr 

was derived from microglia cells from B. olfactorious.  

 

4.6.1. Induction of M. myotis type I IFN’s by stimulation with synthetic TLR 

agonists 

To validate the expression of sequenced M. myotis type I IFNs, poly I:C a commonly used sub-

stance to simulate viral dsRNA (Fortier et al. 2004), and imiquimod/R848 to simulate ssRNA 

(Hemmi et al. 2002) were used for experimental IFN induction in vitro. First, the expression of the 

identified IFN gene was investigated after stimulation with poly I:C or imiquimod/R848. There-

fore, the three M. myotis cell lines were incubated with poly I:C or imiquimod/R848 and 

IFN mRNA expression levels were measured by qRT-PCR (see 3.1.5.). After normalization with 

β-actin mRNA levels, results from treated cells were compared with non-treated negative controls 

(Figure 42) 

In all tested cell lines, the expression of IFN was up-regulated after poly I:C treatment. The up-

regulation was significantly (P < 0.01) higher in MmNol cells (about 45-fold), than in MmBr and 

MmNep cells (about 2-fold). 

The expression of IFN was also up-regulated after imiquimod/R848 incubation, but remained at 

lower levels as compared to poly I:C. In contrast to poly I:C induction, where higher levels were 

observed than in MmBr and MmNep cells, the IFNß mRNA levels were significantly lower (P < 

0.05) in MmNol cells. 
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Figure 42. IFN mRNA expression after poly I:C and imiquimod/R848 induction.  The cell lines were 

incubated with poly I:C (A) or imiquimod/R848 (B). 24 hours after stimulation, the expression level of 

IFN was normalized against β-actin and compared with the expression in non-stimulated cells (blank; set 

to 1) (n=3, *, P < 0.05, **, P < 0.01). 

 

Secondly, the induction of a type I IFN response in Myotis cell lines after stimulation with poly 

I:C or imiquimod/R848 was further analyzed by measurement of ISG induction using IFIT3 as a 

model (Figure 43).  

The stimulation induced in all three cell lines an increased level of IFIT3, highest in MmBr cell. 
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Figure 43. IFIT3 mRNA expression after poly I:C and imiquimod/R848 induction in Myotis cell 

lines.  The cell lines were incubated with poly I:C (A) or imiquimod/R848 (B). The expression level of 

IFIT3 mRNA was determined 24 hours after stimulation, normalized against β-actin and compared with 

the expression in non-stimulated cells (blank; set to 1). 

 

4.6.2. Induction of M. myotis type I IFNs after lyssavirus infection 

Type I IFN plays a central role in early resistance mechanisms in virus infections, especially in 

peripheral epithelial cells of mucosal surfaces. Therefore, the induction of M. myotis IFN was 

analyzed by qRT-PCR after infection of the three M. myotis cell lines with EBLV-1 and EBLV-2. 

First, the lyssavirus replication in the three M. myotis cell lines was measured after infection with 

an MOI of 0.1 on transcription level by qRT-PCR based quantification of N-gene (see 3.1.5.) 24 

hours post infection. The highest relative virus RNA level was detected in EBLV-2 infected 

MmNep cells (Figure 44A). Since EBLV-2 was identified to replicate to higher titers in all three 

cell lines compared to EBLV-1, it was used as a model virus to measure the kinetics of lyssavirus 

transcription and infection induced type I IFN induction in these cell lines. 

The kinetics of EBLV-2 RNA accumulation up to 48 hours post infection was determined by qRT-

PCR (see 3.1.5.) analysis. The highest RNA levels were detected in MmNep cells compared to 
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MmNol and MmBr cells (Figure 44B), where a strong increase was measured between 8 and 48h 

post infection. 

 

 

 

 

Figure 44. Lyssavirus RNA (N-gene) levels in infected M. myotis cell lines. (A) Comparative analysis 

24 h post infection with EBLV-1 and EBLV 2. Myotis cell lines MmNep, MmNol, and MmBr were infected 

with EBLV-1 and EBLV-2. The RNA level of lyssaviruses was normalized against β-actin expression 

levels. The highest viral RNA level in MmNep cells with EBLV-2 was set as 100% (n=3). (B) Replication 

kinetics of EBLV-2 in M. myotis cell lines. The cells were infected with EBLV-2 and the relative RNA 

level was determined by qRT-PCR in three independent experiments, normalized against β-actin RNA and 

compared with time point 0 (set to 1). 

 

The observed transcription kinetics of EBLV in the three Myotis cell lines was further 

characterized by analysis of infectious EBLV virus in supernatants of infected cells between 12h, 

24h and 48h post infection. The supernatants were transferred to Na42/13 cells and incubated fur-

ther for 24h. Afterwards, the expression level of EBLV N-gene was determined as described before 
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(see 3.3.2.). The transcription levels were high in MmNep cells, less intense in MmNol cells and 

no progression over time in MmBr cells (Figure 45).  

 

 

    

Figure 45. EBLV 1 and EBLV-2 replication in M. myotis cell lines.  MmNep, MmNol and MmBr cells 

were infected with EBLV-1 (A) and EBLV-2 (B) at an MOI of 0.1. The supernatants were sampled at the 

indicated time points, transferred to Na42/13 cells and after further 24h the expression of EBLV N-gene 

was quantified by qRT-PCR. Data were normalized against β-actin and compared to the level of the corre-

sponding EBLV-1 or EBLV-2 replication kinetics in Na32/13 cells at the indicated time points (set to 100%; 

n=3) and expressed as relative mRNA in %. 

 

In order to test whether an EBLV-2 infection induces a type I IFN response, IFNß mRNA levels 

were measured by qRT-PCR at 0, 1, 2, 4, 8, 24 and 48 hours post infection (Figure 46). In all three 

cell lines, an IFNß mRNA induction was measured but with different kinetics. In MmNol cells 

IFNß level was highest at 8h post infection whereas in MmNep and MmBr cells the IFNß mRNA 

increased from 8h to 48h post infection. 

  



Results 

85 

 

 

Figure 46. IFN mRNA expression after an EBLV-2 infection.  MmNep, MmNol and MmBr cells were 

infected with EBLV-2 at a MOI of 0.1. The relative IFN mRNA levels were determined at different time 

points. Data were normalized against β-actin and compared to 0 h post infection (set to 1; n=3). 

 

The pattern of the type I IFN response was measured in MmNep and MmBr cells after EBLV-2 

infection at an MOI of 0.1 by qRT-PCR at 0, 8, 24 and 48 hours post infection (Figure 47). Up-

regulation of all tested type I IFNs was observed after EBLV-2 infection. However, the kinetics of 

mRNA expression differed between MmNep and MmBr cells. The various IFNs were up-regulated 

already 24 hours after EBLV-2 infection in MmNep cells, but did not increase further. In contrast, 

in MmBr cells the expression level all type I IFN increased strongly from 24 to 48h with 20 to 50-

fold higher level (IFN and IFN) at 48h post infection compared to MmNep cells (Figure 47). 
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Figure 47. Induction of M. myotis type I IFNs after EBLV-2 infection (0, 8, 24 and 48 hours) in 

MmNep versus MmBr cells.  2 × 105 cells/well was infected with EBLV-2 (MOI = 0.1). The expression 

levels of IFNs were measured and normalized against β-actin and compared with those of the non-IFN-

treated cells at time point 0 (set to 1; n=3). 

 

4.6.3. Induction of IFN signalling in M. myotis cell lines by recombinant type 

I IFNs 

To investigate whether M. myotis type I IFNs induce an IFN-signaling cascade in M. myotis cell 

line recombinant, flag-tagged type I IFN proteins were expressed by transfection of respective 

expression plasmids (see 3.2.3.) in HEK293 cells. To verify the expression, immunofluorescence 

with anti-flag tag antibodies was performed (Figure 48). Compared to the negative control (empty 

pcDNA3 vector) all three type I IFNs were expressed, although MmIFN-flag and MmIFN-flag 

revealed less intense signals than MmIFNß-flag. 
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Figure 48. Expression of different recombinant type I IFNs in HEK 293 cells after transfection with 

IFN expression plasmids.  All cells were stained with an anti-flag-tag antibody (green fluorescence). Nu-

clei were stained with DAPI (blue). 100 × magnification. 

 

Cell lysates and supernatants of HEK 293 cells transfected with pcDNA-IFN vectors were used 

24 hours after transfection to control protein expression by western blot analysis with a flag-tag 

specific antibody. The supernatants were pre-purified using Amicon® Ultra-4 (to filter proteins < 

10 kDa) and Ultra-15 (to filter proteins > 50 kDa) Centrifugal Filter Units by centrifugation at 

4000× g for 20 min. 

Indeed, signals were detected in samples from supernatants for the tagged IFNs (Figure 49) that 

were similar to the molecular weights predicted for IFN (21.9 kDa), IFN (23.1 kDa) and IFN 

(20 kDa). In contrast, no IFNs were detected in cell lysates. 
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Figure 49. Western blot of recombinant M. myotis type I IFNs.  Expression of recombinant, flag-tagged 

type I IFN proteins was validated by western blot detection with an anti-flag-tag antibody. A: IFN and 

IFN. B: IFN and IFN. 

 

To verify type I IFNs activities, the upregulation of interferon-regulated genes (ISGs) after expres-

sion of IFN, IFN and IFN was investigated. First, IFN of M. myotis was expressed after trans-

fection of the three M. myotis cell lines with the pcDNA3-IFN vector. Induction of four ISGs 

(ISG56, ISG43, Mx1, and IFIT3) was investigated by qRT-PCR. The measured ct-values were 

normalized against β-actin and are shown in Figure 50. 

 

 

 

Figure 50. Induction of interferon-regulated genes in M. myotis cell lines after transfection with re-

combinant M. myotis IFN  The cell lines were transfected with the plasmid pcDNA3 containing IFN. 

24 h after stimulation, the expression levels of ISGs were measured, normalized against β-actin, and com-

pared with empty pcDNA plasmid transfected cells as a negative control (n=3). 
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The expression of all ISGs was induced after transfection with IFN expression plasmid in all 

three cell lines, highest in MmNol cells, moderate in MmBr cells and lowest in MmNep cells. The 

response of ISG56 was higher than all other ISGs 

In additional experiments, the IFN containing supernatants from transfected HEK 293 cells (Figure 

49) were transferred to the M. myotis cell lines in order to stimulate a type I IFN response by the 

recombinant proteins. After 24 hours of incubation, the induction of ISGs was measured by qRT-

PCR (Figure 51). 

Similar to the direct expression of the IFNs in transfected M. myotis cells, all tested ISGs were 

upregulated and higher levels were determined in MmNol cells than in MmNep and MmBr cells. 

Again, the strongest upregulation was observed for ISG56. 

 

 

 

Figure 51. Induction of interferon-regulated genes in M. myotis cell lines after incubation with super-

natant containing recombinant M. myotis IFN  The cell lines were incubated with supernatant after 

transfection with IFN encoding plasmid pcDNA3; 24 h after stimulation, the expression levels of the ISGs 

were measured, normalized against β-actin, and compared with the non-stimulated cells, which were 

transfected with empty pcDNA plasmid. (n=3). 

 

By comparing both approaches, the effects of transfection with pcDNA3-IFN plasmid and incu-

bation with supernatant containing overexpressed M. myotis IFN were very similar, and ISG56 

was remarkably up-regulated compared to other ISGs in all M. myotis cell lines especially in 

MmNol cells. All examined genes showed the weakest induction in MmNep cell line. In MmNol 

and MmBr cells, the expression of ISG56 was significantly stronger increased than the other tested 

ISGs. Furthermore, the up-regulation of IFIT3 in MmBr cells was higher than ISG43 and Mx1. 

After stimulation with IFN and IFN, ISG56 was up-regulated in all three Myotis cell lines (Fig-

ure 52). Similar to the IFNß mediated stimulation, the highest values were determined for the 

MmNol cell lines with more 100-fold and 10-fold induction for IFN and IFN, respectively. In 
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MmBr cells a 50- and 6- fold induction was detected IFN and IFN, whereas lowest induction 

levels were observed in the MmNep cells. 

 

 

 

 

Figure 52. Induction of ISG56 in M. myotis cell lines after stimulation with recombinant M. myotis 

IFN and IFN.  The cell lines were incubated with supernatants of HEK 293 cells (pcDNA3 M. myotis 

IFNs transfected) 24 h after stimulation, the expression levels of ISG56 were measured, normalized against 

β-actin and compared with that of non-stimulated cells (blank) (n=3, **, P < 0.01). 

 

4.6.4. IFN response in M. myotis cell lines after infection with EBLV-2 

To investigate the expressions of ISGs after lyssavirus infection, MmBr cells which display the 

strongest type I IFN response after infection with EBLV-2 (Figure 47) were used as a model. The 

expression of the ISG56, ISG43, Mx1 and IFIT3 was quantified by qRT-PCR 0, 8, 24 and 48 hours 

after infection.  

All four analyzed ISGs were strongly up-regulated in EBLV-2 infected MmBr cells with very high 

induction of ISG56 (about 5000-fold up-regulation after 24 hours) compared to the other tested 

ISGs (Figure 53). 
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Figure 53. ISGs expression after EBLV-2 infection in MmBr cells.  MmBr cells were infected with 

EBLV-2. The expression of ISGs was measured after 0, 8, 24 and 48 hours against β-actin normalized and 

compared with the non-IFNs-treated cells at time point 0 (n=3). 

 

4.6.5.  Type I IFNs inhibit lyssavirus replication in M. myotis cell lines 

In order to test whether the recombinant M. myotis type I IFN proteins in the supernatants of ex-

pression plasmid transfected cells were able to inhibit lyssavirus replication, virus RNA synthesis 

was measured at presence or absence of M. myotis IFN ß, IFN and IFN. 

The three M. myotis cell lines cultivated in 24 well plates were first incubated with 125µl of the 

selected recombinant interferon containing cell culture supernatants at 1:2, 1:8 and 1:32 dilutions 

(see 3.2.5.), and 24 hours later they were infected with EBLV-1 and EBLV-2 at an MOI of 0.1. 

For comparison, not supernatant treated cells were infected. At 24 hours post infection, RNA was 

prepared from the cells and relative virus mRNA levels were determined by qRT-PCR (Figure 54). 

Compared to the non-treated cells, in all cell lines, the M. myotis IFNß led to reduced virus repli-

cation, independent of the virus species (Figure 54). 
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Figure 54. Influence of the M. myotis IFN on the replication of lyssaviruses in M. myotis cell lines.  

Cell lines MmNep, MmNol, and MmBr were treated with IFN for 24 h in different dilutions (1:2, 1:8 and 

1:32 diluted), then infected with EBLV-1 and EBLV-2. The lyssaviruses RNA levels were normalized 

against β-actin expression levels, and compared with the non-IFNs-treated cells (blank; set to 100%, n=3, 

*, P < 0.05; ***, P < 0.001). 
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Since no major differences were observed between the inhibition of EBLV-1 and EBLV-2 (Figure 

54), in the respective experiments with IFN and IFN, only inhibition of EBLV-2 was tested. 

Also for these IFNs inhibition of EBLV-2 RNA synthesis was detected in a dose-dependent man-

ner (Figure 55). 

 

 

 

 

Figure 55. Influence of M. myotis IFN and IFN on the replication of lyssaviruses in M. myotis cell 

lines.  The cell lines MmNep, MmNol and MmBr were treated with corresponding IFNs for 24 h in different 

dilutions (1:2, 1:8 and 1:32 diluted), and then infected with EBLV-2; the RNA levels of lyssaviruses were 

measured, normalized against β-actin expression levels, and compared with non-IFNs-treated cells (blank) 

(n=3, *, P < 0.05; **, P < 0.01, ***, P < 0.001). 
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4.7. Time course of type I IFN induction and response in cell lines isolated 

from areas of a hypothesized airborne transmission route 

Based on the hypothesis that the here used M. myotis cell lines isolated from epithelia of the nasal 

cavity up to the B. olfactorius and brain may mimic a possible airborne transmission route on 

which bat lyssaviruses may infect bats through aerosol transmission. It was investigated, whether 

these cells could restrict EBLV-2 virus replication through the above characterized interferons and 

thus could represent checkpoints for virus infection in the natural cellular environment. Therefore, 

time courses of type I interferon induction in response to EBLV-2 infection were analyzed. 

 

4.7.1. Susceptibility of the M. myotis cell lines MmNep, MmNol and MmBr 

In addition to the above shown detection of EBLV-2 RNA in all three cell lines (Figure 44), the 

time course of EBLV-2 RNA accumulation at the time points of 1, 2, 4, 8, 24 and 48 hours post 

infection was determined by qRT-PCR (see 3.1.5.) analysis (Figure 56). 

Results from three parallel experiments revealed, that all cell lines were susceptible to EBLV-2 

infection and that the amount of N mRNA accumulated over time, similar to the results shown in 

Figure 44B. 

 

  

 
Figure 56. Relative RNA levels of EBLV-2 N-gene at different time points after infection in three 

different M. myotis cell lines.  Three cell lines were infected with EBLV-2. The relative EBLV-2 RNA 

levels were determined by qRT-PCR. Bars represent results from three independent experiments 

normalized against β-actin RNA. Results obtained time point 0 were set to 1 (n=3, *, P < 0.05; **, P < 0.01, 

***, P < 0.001). 
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4.7.2. Time course of IFN expression in EBLV-2 infected M. myotis cell lines 

MmNep, MmNol and MmBr 

In order to test, whether in the MmNep, MmNol and MmBr cells IFNß, IFN, IFN, IFN and 

IFN follow a similar temporal induction pattern, expression of the respective genes was quanti-

fied by qRT-PCR at the time points 0, 8, 24 and 48 post infection with EBLV-2.  

The EBLV-2 infection induced in all three cell lines increased levels of type I IFN mRNA but with 

different time courses and different expression levels (Figure 57). Especially for IFNß an 

intermediate increased expression was observed in MmNol cells, whereas in MmBr cells IFN 

levels were highest at 48h post infection.  

 

 

 

Figure 57. IFN expression after EBLV-2 infection.  The three cell lines were infected with EBLV-2. The 

expression levels of IFN IFN, IFN, IFN, and IFN at different time points were measured, normalized 

against β-actin, and compared with the infected cells at time point 0. (n=3, *, P < 0.05; **, P < 0.01, ***, 

P < 0.001). Note the different scales for Y-axis. 
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In the brain derived cell line MmBr a relative late induction was detected for all IFN (IFNß, IFN, 

IFN, IFN and IFN). The mRNA expression level for IFN, IFN, IFN and IFN in MmBr 

cells  exceeded the expression levels in the other two cell lines by factor 10 - 100 at 48h post 

infection. 

 

4.7.3. Time course of ISG induction after EBLV-2 infection of MmNep, 

MmNol and MmBr cells 

Type I IFNs themselves cannot inhibit or limit viral replication. They induce ISGs, which could 

block viral replication transcription and translation. Therefore, the time course of ISG mRNA 

(ISG56, ISG43, Mx1 and IFIT3) expression was measured by qRT-PCR in the same RNA samples 

used before for EBLV-2 RNA and IFN mRNA detection.  

In all three cell lines, the expression kinetics followed the one measured for type I IFN. ISG mRNA 

accumulated over time and reached maximal levels between 8 and 48h post infection. The expres-

sion of ISG56 mRNA exceeded the expression level of the other three ISG by the factor 20 – 100, 

especially in MmNol and MmBr cells (Figure 58). 

 

 

 

Figure 58. ISG56, ISG43, Mx1, and IFIT3 expression after an EBLV-2 infection.  Three cell lines were 

infected with EBLV-2. The expression of ISGs at different time points was measured, normalized against 

β-actin expression levels and compared with the MmNep cells at time point 0 (set to 1; n=3, *, P < 0.05; 

**, P < 0.01, ***, P < 0.001). 
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4.8. Influence of temperature on M. myotis cell lines, IFN expression and 

lyssavirus replication 

Mammals are endothermic animals and keep their body temperature constant despite varying en-

vironmental temperatures (homeothermy). Some mammalian families, like bats, display 

heterothermic temperature physiology with daily and seasonal changes. This is an adaptation to 

environmental conditions in which the access to food is very limited or climate conditions are 

difficult, for instance when outside temperatures are below 0°C. In order to decrease energy 

consumption, the body temperature is then decreased to an ambient one, which can be 10°C less 

the normal body temperature in a daily rhythm in the course of daily torpor or close to very low 

environmental temperatures in protected roost sites during hibernation for a period of weeks to 

months. 

To assess a possible influence of the specific temperature physiology of European bat cells on the 

replication of lyssavirus and anti-viral type I IFN response MmNep, MmNol and MmBr cells were 

cultivated at defined temperature regimes in order to mimic daily and seasonal changes in body 

temperature. The effects on cell growth, virus replication and IFN related immune responses were 

investigated.  

 

4.8.1. Influence of temperature on cell growth of M. myotis cell lines 

In order to mimic the varying body temperature of bats in the daily cycle, M. myotis cells were 

cultivated at different temperatures.  

First, the influence of four different temperatures (4°C, 26°C, 37°C and 40°C) kept constant over 

time on cell growth rates were characterized. MmNep, MmNol and MmBr cells were seeded at a 

density of 1.2 × 105 cells/well and after 24 hours of cultivation at the selected temperatures, the 

cell morphology was monitored by light microscopy (Figure 59). 

Compared to the typical cell morphology at 37°C changes were seen at all other temperatures. At 

40°C as well as at 26°C a slightly increased number of round cells were found. In contrast, at 4°C 

a strong cytopathic effect became visible for MmNol and MmBr cells which was less in MmNep 

cells (Figure 59).  
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Figure 59. Cell morphology of M. myotis cell lines 24 hours after incubation at the indicated temper-

atures. (10 × magnification). 

 

To analyze the growth kinetics of M. myotis cells at different temperatures they were cultivated 

starting with a density of 1.2 × 105cell/well over 96 h. The cell numbers were counted after 24, 48, 

72 and 96 hours (Figure 60). 

All cell lines grew to the highest cell numbers at 37°C. MmNep and MmNol cells continuously 

grew to about 1.2 × 107 cells/well, which corresponds to a mean duplication time of 14.51 and 

14.31 hours, respectively; while the number of MmBr cells reached a peak at 72 hours with about 

0.8× 107 cells/well, which corresponds to a mean duplication time of 17.78 hours (Figure 60). Both 

temperatures above or below 37°C had a negative effect on the growth kinetics of all cell lines 

with a more pronounced effect at 26°C. In contrast, at 4°C most cells of MmNol and MmBr cells 

died within 24 hours, while MmNep cells were still viable but did not grow further till 72h.  

Therefore, the influence of cultivation temperatures on basal and induced IFN expression was 

measured only at 26°C, 37°C and 40°C. Moreover, a temperature profile mimicking the daily tor-

por in European bats with changes between 26°C, 37°C and 40°C was used to characterize the 

influence on the replication of lyssaviruses and the lyssavirus infection induced type I IFN re-

sponse.  
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Figure 60. Growth curves of M. myotis cell lines at 40°C, 37°C, 26°C and 4°C.  The cell numbers 

were counted every 24 hours with a cell counting chamber (see 3.2.1. n=3) 

 

4.8.2. Influence of temperature on type I IFNs response 

To characterize the influence of different cultivation temperatures on the type I IFN response the 

three M. myotis cell lines cultivated at 26°C, 37°C and 40°C, respectively were stimulated using 

imiquimod and R848 (Hemmi et al. 2002).  

In relation to a basic level  at 37°C (set to 1) the expression of IFN mRNA was remarkably up-

regulated at 40°C in all cell lines. Surprisingly, at 26°C, an IFN mRNA upregulation was also 

measured but to a lesser extent (non-stim., Figure 61). 

To characterize whether the measured effect is also influencing the type I IFN response upon stim-

ulation the M. myotis cell lines were stimulated using TLR ligands imiquimod and R848. The 

induction of IFN as well as the IFIT3 at different temperatures for 24 hours was measured at 

mRNA level by qRT-PCR and compared to the expression of IFN or IFIT3 mRNA at 37°C with-

out imiquimod/R848 treatment (set to as 1, Figure 61). 

The effect of temperature on the expression of IFN and IFIT3 were remarkable: an increase of 

cultivation temperature 40°C promoted the expression of IFN and much more of IFIT3. In 

contrast at 26°C, no induction of IFN by imiquimod/R848 treatment was measured compared to 

non-stimulated cells at 26°C. The expression of IFIT 3 was completely depressed without stimu-

lation. 
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Figure 61. IFN and IFIT3 expression 24h after imiquimod/R848 stimulation at different tempera-

tures.  The expressions of IFN  and IFIT3 in cell lines were normalized against β-actin expression and 

compared between before (non-stim.)/after (stim.) imiquimod/R848 treatment and different temperatures. 

The expression at 37°C in each cell line without imiquimod/R848 treatment was set as 1 (n=3, *, P < 0.05; 

**, P < 0.01, ***, P < 0.001). 

 

4.8.3. Influences of daily torpor 

The daily torpor of European bats is an adaptation to limit the energy consumption at day time 

where the preferred food (night-active insects) is not available and therefore the animal's rest. To 

understand whether this varying metabolic activity may influence the lyssavirus replication and/or 

a type I IFN responses to lyssavirus infection the three M. myotis cell lines were cultivated at 

defined temperature profiles related to reported body temperature changes in European bats. The 

effect on the growth kinetics of the cell lines, replication of EBLV-2 and the on the induced type 

I IFN response were measured. 
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4.8.3.1. Influence of defined temperature profiles on cell growth 

The modelled temperature profile to mimic the daily torpor is shown in Figure 62. The three M. 

myotis cell lines were cultivated starting with a density of 4 × 105 cells/well and cultivated initially 

at 37°C overnight, then for 8 h with two cycles of 40°C/37°C periods and then at 26°C for another 

16 hours. This cycle was repeated two times. Cells were counted (see 3.2.1.) at defined time points 

within this temperature cycle with the first counting at 0 hour. RNA samples were at first collected 

after pre-cultivation (see 3.1.5.). 

 

 

 

Figure 62. Schematic representation of the cultivation temperature profile.  M. myotis cell lines were 

cultivated according to this profile and cell samples were taken at the indicated time point (arrows), counted 

and stored for further analysis.  

 

The growth kinetics of the three cells is shown in Figure 63. In general, all three cells lines grew 

faster in the period where the temperature was higher (37°C and 40°C) compared to the low-

temperature periods (26°C). 
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Figure 63. Growth curve of M. myotis cell lines cultivated at the indicated temperature profile.  The 

amounts of cells were counted at different time points using a hemocytometer (n=3). 

 

4.8.3.2. Influence of defined temperature profiles on viral infection 

To analyze the influence of the established temperature profile mimicking the daily torpor in Eu-

ropean bats the M. myotis cell lines were infected with EBLV-2 (MOI 0.1). At time point 0 the 

basic amount of viral RNA was measured by qRT-PCR and used as a control. Then, at the indi-

cated time points cells were sampled and the viral mRNA was extracted. In total, seven time points 

(0 hour, 8 hours, 24 hours, 32 hours, 48 hours, 56 hours and 72 hours) were selected. The kinetics 

of EBLV-2 replication in these cell lines incubated at 37°C constantly was also measured and used 

as controls. The viral replication on the transcription level was measured using EBLV-2 N-gene 

by qRT-PCR (see 3.1.5.) and compared to the mRNA level at time point 0 (set to 1, Figure 64). 

In general, the cultivation temperature cycles had a repressing effect on transcription of EBLV-2 

N gene in all three cell lines compared to a cultivation at constant 37°C.  
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Figure 64. Influence of varying cultivation temperatures mimicking daily torpor in replication of 

EBLV-2 in three M. myotis cell lines with a daily temperature profile.  The relative viral RNA levels 

(N-gene) in MmNep, MmNol, and MmBr cells at different time points were normalized against β-actin 

expression and compared with the expression at time point 0 (set as 1, n=3). 
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4.8.3.3. Influence of defined temperature profiles on type I IFNs response 

Finally, the influence of varying cultivation temperature mimicking the daily torpor in European 

bats on the EBLV-2 infection induced expression of type I interferons in the three M. myotis cell 

lines was measured using IFN as a model. Here the total RNA samples for the above mentioned 

experiments were used and the IFN expression was measured by qRT-PCR (see 3.1.5.). The 

varying cultivation temperatures had a strong effect in MmBr cells compared to the cultivation at 

constant 37 °C. When cell lines were cultivated at 37°C, the expression of IFN was upregulated 

more in MmNep and MmBr cells than in MmNol cells (Figure 66).  

 

 

 

 

Figure 65. IFN expression in M. myotis cell lines with a daily temperature profile. The relative ex-

pression levels of IFN in MmNep, MmNol, and MmBr cells at a different time point were normalized 

against β-actin expression and compared with the expression at 0 hour (set as 1, n=3). Continued on the 

next page.  
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Figure 66. (Continue). IFN expression in M. myotis cell lines with a daily temperature profile. The 

relative expression levels of IFN in MmNep, MmNol, and MmBr cells at a different time point were 

normalized against β-actin expression and compared with the expression at 0 hour (set as 1, n=3). 

 

The expression of IFIT3 in the three cell lines was measured using the same mRNA samples to 

study for IFN expression (Figure 66). 

The data revealed that the expression of IFT3 follows the kinetics of IFN expression. When cell 

lines were cultivated at 37°C, the expression of IFIT3 was up-regulated more in MmBr cells than 

in MmNep and MmNol cells after 72 hours (Figure 66). In contrast, in the cells cultivated at varying 

temperatures, the expression of IFIT3 was obviously different at higher and lower temperatures 

(Figure 66). 
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Figure 66. IFIT3 expression in M. myotis cell lines with a daily temperature profile.  The relative 

expression levels of IFIT3 in MmNep, MmNol, and MmBr cells at a different time point were normalized 

against β-actin expression and compared with the expression at 0 hour (set as 1, n=3) 
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5. Discussion 

Zoonotic diseases caused by viruses emerging from wildlife threaten human health (Bean et al. 

2013). Two mammalian families, rodents and bats, are the major source of such infectious diseases 

(Baker et al. 2013). Bats are ancient mammals that are distributed all over the world mainly due 

to their ability of active flight. Specific physiological adaptation enables bats to successfully enter 

different ecological niches. Their social structure might be one reason for the fact that bats harbour 

a huge variety of viral pathogens such as lyssavirus (McColl et al. 2000), SARS coronaviruses 

(Wang et al. 2006), Ebola virus (Leroy et al. 2005) or Influenza virus (Tong et al. 2012). In a recent 

study the highest viral richness in mammals was observed in bats (Olival et al. 2017). 

However, severe systemic infections observed in other mammalian species are not reported for 

bats except lyssavirus infection that can kill bats (Brook et al. 2015). Detection of multiple zoon-

otic viruses together with, in most cases, the absence of visible pathology, leads to questions for 

reasons of resistance of bats. Investigation of involved immune mechanisms is highly required to 

understand virus control in bats and virus maintenance in bat populations. 

Mice and rats are used as common models to investigate viral-host interactions in these reservoir 

hosts, the reasons for spillover to other host and to compare to the response of ‘spillover’ host 

immunity after infection with rodent born viruses (Bean et al. 2013).  

In contrast to rodents, bats are not common animal models to investigate immune mechanisms 

against viral infections.  

Keeping bats is difficult because they are social animals with a long life span, late sexual maturity 

and a low number of offsprings. Bats are food specialists with special requirements for insects or 

fruits as food. Therefore, to ensure acceptable keeping conditions by animal welfare is difficult. 

Moreover, the knowledge about bat genomes and tools for genomic manipulations are limited. 

There are nearly no immunological tools like monoclonal antibodies for cell lineage-specific anti-

gens and no validated cell lines available. Genetically manipulated knock-out or transgene animals 

are not available until now.  

One specific problem for experimental approaches in European bats is that all European bat species 

are strictly protected and the usage for in vivo experiments requires a special permit.  

Therefore, in the present thesis, an in vitro model was used based on established cell lines of M. 

myotis obtained from different tissues in the oro-nasal cavity and brain (He eta al., 2014). To better 

understand the host-pathogen interaction between bats and European Lyssaviruses (EBLV-1/-2), 

three hypotheses were targeted in the present thesis: 
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A) The social structure of bat colonies supports airborne transmission and infection via nasal epi-

thelia, which leads to specific resistance mechanisms in the oro-nasal cavity to reduce the risk of 

systemic viral infection. 

B) The type I interferons of European bats are specifically adapted during evolution to effectively 

interfere with virus replication in order to prevent severe pathogenesis in central nervous organs.  

C) The specific body temperature physiology of bats with daily torpor depresses the viral replica-

tion but favours the type I interferon response. 

To address these hypotheses a stepwise in vitro approach was chosen:  

1. The type 1 interferons of two European bat species were cloned, sequenced and functionally 

characterized in comparison to the type I interferon response of other lyssavirus susceptible species. 

2. Using established cell lines from M. myotis obtained from tissues along the airborne route the 

susceptibility for European Lyssaviruses was compared to the type I interferon response after in-

fection. 

3. The influence of the specific temperature physiology of bats on viral replication and type I 

interferon response was comparatively analyzed in vitro using M. myotis cell lines cultivated at a 

‘bat-specific’ temperature profile model. 

All data were analyzed in order to address specific experimental setups for an in vivo study which 

is finally necessary to verify the findings discussed in the next chapters. 

 

5.1. Genomic analysis of type I IFNs in M. myotis and E. serotinus 

Type I IFNs are evolutionary old molecules which provide the first line of defence against viral 

infections (Samuel 2001). Already in the bony fish, they expanded to an enormous variety (Rob-

ertsen 2006). But generally, the gene structure of type I IFNs display a high homology in 

vertebrates and all type I IFNs evolved from one ancestral piscine IFN (Xu et al. 2013). 

Therefore, a homology cloning approach was chosen here to clone and sequence type I IFNs of 

two European bat species M. myotis and E. serotinus. Genome information from North American 

sister species of M. myotis, the M. davidii, M. lucifugus and M. branditii and North American E. 

fuscus published in NCBI databases were used to design consensus sequences for the different 

interferons and afterwards to design primer for cloning experiments. In general, this worked well 

for IFN  , and . In contrast, the sequence information for IFN and  from Myotis species 

was not consistent and annotations based on homologies to other mammalian IFNs differed re-

markably. Finally, for IFN no sequences from the Myotis species could be found in the databases 

and therefore the IFN sequences from horse Equus caballus which shows the highest similarities 

to other bat IFN sequences was used. 
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In general, all newly cloned and sequenced type I IFNs from M. myotis and E. serotinus are struc-

turally similar to their counterparts in other microbats. Also, the comparison to type I IFNs in other 

lyssavirus hosts or other mammals has been performed and all cloned IFNs were functionally 

characterized. 

Interferon from M. myotis and E. serotinus 

IFN was first sequenced from human fibroblast (Friesen et al. 1981). It is well investigated in a 

variety of mammals, and it has the highest affinity to bind on type I IFN-receptor (Piehler et al. 

2012). According to the NCBI database, IFN  was described in 13 bat species using whole ge-

nome sequencing approaches. Here, as in most mammals, only one IFN was identified in M. 

myotis and E. serotinus. As exceptions, multiple IFN sequences were identified yet only in cattle 

(Bos taurus) (Ryan et al. 1993) and horse (Equinus caballos) (Lear et al. 2001). The cloned 

IFN of M. myotis showed more than 94% homology to the IFN protein sequences published for 

other Myotis species. In contrast, the cloned E. serotinus IFN had only 79% homology to E. 

fuscus IFN. Furthermore, the homology of IFN with other bat IFN was between 77% - 89%. 

The high identities of Myotis and Eptesicus IFN protein sequences confirm the structural conser-

vation of IFN as earlier described in other mammals (Xu et al. 2013). IFN of  M. myotis showed 

also a high homology to IFN from other mammals like S. scrofa (76%), V. vulpes (73%), and C. 

lupus (73%). This indicates that the here cloned and sequenced IFN of M. myotis displays similar 

structure and most presumably also similar functions as other IFN.  

Interferon from M. myotis and E. serotinus 

IFN evolved from IFN by gene duplication events (Xu et al. 2013) and was identified at first in 

different tissues in humans (Chen et al. 2001). In the NCBI databases,  in 11 bat species, IFN is 

described. In the present thesis, only one M. myotis and E. serotinus IFN was cloned and se-

quenced. This is similar to all mammals investigated so far where also only one IFN from was 

described (Xu et al. 2013). The homology of the IFN protein of Myotis or Eptesicus species was 

more than 95%. Also in comparison with IFN of other bats or horse IFN from E. caballus (85% 

homology), the identified IFN exhibited high homology. The identities of IFN between M. my-

otis and other lyssavirus hosts, such as V. vulpes (80%), C. lupus (79%) and human (81%) was 

also relative high, indicating that the newly sequenced IFN has similar structural features and 

might display similar antiviral activity.  

Interferon from M. myotis and E. serotinus 

IFN was first identified in human keratinocytes (LaFleur et al. 2001). Based on the NCBI data-

base, it is not present in all mammalian species investigated yet, but has been identified in 12 bat 
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species. The IFN gene is absent in analyzed mammalian type I IFN cluster (Xu et al. 2013), which 

is a hint for its evolutional particularity. In both, M. myotis and E. serotinus only one IFN se-

quence could be cloned and sequenced, indicating, similar to other mammals, the existence of only 

one IFN and that that the evolutionary pressure did not force the development of isoforms.  

High homology of IFN in different of Myotis species with of than 96% together with homologies 

of more than 85% to other microbats (E. fuscus, XM_008154071.2, Miniopterus natalensis, 

XM_016220491.1, Desmodus rotundus, XM_024558417.1,) indicated the close evolutionary re-

lationship between North American and European Myotis and Eptesicus species (Figure 20). In-

terestingly, as also found for other type I IFNs, there was a high sequence homology to E. caballus 

IFN with more than 81% identity. Reasons, however, for that high sequence homology also ob-

served for other immune regulatory molecules (Harley et al. 2010) are not known.  

Similar to the above discussed IFN also the IFN sequence of M. myotis exhibit relative high 

identities with IFN of lyssavirus hosts like V. vulpes (78%), C. lupus (77%) and even humans 

(69%). Unlike other type I IFNs, IFN is highly expressed in keratinocytes (Ealy et al. 2017), 

therefore it might play a specific role in antiviral defences in the skin. 

Interferon from M. myotis and E. serotinus 

IFN evolved from IFN within the Artiodactyla suborder approximately 36 million years ago 

(Ealy et al. 2017). This evolutionary adaptation occurred in different mammalian genera but was 

obviously not as consistent as in ruminants because in humans a pseudogene of IFN is present, 

only (Whaley et al. 1994, Roberts et al. 2003). Also in microbats, an IFN gene is not proofed in 

all species, yet. In the NCBI database only for M. brandtii (XM_005886201.1) an IFN was con-

firmed but not identified in the other Myotis species. Whether IFN is not present in the genomes 

of these species is not clear.  

Therefore, in contrast to the former discussed type I IFN only the sequence from M. brandtii could 

be used to design primers for cloning and sequencing as well as for sequence analysis. Using that 

approach one IFN was cloned and sequenced from M. myotis. The fact that IFN is not yet 

described in other Myotis species limited the comparison to IFN of M. brandtii 

IFN (XM_005886201) and a high identity between both was expectedly observed.   

Notably, homology of M. myotis IFN to INF of M. lucifugus (87%) and with INF of M. 

brandtii (76%) together with lack of IFN description in these two species make it questionable 

whether the annotation of the high homolog sequences as INF of M. lucifugus or  INF of M. 

brandtii in sequence databases indeed is reliable.  
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Interferon from M. myotis and E. serotinus 

IFN evolved from IFN (Kelley et al. 1985) and was first detected in humans (Adolf 1987). 

Furthermore, IFN has a closer relationship to INF compared with other type I IFNs. These two 

IFN’s build a phylogenetic subgroup (Ealy et al. 2017). In Felidae a huge expansion of the IFN 

was found with thirteen IFN (NM_001009198.1; NCBI database) isoforms in cat (Felis catus). 

Also in pigs (Sus scrofa) such an expansion to eight IFN isoforms located in chromosome 1 

(NC_010443.5; NCBI database) was described. 

In Myotis species, duplications of IFN1 and IFN were found: M. brandtii encodes two 

IFN with 95% identity and one IFN1. The IFN1 gene of M. brandtii lacks a sequence of 132 

nucleotides in the ORF compared to IFN2 (Figure Appendix 5A). The remaining parts of both 

IFNs exhibited more than 95% nucleotide identity. M. lucifugus encodes 6 IFN (higher than 

95% identities), 2 pseudogenes of IFN (about 95% identities with intact IFN) and 3 IFN1 

 (about 90% identities), but with 60% identity IFN1 and IFN in M. lucifugus displayed a low 

degree of identity between each other (Figure Appendix 5B). Furthermore, the comparison 

between M. brandtii and M. lucifugus showed high identity of IFN (92%, Figure Appendix 6). 

On the opposite, the identity of M. brandtii and M. lucifugus IFN is very low (30%, Figure 

Appendix 4), but each IFN1 in M. brandtii and M. lucifugus has high identities with IFN in 

other vertebrate species like Orcinus orca (XM_004275039.2, 83% identity with M. brandtii 

IFN1) and Equus asinus (XM_014831281.1, 74% identity with M. lucifugus IFN1). 

In the present study identification of one M. myotis IFN with more than 94% homology to IFN 

of M. brandtii and M. lucifugus strongly indicated the existence of an IFN gene in M. myotis. 

Although several trials with varying primers covering the IFN sequence apart from the above 

discussed 132 nucleotide deletion an individual IFN1 gene was not identified in M. myotis. 

Whether IFN1in M. myotis not exists or whether the annotations of IFN sequences in the other 

Myotis species are not reflecting the true situation in the Myotis genome remains open.  

Interferon from M. myotis and E. serotinus 

IFN was the first discovered IFN (Isaacs et al. 1957) and it is the most in-depth studied type I 

IFNs in vertebrates. IFN evolved from IFN–like gene in reptiles (Schultz et al. 2004), which 

has similar antiviral activity. Most mammals contain multiple isoforms of IFN which evolved by 

genetic duplication and conversion leading to high sequence identity (Woelk et al. 2007). The 

different isoforms in humans were numbered according to their discovery and the IFN isotypes 

in other vertebrates were designated based on their homology to human IFN isoforms (Golovleva 

et al. 1996). 
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In the present thesis, two IFN genes in M. myotis were identified. One encoded 174 AAs, the 

conserved IFabd domain but contained a stop codon 45 nucleotides upstream of the expected stop 

codon. This stop codon was not found in the IFN ORF in any other species studied (Chen et al. 

2004, Xu et al. 2013). The second M. myotis IFN gene was amplified using a primer pair designed 

from M. brandtii IFN-5-like gene. This sequence contained several stop codons and therefore the 

translation into a functional IFN protein is questionable. Similarly, in many other species, one or 

several IFN pseudogene(s) were identified (Henco et al. 1985, Golovleva et al. 1996). The 

IFN pseudogenes appear due to multiple allelic variations and gene duplications (Golovleva et 

al. 1996).  

In microbats species, the recent characterization of the obviously contracted IFN locus in contrast 

to the highly expanded loci in humans or pigs is still not complete and in part inconsistent. The 

nomenclature of identified IFN1 in M. davidii, IFN5 in M. lucifugus and IFN5 and IFN in 

M. brandtii according to human IFN is not related to tissue expression patterns or functional 

features. This is also underlined by the identity between M. davidii IFN1 with E. caballos IFN4 

(84 %) and of both M. lucifugus and M. brandtii IFN5 with E. caballos IFN2 (84%). However, 

the not really consistent annotation of these type I IFN is underlined by a high homology of M. 

brandtii IFN8 with M. lucifugus IFN()  

Therefore, the annotation of the discovered M. myotis IFN is reliable. However, it is questionable 

whether the isoforms of IFN in M. myotis exist. In contrast, multiple isoforms of IFN have 

identified in other lyssavirus hosts: human encode 13 isoforms of IFN (Hardy et al. 2004), C. 

lupus encodes 6 isoforms of IFN  (from NCBI gene bank). Interestingly, V. vulpes encodes only 

two IFN which both are 96% identical.  

Other interferons from M. myotis and E. serotinus 

IFN and IFN diverged from IFN Both, IFN and IFN have a close evolutionary relationship 

and build a separate outgroup apart from other mammalian type I IFNs. IFN was identified so far 

only in mice (Oritani et al. 2000), while functional IFN was present in ruminants (Cochet et al. 

2009), horses (Cochet et al. 2009) and swine (Sang et al. 2014). Moreover, IFN pseudogenes are 

present in humans (Hardy et al. 2004). Interestingly, in species, where IFN was identified, no 

IFN could be detected and vice versa (Xu et al. 2013).  

Identification of type I IFN in M. myotis - a conclusion 

The sequenced M. myotis type I IFNs displayed high sequence similarities with the corresponding 

IFNs of the North American sister species M. davidii, M. brandtii and M. lucifugus (see also Table 

3). This indicatie the reliability of the identified IFN. This was furthermore underlined by the 
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general high identity to the corresponding IFN in other microbat genera and furthermore to corre-

sponding IFN in different mammals as well. On the other hand, the recent annotation of type I 

IFNs in the yet sequenced Myotis species is not completely consistent as M. myotis IFN is similar 

not only to IFN8 from M. brandtii, but also to IFN from M. brandtii and IFN1 from M. 

lucifugus.  

Comparative analysis of in silico created type I IFN loci in different microbat spe-

cies 

As discussed above a homology cloning approach for the characterization of type I IFN in M. 

myotis and E. serotinus was chosen because of the availability of gene sequence database from 

‘sister’ species M. brandtii, M. davidii, M. lucifugus, and E. fuscus. The detailed analysis of iden-

tified IFNs revealed that the annotation of the type I IFN genes in the genus Myotis is not consistent 

(see above), especially, for IFN where different IFN1 and IFN2-like sequences were found 

as well as for IFN where the annotation indicates the presence of different isoforms or 

pseudogenes in these species. Therefore, it is still difficult to conclude whether the published and 

the here identified IFNs comprised all type I IFN genes in M. myotis or E. serotinus. To verify the 

obtained data, a comparative in silico analysis of sequence contigs of shotgun sequencing analyses 

from all three different Myotis species was performed (Figure 38). The idea behind was based on 

the evolutionary ’fixed’ position of two specific IFN genes within type I IFN loci: IFN at the 3’ 

and IFN at the 5’ end in all mammalian species sequenced so far. Only IFN is located outside 

this cluster (Xu et al. 2013)  The only completely sequenced and analyzed type I IFN locus of bats 

is described for P. alecto, a megabat species. The locus contains three IFN, five IFN, one IFN 

and one IFN sequence but no IFN and no IFN as identified in Myotis species (Zhou et al. 2016). 

This locus is remarkably shorter than those of other mammals (Zhou et al. 2016). The in silico 

created type I IFN loci of three Myotis species in this study (Figure 38), showed remarkable dif-

ferences among each other, to the published type I IFN locus of P. alecto as well as to type I IFN 

loci of humans, mouse (Hardy et al. 2004), cattle (Walker et al. 2009), and swine (Sang et al. 2014). 

This indicated that the available sequence information from the shotgun sequencing approaches of 

M. brandtii, M. davidii, M. lucifugus, and E. fuscus genomes are not complete and, that different 

parts of these genomes may not be present in the databases.  

Although all in silico created type I IFN-loci contained isoforms of IFN, IFN, and KLHL9 

between IFN and IFN the order and the orientation as well as the number of IFN isoforms 

differed. Moreover, the predicted type I IFN locus of M. brandtii encoded one IFN, but the IFN 

gene was located outside the locus. This is different from other vertebrate type I IFN loci, where 

IFN was located always at the same position inside the locus (Chen et al. 2004). Probably, the 
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scaffold containing IFN in M. brandtii was incorrectly located by bioinformatic analysis. Re-

markably, the type I IFN locus in M. lucifugus gene contigs contained IFN pseudogenes and all 

IFNs were located on one scaffold. This indicated that also the available bioinformatics analysis 

of the M. brandtii and M. davidii contigs was incomplete. In M. lucifugus, with the size of 124kb, 

the type I IFN locus between IFN and IFN was even shorter than in P. alecto (Zhou et al. 2016). 

Both type I IFN loci from microbat (analyzed in the present study, see Figure 38) and megabat 

(Zhou et al. 2016) were remarkably shorter and contained less IFNs compared with other mam-

malians. The type I IFN locus in human was located on chromosome 9 and in the mouse in chro-

mosome 4 (Hardy et al. 2004), but the M. myotis chromosome 9 showed less homology with the 

human chromosome (Sotero-Caio et al. 2017). Although the chromosomes of M. myotis were 

identified (Kasai et al. 2013), the type I IFN loci in Myotis bats were still not placed on the 

determined chromosomes and most of them are not correctly assembled (Figure 38). This might 

be one reason for difficulties in locus analysis in M. myotis, and for the description of IFN outside 

of IFN cluster between KLHL9 and HACD4 in M. brandtii. 

Therefore, the goal of the in silico creation of type I IFN loci using the shotgun sequence contigs 

was not reached. Still, it remains open whether the sequenced type I IFNs from M. myotis and E. 

serotinus comprise all type I IFN genes in these species. A high-quality whole genome sequencing 

of M. myotis and E. serotinus is required to ensure that all type I IFNs including different isoform 

have been identified.  

Type I IFNs in bat – general protein structure  

For all type I IFN’s sequenced the predicted protein sequences indicated that they are “typical” 

type I IFNs. The identified IFN gene of M. myotis and E. serotinus had the longest ORF of 627 

bp encoding a 209 AAs protein, while the IFN gene was shortest ORF encoded 172 AAs. All 

sequenced IFNs contained two conserved cysteines, the Cys41 and Cys161 relative to IFN, which 

stabilize their tertiary structures by disulfide bonds (Brocchini et al. 2008). The lengths of NH2-

terminal signal peptides of all IFNs were 21 AAs, except IFN with 27 AAs (Figure 41). All IFNs 

contained conserved N-glycosylation site at position Asn101–X–Thr103 related to IFN which play 

an important role in structural stability (Thomas et al. 2011). The common N-glycosylation site of 

IFN is Asn/Asp-X-Ser/Thr, but in IFN this site turned to Lys-X-Ser, and in IFN Glu-X-Lys 

(Figure 41), which is also mutated in IFN IFN of swine (Sang et al. 2014). The binding sites 

for type I IFN receptor 1/2 (IFNAR1/2) are important for IFN-receptor-interactions and IFN down-

stream signalling (Thomas et al. 2011). These sites, such as Phe67, Tyr179 in IFNAR1, Arg38, Leu47, 

Leu127, Lys164 in IFNAR2 (Thomas et al. 2011), are conserved in microbats (Figure 41). The var-

iations found in different type I IFNs of M. myotis were similar to those in swine (Sang et al. 2014). 
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The structural similarity of the here described type I IFNs to other IFN indicated that they represent 

functional IFN and that they are involved in innate resistance mechanisms against viral infections.  

 

5.2. The activity of type I IFNs against viral infections in vitro 

Type I IFNs evolved from ancestral antiviral effector molecules in early vertebrates to a huge 

variety including specific isoforms which play a key role in tissue and pathogen-specific resistance 

mechanisms and providing protection against viral and bacterial infections without a specific 

memory (Perry et al. 2005). These mechanisms are crucial to ensure the survival of naive verte-

brates when confronted with “new” microbial pathogens. 

The common characteristic of type I IFN responses are: (a) their immediate early induction after 

sensing of PAMP by pattern recognition receptors (PRR) independent of former recognition events; 

(b) the following complex innate immune response based on binding to membrane-bound IFN 

receptor, leading to an induction of several hundred ISGs, and (c) the interference of ISGs at 

different stages with intracellular replication and growth of pathogens (de Veer et al. 2001).  

The antiviral activity of type I IFN was characterized in different bat species against different 

pathogens (Kepler et al. 2010, He et al. 2014, Pamela et al. 2017). The common result of all these 

functional analyses revealed that bat type I IFN respond in a way seen in all other investigated 

mammals. However, there are some specific characteristics, which might explain why bats display 

a generally high resistance against viral infections. One discussed hypothesis describes the type I 

IFN response as an “always on IFN system” in bats where parts of the type I IFN system appear 

to be constitutively active and thus limits early viral replication (Zhou et al. 2016, Schountz et al. 

2017). Although in bats the type I IFN locus is contracted in comparison to other mammals leading 

to less IFN genes (Zhou et al. 2016) the basal IFN gene expression seems to be elevated compared 

to those in the mouse.  

The “flight as fever” hypothesis may also explain the absence of visible severe clinical symptoms 

after viral infection of bats. This hypothesis suggests that the high body temperature during active 

flight might mimic the fever response in other infected mammals (O'Shea et al. 2014). However, 

until now there is no evidence that IFNs or ISGs are higher expressed in bats during flight. Nev-

ertheless, some studies speculated that higher metabolic activities of bats provide an elevated re-

sistance against these viruses without disease (Brook et al. 2015). 

In the present study the identified M. myotis type I IFNs were functionally characterized in a step-

wise approach:  

- to determine the expression pattern of type I IFN in different M. myotis cell lines, 
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- to evaluate their induction after stimulation with different TLR agonists as well as after 

infection with different lyssaviruses, 

- to characterize the induction of various IFN-induced genes, 

- to analyze their anti-viral activity, and  

- to verify their dependence on different temperature profiles which mimic the natural body 

temperature kinetics in M. myotis. 

EBLV as viral models and established M. myotis cell lines MmNep, MmNol and MmBr (He et al., 

2014) were used to characterize the interaction between a viral pathogen and innate resistance 

mechanisms of a reservoir host in vitro. 

The initial analysis of the type I IFN expression kinetics and pattern in the three M. myotis cell 

lines after induction with TLR agonists proofed that they were functional molecules, in my study 

the IFN as an example (Figure 42). However, the expression levels and kinetics differed between 

the individual M. myotis IFNs and the cell lines used. Such cell type-dependent differences have 

been observed for almost all IFNs in mammals (Samuel 2001). Poly I:C, an artificial dsRNA, is 

often used to mimic viral dsRNA and to induce the expression of type I IFNs in vitro and in vivo 

(Fortier et al. 2004). In R. aegyptiacus, the expression of IFN and IFN was increased after 

treatment with poly I:C in primary kidney cells (Omatsu et al. 2008). Poly I:C also induced the 

expression of ISGs in E. serotinus cells (He et al. 2014) and the expression of IFN/ISGs in M. 

davidii cells (Liang et al. 2015). The expression of horse type I IFNs, found to be closely related 

to bat IFN, was also activated by poly I:C treatment (Lear et al. 2001).  

The type I IFN response dependent innate resistance to pathogens is a two-step mechanism: After 

sensing of microbial ligands by PRR’s different type I IFNs are induced in a tissue-specific pattern 

(Li et al. 2009). After their secretion, they interact with membrane-bound IFN-receptors inducing 

a secondary signalling network, which finally generates a wide variety of ISGs (de Veer et al. 

2001). These gene products are involved in complex networks to inhibit the intracellular growth 

and multiplication of pathogens and are responsible for the generation of an “anti-viral-stage” in 

infected tissues (de Veer et al. 2001, LaFleur et al. 2001, Buontempo et al. 2006). Such ISGs were 

induced in the Myotis cell lines after stimulation with TLR agonists (Figure 43) as well as after 

incubation with recombinant M. myotis IFNs obtained from cell culture supernatants after expres-

sion from transfected plasmids (Figure 50). Although the transcription levels of IFIT3 in different 

M. myotis cell lines were not reflected the transcription levels of IFN after stimulation with TLR 

agonists, other type I IFNs may paly the role to induce the expression of IFIT3. However, these 

data confirmed the biological activity of the cloned M. myotis IFN genes. Comparable activities 
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have been previously described for other bat species like E. serotinus (He et al. 2014), M. davidii 

(Liang et al. 2015), P. alecto (Virtue et al. 2011) and R. aegyptiacus (Omatsu et al. 2008). 

As type I IFNs usually respond to viral infections and induce ISG responses, a second part of the 

functional analyses was focused on IFN stimulation and ISG expression by the three M. myotis 

cell lines after lyssaviruses infection.  

The susceptibility to EBLV-1 and EBLV-2 was determined by qRT-PCR analysis quantifying the 

N-gene transcription with highest levels in MmNep cells (Figure 56). The kinetics of N-gene 

transcription proofed different degrees of susceptibility with a strong increase in MmNep cells and 

delayed transcription progress in MmNol an MmBr cells (Figure 44b). Moreover, the measurement 

of infectious EBLV in supernatants of EBLV infected Myotis cell line confirmed the different 

susceptibility with a strong increase of infectious EBLV in supernatants of MmNep cells, a delayed 

and much less increase in supernatants of MmNol cells and nearly no infectious EBLV in 

supernatants of MmBr cells (Figure 45). Cell line specific differences in the type I IFN response 

were considered as one possible explanation for the observed differences in the virus RNA levels. 

The induction of IFNß after infection of the cell lines with EBLV-2 revealed no correlation be-

tween IFNß induction and susceptibility to EBLV-2 infection, although differences in the kinetics 

were detected (Figure 46). However, the comparison between the expression kinetics of all 

characterized type I IFN in MmNep cells (highly susceptible) versus MmBr cells (nearly no sus-

ceptible) displayed remarkable differences at 48 h post infection with 5 – 20 fold higher IFN 

mRNA expression level in MmBr cells (Figure 47).  

At least for IFN, IFN IFN and IFN this indicated a reverse correlation between type I IFN 

induction and susceptibility to lyssavirus infection. Such a pattern is typical for the innate IFN 

based resistance against viral infections in vertebrates (Stetson et al. 2006). Also in other bat cell 

lines strong type I IFN induction after infection with henipaviruses, Vesicular stomatitis virus and 

lyssaviruses have been reported (Baker et al. 2013).  

The functionality of the identified type I IFN was proofed by induction of different ISGs (ISG56, 

ISG43, Mx1, and IFIT3) in M. myotis cell lines either after transfection with IFN coding plasmids 

(Figure 50), as well as other selected recombinant M. myotis IFN proteins, IFN (Figure 51) and 

IFN and IFN (Figure 52). It confirmed the IFN competence of all three Myotis cell lines which 

displayed complete type I IFN signalling pathways. ISG56 recognizes 5 -́ triphosphorylated RNAs 

(Guo et al. 2000) and prevents the translation initiation and protein synthesis of viruses by inter-

acting with the P48-eIF3 complex (Terenzi et al. 2006). ISG43 is a ubiquitin processing protease 

belonging to the RNase L family. It is an ISG15-specific protease used to enhance up-regulation 

of the JAK-STAT signalling pathway (Malakhova et al. 2003). Mx1 is a GTPase that inhibits the 
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transcription and translation of viruses such as lyssaviruses by targeting nucleocapsid structures 

and guide nucleocapsid into the cytoplasm, where the viral RNA is not further synthesized and 

then degraded (Leroy et al. 2006, Haller et al. 2007). IFIT3 is an IFN-induced protein. It interacts 

with NF-B activator-binding kinase 1 (TBK1), which induces the phosphorylation of IRF3. The 

dimerized IRF3 translocate into the nucleus and leads to the regenerative feedback of IFN ex-

pression (Liu et al. 2011).  

To confirm that the identified M. myotis IFN indeed represent functional IFN proteins the induc-

tion of ISGs was investigated using two approaches: (i) overexpression after transfection of Myotis 

cell lines (Figure 50), and (ii) stimulation with recombinant IFN protein from supernatants of 

transfected HEK 293 cells (Figure 51). The expression of ISGs after both treatments was compa-

rable to each other. The up-regulated expression of ISG56, especially in MmNol and MmBr cells 

underlined the earlier observed high ISG56 induction by IFN in other mammals (Terenzi et al. 

2006, Li et al. 2009), and in M. myotis cells (He et al. 2014). However, this difference between 

ISG56 and other ISGs was not found in M. davidii after IFN induction (Liang et al. 2015). Be-

cause of its high response after IFN treatment, ISG56 was chosen as an indicator to investigate the 

functional activities of other IFNs. A similar tendency was observed after IFN as well as after 

IFN stimulation (Figure 52); with a strong induction in MmNol and MmBr cells. However, their 

induction by these two type I IFN in all cell lines was obviously weaker than those seen with IFN. 

Those different patterns in the ISG induction by different type I IFN are typical in the response to 

viral infection where tissue, as well as pathogen dependent variation, was detected (Liu et al. 2011). 

The expression patterns of ISGs detected in MmBr cell line after lyssavirus infection was diverse 

and followed different expression kinetics (Figure 53). These differences might be related to dif-

ferent function in the response to EBLV-2 infection in order to limit the viral replication. Whereas 

ISG 56 was upregulated very strongly, the factor Mx1 was only slightly induced and did not in-

crease further. The strong antiviral effect of ISG56 was observed in many studies (Fensterl et al. 

2011). In bat species, after treatment with IFN, the P. alecto kidney-derived cells expressed more 

ISG56 than most other ISGs like IFIT3 (Pamela et al. 2017), as well as E. serotinus brain cell line 

produced more ISG56 than Mx1 and IFIT3 after lyssavirus infection (He et al. 2014). 

The final proof that the identified type I IFN are functional was given by the inhibition of 

lyssaviruses replication in Myotis cell lines treated with recombinant IFN prior to infection. As the 

most potent inducer, IFN was chosen to investigate this antiviral activity against EBLV-1 and 

EBLV-2 (Figure 54). When cells infected without prior treatment with IFN, EBLV-2 infected all 

three M. myotis cell lines more effectively than EBLV-1. However, as measured before the infec-

tion of MmBr cell were much less effective. After pre-incubation with IFN, the replication of all 
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lyssaviruses was obviously strongly inhibited in all cell lines. Even in the highly susceptible 

MmNep cells replication of the used lyssavirus was more or less completely blocked. This effect 

is a typical type I IFN induced one and known since the first functional characterization of an IFN 

(Isaacs et al. 1957). In all vertebrates from fish to mammals, this is one important innate immune 

mechanism to protect naïve hosts from severe diseases after viral infection (Chen et al. 2004). And 

one main target in viral replication to be counteracted by viral gene products to ensure a complete 

productive replication cycle at least in the initially infected cells (Biron et al. 1998).  

An effect of IFN against lyssavirus infection was also seen for the other IFNs (IFN and 

IFN Figure 55) blocking EBLV-2 replication. However, they were less effective compared to 

IFN Such an interferon type specific response has been also characterized in other vertebrates. 

In P. Alecto, the replication of henipaviruses was blocked by IFN in vitro (Virtue et al. 2011), 

and IFN and IFN of E. serotinus limited replication of lyssaviruses (He et al. 2014). The antag-

onistic interactions between IFN and IFN or IFN were reported by human Hepatitis-C-Virus 

infection therapy (Okuse et al. 2005).  

 

5.3. Antiviral IFN activities in cell lines isolated from areas of a possible air-

borne transmission route in nasal cavity 

Three cell lines from M. myotis were used to address the hypothesis of a lyssavirus replication site 

in epithelia in the nasal cavity which might lead to airborne transmission via aerosols from bat-to-

bat.  

The M. myotis cell lines were established from nasal cavity up to B. olfactorius (He et al., 2014). 

The cell types where the established cell lines derived from were characterized by three criteria (i) 

the tissue origin, (ii) the morphology in in vitro culture (see Figure 59) and (iii) lineage marker 

mRNA expression analysis. According to these criteria, MmNep obtained from respiratory nasal 

epithelium and displaying epithelial morphology were described as respiratory epithelial cells. 

MmNol established from olfactory nasal tissue and displaying epithelial morphology were desig-

nated as olfactory epithelial cells. Finally, MmBr established from B. olfactorious, displaying a 

myeloid, dendritic cell like morphology and expressing CD14+, CD68+ lineage marker were 

characterized as derived from microglia cells (He et al., 2014).  

As shown in Figure 44, the cell lines displayed a gradually different susceptibility for lyssaviruses: 

MmNep cells were highly susceptible and all used lyssaviruses replicates to very high titers. 

MmNol cells were less susceptible but still, lyssaviruses could replicate to comparable titers. How-

ever, the MmBr cells were much less susceptible and the lyssavirus titers were less than 10% of 

those obtained from the other two cell lines (Figure 44). Remarkably, the expression of type I IFN 
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after lyssavirus expression displayed opposite kinetics and intensities, in MmNep cells much less 

and much later than in MmNol or MmBr cells (Figure 57 and 55). This was also found for the 

followed induction of measured ISG (Figure 58).  

The influence of type I IFN on the susceptibility resistance to virus infections is long known and 

was one reason for the discovery of these effector molecules (Rieder et al. 2012). The variety of 

different type I IFN including a varying number of isoforms indicates a positive selection pressure 

due to the host-pathogen interaction in evolution (Hoffmann et al. 2015). In different species, the 

tissue specific expression and pathogen specific induction of different isoforms of type I interferon 

is further proof for this ongoing “battle for survival” between hosts and viral pathogens (Teijaro 

2016). Especially in reservoir hosts resistance mechanisms might be evolved which allows the 

viral pathogen to successfully replicate at specific peripheral site combined with effective protec-

tion from systemic infection. 

The fact that in bats several viruses were found without inducing severe diseases or epidemics in 

bat colonies (Mandl et al. 2018) indicates a long co-evolution of such viruses and the immune 

system of bats (Dobson 2005, Baker et al. 2013). As shown for VSV when viruses were transmitted 

via aerosols and reach first the nasal epithelia than an early IFN response could sufficiently block 

the virus replication and prevent systemic infection (Guo et al. 2000).  

The findings from in vitro experiments in the present study indicate a gradual decreasing suscep-

tibility together with increasing strength of the type I IFN response in cell lines isolated from areas 

of a possible airborne transmission route in nasal cavity. This might be summarized in the follow-

ing hypothetical model about the in vivo situation: 

(1) In nasal cavity epithelia (in vitro model MmNep cells) airborne transmitted virus replicates a 

limited time without causing systemic danger but long and effective enough to be transmitted to 

other hosts;  

(2) The short way to the brain (in vitro model MmBr cells) is blocked by a very effective innate 

type I IFN based resistance (Figure 44B, Figure 46, Figure 47, Figure 57).  

(3) The effective restriction of the lyssavirus replication to the peripheral nasal cavity epithelia (in 

vitro model MmNep cells) makes a proliferation-dependent and adaptive immune response unnec-

essary.  

In the case of lyssavirus infection, which can end up in severe encephalitis in bats, there might be 

a difference in the outcome after infection depending on the initial infection site. Transmission by 

bites, the main route in carnivores, EBLV reaches the peripheral nerves and by anterograde 

transport finally the brain. The IFN response along this way may not be sufficient to clear the viral 

infection and this ends up in the severe clinic described as rabies. 
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However, after airborne transmission, the replication is possible in peripheral epithelia of the nasal 

cavity but the invasion of the brain may be blocked by a very effective type I IFN mediated re-

sistance in B. olfactorius. Of course, this hypothesis has to be verified in appropriate in vivo ex-

periments.  

 

5.4. Temperature involved in interferon-mediated interferon-response 

against lyssaviruses 

Bats display another interesting physiological phenomenon which is also found in seasonal active 

rodents (Turbill et al. 2013): A varying body temperature. European bats display two temperature 

rhythms: a daily torpor which is dependent on their behavioural activity and a seasonal hibernation.  

The daily torpor is presumably more important in regard to an active immune response to viral 

infections (O'Shea et al. 2014). Simply, the transmission of viral pathogens, as well as the replica-

tion of viruses, is not conceivable at very low temperatures during hibernation. 

Both situations were tested in the present study in vitro to analyze both the influence of varying 

temperatures on viral replication and on the induction of type I IFNs as a countermeasure of in-

fected cells. 

Hibernation and virus infection 

The analysis of the influence of very low temperature at hibernation in vitro using the different 

Myotis cell lines could not be performed simply because the MmNol and MmBr cells died within 

72 h. The MmNep cells maintained their cellular form and survived but their metabolic activity 

was extremely low and no proliferation was observed (Figure 59). Therefore, experiment to meas-

ure the viral replication or in response the type I IFN expression was not performed at a 

temperature of 4°C. However, in vivo, this could be a relevant factor since a body temperature 

below 10°C may repress replication of microbial pathogens at conditions where the innate immune 

system is reduced. The production of leukocytes, the activation of neutrophils, the level of specific 

antibodies is reduced but still present (Bouma et al. 2010). Interestingly, hibernation induces the 

activation of intestinal immunity. The expression levels of IL-4, IL-10, T-lymphocytes, and B cells 

are increased during hibernation (Kurtz et al. 2007).  

The daily temperature profile of European bats and virus infection 

The active flight of bats requires a higher metabolic activity especially in the massive flight mus-

cles and results in increased body temperature above 40°C. This physiological stage is called phys-

iological fever. In mammals, fever is a response during microbial infections due to pyrogenic me-

tabolites and results in increase activities of multiple immune mechanisms (Blatteis 2003). The 

high body temperature enhances the motility and migration of neutrophils and monocytes, 
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phagocytosis, pinocytosis, the activation of natural killer complements, expression of Fc receptors, 

oxygen radical production by phagocytes, interferon production, T-helper cell activation, antibody 

production, and cytoprotective heat-shock protein production (Hasday et al. 2000, Blatteis 2003). 

For microbial pathogens, fever is exceeding the optimal temperature for their growth or replication. 

In this study, the influence of daily changes in the body temperature on the innate immune response 

against lyssavirus infections was analyzed in the three M. myotis cell lines in vitro using a temper-

ature profile model. To this end, all cell lines were incubated at 40°C, the body temperature of bats 

during flight; 37°C, the normal body temperature of mammals; 26°C, the body temperature during 

roosting (Chruszcz et al. 2002). To estimate whether these temperatures influenced the cell growth, 

cell growth kinetics were determined at three different temperatures and using a modelled temper-

ature profile (Figure 60). As expected, at higher temperature the upregulated metabolic activity 

resulted in higher proliferation rates of all cell lines, whereas at 26 °C the down-regulated meta-

bolic activity ended up in much lower growth rates (Figure 60). Interestingly, the MmNep cells 

which were established from the most peripheral nasal respiratory epithelium displayed at all tem-

peratures the highest proliferation indicating their adaptation to varying temperatures also in vivo.  

To investigate type I IFN expression kinetics at different temperatures IFN mRNA was measured. 

The analysis of the basal IFN expression level indicated that at both temperatures, above and 

below the ‘normal’ body of 37 °C was upregulated (Figure 61). This phenomenon of a high basic 

expression of type I IFN in bats is discussed as “always on theory” (Schountz et al. 2017).  

The second trial to characterize a possible modified IFN expression after stimulation using TLR 

ligands revealed an even stronger upregulation at 40°C in all three cell lines but with significantly 

higher upregulation in the MmBr cell line. In contrast, at 26°C the expression of IFN  was not 

induced above basal level (Figure 61). Interestingly, in mouse airway cells lower temperature re-

pressed the IFN expression (Foxman et al. 2015). This is the first hint for temperature adapted 

regulation of type I IFN at both higher and lower body temperatures, and might be an explanation 

for the phenomenon of an “always on” expression of IFN in bats (Schountz et al. 2017, that bats 

increase the basal gene expression of type I IFNs to limit early viral infection. 

A comparable picture was seen when the cells were cultivated using the modelled temperature 

profile mimicking the daily temperature kinetics in bats (Figure 62). The proliferation was in-

creased at 40°C, depressed at 26°C but the cells grew well over a time period of 72h. Interestingly, 

the MmNep cells displayed the best temperature stress resistance indicating adaption to varying 

body temperatures in the peripheral respiratory nasal epithelium (Figure 63). 

The clearest indication for temperature-induced effects along the airborne route was measured 

after EBLV-2 infection. The replication of EBLV-2 was depressed in all three cell lines compared 
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to constant temperature; but in MmNep cells the EBLV-2 replication was still increasing over time, 

whereas in MmBr cells viral replication was almost completely blocked (Figure 64). The expres-

sion of IFN and of ISG was strongly upregulated especially at the 40°C period (Figure 65, Figure 

65). Again, there were differences seen: in MmNep cells, the influence on IFN expression was 

low, in MmNol cells not detected, but in MmBr cells a strong up to 4-fold increase on IFN ex-

pression early after EBLV-2 infection was observed. The temperature effect was even higher on 

ISG induction, where almost no increase was measured in MmNep and MmNol cells but again a 

strong increase was found in MmBr cells. This in vitro observed the negative effect on viral repli-

cation and positive induction of IFN responses is another hint for a presumable specific evolution-

ary adaptation in bats in response to airborne infections and might be another reason for more 

effective resistance in bats. This could be a further phenomenon which could explain that bats are 

reservoir hosts for virus without obvious disease (Han et al. 2015). 

In general, all in vitro identified phenomena: (a) the gradually decreasing susceptibility to EBLV 

infection from high of MmNep cells to very low in MmBr cells (b) in contrast to the opposite type 

I interferon response to EBLV infection (low in MmNep cells and very high in MmBr cells) and 

(c) the depression of lyssavirus replication but promotion of the type I IFN response by the daily 

temperature profile indicates a specific physiological adaptation in Myotis bats. However, these 

finding in immortalized cell lines has to be discussed as also as possibly influenced by the changes 

in gene networks after immortalization (Schountz 2014, Schountz et al. 2017). However, some of 

the phenomena have also been observed in primary E. serotinus cells regarding IFN and IFN 

response to EBLV infection (He et al. 2014).  

As mentioned before all these data have to be validated in an in vivo infection trial were bats are 

comparatively infected with EBLV via airborne versus intramuscular route followed by a compar-

ative analysis of the induced innate and probably also adaptive humoral as well as cellular immune 

responses. 

 

5.5. Outlook 

The earlier established M. myotis cell lines and the type I IFN identified functionally characterized 

in this study are tools to further investigation in which responses to bats. 

The obtained in vitro data summarized in a hypothesis about a co-evolutionary adapted host-path-

ogen coexistence has to be proven by further investigations: 

(i) The type I IFN locus of M. myotis and E. serotinus has to be completely sequenced to ensure 

that all type I IFNs can be identified and functionally tested. Furthermore, the possible specific 
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regulatory motifs within the intragenic regions which seem to be much bigger than in other mam-

mals should be analyzed.  

(ii) Verification of in vitro data can only be given by in vivo infection trials where different out-

comes after oro-nasal infection (airborne) in comparison to intramuscular infection are analyzed, 

especially the differences in the type I response leading to an effective block of lyssavirus replica-

tion. 

 (iii) Finally, the whole genome sequencing of M. myotis would be a powerful tool to not only 

characterize the structure of type I IFNs locus but obtaining basic information about the immune 

pathways probably involved in antiviral resistance and immunity. 
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AA amino acid 

a. dest distilled water 

AMP. ampicillin 

APS ammonium persulfate 

ATV Alsever’s Trypsin-Versen-Solution 

CARD-Domain caspase-recruitment domain 

CaCl2 calcium chloride 

CO2 carbon dioxide 

dsRNA double-stranded RNA 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dATP deoxyadenosine triphosphate 

dCTP desoxycytidine triphosphate 

dGTP deoxyguanosine triphosphate 

dNTP desoxyribonukleoside triphosphate 

dTTP deoxythymidine triphosphate 

E. coli Escherichia coli 

EBLV European Bat Lyssavirus 

EDTA ethylenediaminetetraacetic acid 

ER Endoplasmic reticulum 

g gramm(e) 

FBS fetal bovine serum 

FLI Friedrich-Loeffler-Institute 

IFN interferon 

IFNAR IFN-Receptor 

IGR intergenic region 

IPS-1 IFN-  promotor stimulator I 

IPTG isopropyl β-D-1-thiogalactopyranoside 

IRF interferon-regulated-factor 

ISG interferon-stimulated gen  

KCl potassium chloride 

KD dissociation equilibrium constant 
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kDa kilodalton 

KH2PO4 monopotassium phosphate 

L liter 

LB lysogeny broth 

MDA5 melanoma differentiation-associated protein 5 

MCS multiple cloning sites 

mg milligram 

MgCl2 magnesium chloride 

min minute 

ml millilitre 

MOI multiplicity of infection 

µg microgram 

µl microliter 

Na2HPO4 disodium phosphate 

NaCl sodium chloride 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

ng nanogram 

NMWL nominal molecular weight limit 

ORF open reading frame 

PAMP pathogen-associated molecular pattern 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PEP post-exposure prophylaxis 

pH potentia hydrogenii 

poly I:C polyinosinic:polycytidylic acid 

qRT-PCR Real-Time-quantitative-PCR 

RABV Rabies Virus 

RIG-I retinoic acid-inducible gene I 

RNP ribonucleoprotein complex 

rpm revolutions per minute 

RT room temperature 

STAT signal transducers and activators of transcription 

SDS Sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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STAT signal transducers and activators of transcription 

TANK TRAF family associated NFκB  activator 

TBE-Puffer TRIS-Borat-EDTA-buffer 

TEMED tetramethylethylenediamine 

TLR toll-like-receptor 

Tm melting temperature 

TRAF 3 TNF-receptor-associated factor 3 

Tris Tris(hydroxymethyl)-aminomethane 

UV Ultraviolet 

V volt 

X-Gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
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Figure A1. Multiple alignments of IFN genes  of  Myotis species using ClustalW.  All DNA se-

quences of Myotis IFN were taken from NCBI gene database (M. brandtii: NW_005326225.1, M. 

davidii: NW_006291549.1, M. lucifugus: NW_005871269.1). Only limited differences of nucleotide se-

quence between species were found (marked in grey). The primers (framed) for cloning of M. myotis 

IFN were chosen from areas upstream and downstream of the IFN ORF. Start and stop codons of IFN 

ORF are underlined. 
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Figure A2. Multiple alignments of Myotis IFN from NCBI database.  All DNA sequences of Myotis 

IFN were taken from NCBI gene database (M. brandtii: NW_005371986.1, M. davidii: 

NW_006294552.1, M. lucifugus: NW_005871269.1). Only limited differences of nucleotide sequence 

between species were found (marked in grey). The primers (framed) for cloning of M. myotis IFN were 

chosen from areas upstream and downstream of the IFN ORF. Start and stop codons were marked with 

underlines. 
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Figure A3. Multiple alignments of IFN genes  of  Myotis species using ClustalW.  All DNA se-

quences of Myotis IFN were taken from NCBI gene database (M. brandtii: NW_005371555.1, M. 

davidii: NW_006297901.1, M. lucifugus: NW_005871394.1). Only limited differences of nucleotide se-

quence between species were found (marked in grey). The primers (framed) for cloning of M. myotis 

IFN were chosen from areas upstream and downstream of the IFN ORF. Start and stop codons were 

marked with underlines. 
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Figure A4. Multiple alignments of IFN genes  of   M. brandtii and M. lucifugus using ClustalW.  

DNA sequences of M. brandtii and M. lucifugus IFN were taken from NCBI gene database (M. 

brandtii IFN1: NW_ 005371986.1; M. lucifugus IFN: NW_ 005871269.1). Differences of nucleotide 

sequence between species are marked in grey and gaps (marked as hyphens). The deduced primer pairs 

(IFN1-F1/R1, degenerated) was marked with frames. Start and stop codons are underlined. 
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Figure A5. Multiple alignments between IFN and   IFN genes  of  M. brandtii (A) and M. 

lucifugus (B) using ClustalW.  DNA sequences of M. brandtii and M. lucifugus IFN were taken from 

NCBI gene database (M. brandtii IFN1: NW_ 005371986.1; M. brandtii IFN2: NW_005371986.1; M. 

lucifugus IFN: NW_ 005871269.1_1403061~1403576; M. lucifugus IFN2: 

NW_005871269.1_1436731~1437356). Differences (marked in grey) and lack (marked in hyphens) of 

nucleotide sequence between species were found.  
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Figure A6. Multiple alignments of IFN genes  of  Myotis species using ClustalW.  All DNA se-

quences of Myotis IFN were taken from NCBI gene database (M. brandtii: NW_005371986.1, M. 

davidii: NW_006294552.1, M. lucifugus: NW_ 005871269.1). Only limited differences of nucleotide se-

quence between species were found (marked in grey). The primers (framed) for cloning of M. myotis 

IFN were chosen from areas upstream and downstream of the IFN ORF. Start and stop codons were 

marked with underlines. 
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Figure A7. Multiple alignments of published IFN sequences  from Myotis species with the newly 

sequenced M. myotis IFN  Published M. brandtii IFN: XM_014533302.1 The primer pair was 

marked with frames, Start and stop codons were marked with underlines. 

 

 


