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SUMMARY 

 

 

Influence of genetic adaptation to vector populations on arbovirus 

emergence and spread 

Frederic Gusmag (2021) 

 

Favoured by increasing climatic and environmental changes, as well as global 

travel and trade, previously non-endemic arthropod-borne viruses (arboviruses) have 

been able to spread across Europe. In addition to the possibility of endemic vectors 

becoming susceptible to non-endemic viruses, highly potent and formerly exotic 

vectors like Aedes aegypti and Aedes albopictus are steadily expanding their 

ecological niches to more temperate regions within Europe. Because arboviruses 

alternate between a hematophagous arthropod vector and a susceptible vertebrate 

host, they need to quickly adapt to drastic environmental changes. One of the largest 

orders of viruses, the Bunyavirales, comprises over 470 different viral species, a large 

part of those being arboviruses. Many bunyaviruses (members of the Bunyavirales) 

can cause disease in humans and livestock alike and are therefore called zoonotic 

viruses. Bunyaviruses are classified by a segmented, mostly tripartite, negative sense, 

single-stranded RNA genome. The nature of their segmented genome is the 

prerequisite for genomic reassortment, a process that involves the exchange of genetic 

segments of two closely related viruses during co-infection of a single host cell. Viral 

reassortment is often accompanied by an altered pathogenicity, host range, and/or 

vector susceptibility. A good example of the drastic influence of viral reassortment on 

the above-mentioned viral characteristics is the Ngari virus (NRIV). NRIV is a 

Bunyamwera orthobunyavirus (BUNV) reassortant that incorporates the Batai 

orthobunyavirus (BATV) medium (M) segment. Even though both parental viruses are 

known to usually cause self-limiting, febrile illness in humans, NRIV has been 

associated with outbreaks of haemorrhagic fever. BUNV, the type species of the 

Bunyavirales, has been the subject of extensive research since its first isolation in the 

1940s. BATV however, although considered to be the most widespread member of the 

genus Orthobunyavirus, has been severely understudied.  
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The first part of this thesis aims to investigate the potential for viral reassortment 

of BUNV and BATV after in vitro co-infection of mammalian and insect cells. We were 

able to demonstrate viral reassortment of BUNV and BATV in BHK-21 cells, which 

contradicts previous research, suggesting reassortment occurs in the insect vector. 

We isolated two virus reassortants, the first of which exhibiting the same segment 

composition as the naturally occurring NRIV (due to the different geographical origin 

of the BATV M segment, referred to as Ngari-like). Interestingly, the second isolated 

virus was a BATV reassortant that incorporates the BUNV L segment (referred to as 

Batunya virus, BAYAV). According to the literature, this constitutes only the second 

non-M segment reassortant bunyavirus. Viral growth kinetics revealed distinct 

differences between the parental and reassortant viruses, but also between Ngari-like 

and BAYAV.  

Therefore, in the second part of this thesis we investigated the role of C-type lectins 

(CTLs) during BATV infection. CTLs are a large group of pattern recognition receptors, 

that play an important role within the innate immune system of vertebrates as well as 

arthropods. We provided first evidence for the involvement of DC-SIGN and Mincle 

during BATV infection, two CTLs that are already known to be involved in the 

recognition of other bunyaviruses. These experiments are still ongoing and require 

further investigation.  

Since knowledge on BATV is vastly incomplete and increasing evidence suggests a 

continuous spread of the virus across Germany, the third part of this project aims to 

establish a T7-based reverse genetics system. Even though rescue attempts have 

been unsuccessful so far, such a system would provide a valuable tool, not only to 

investigate the molecular characteristics of BATV, but it would also allow for targeted 

reassortment experiments without the need for time-consuming and chance-

dependent co-infections if combined with the reverse genetics systems for BUNV.  
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ZUSAMMENFASSUNG 

 

 

Einfluss von genetischer Adaption an Vektor Populationen auf das 

Auftreten und die Verbreitung von Arboviren 

Frederic Gusmag (2021) 

 

Begünstigt durch zunehmende klimatische und ökologische Veränderungen 

sowie durch internationale Reisen und Handel, kommt es zu einer ansteigenden 

Ausbreitung von nicht-endemischen Arthropoden-übertragenen Viren („Arboviren“) in 

Europa 

Neben der Gefahr das einheimische Vektoren empfänglich für nicht-endmische Viren 

werden, erweitern hochpotente und ehemals exotische Vektoren wie Aedes aegypti 

und Aedes albopictus stetig ihre ökologischen Nischen in den gemäßigten Regionen 

Europas. Da Arboviren zwischen einem blutsaugenden Arthropoden-Vektor und einem 

empfänglichen Wirbeltier-Wirt alternieren, müssen sie in der Lage sein, sich schnell 

wechselnden Umweltbedingungen anzupassen. Eine der größten Ordnungen 

innerhalb der Viren, mit über 470 verschiedenen Spezies, sind die Bunyavirales. Ein 

Großteil davon sind Arboviren. Viele Bunyaviren (Viren der Ordnung Bunyavirales) 

lösen sowohl in Menschen als auch in Nutztieren Krankheiten aus und werden deshalb 

als zoonotische Viren bezeichnet. Charakteristisch für Bunyaviren ist ihr überwiegend 

dreiteilig segmentiertes, negativ-orientiertes und einzelsträngiges RNA Genom. Das 

segmentierte Genom ist die Vorrausetzung für den Prozess der genomischen 

Reassortierung, bei welchem Gensegmente zweier engverwandter Viren während der 

Co-Infektion einer einzelnen Wirtszelle ausgetauscht werden können. Virale 

Reassortierung geht oft mit einer veränderten Pathogenität, einem erweitertem 

Wirtspektrum, und/oder einer veränderten Vektorkompetenz einher. Ein Beispiel für 

den drastischen Einfluss die virale Reassortierung auf die eben erwähnten 

Eigenschaften haben kann, ist das Ngari Virus (NRIV). NRIV ist eine Bunyamwera 

orthobunyavirus (BUNV) Reassortante, die das mittlere (M) Batai orthobunyavirus 

(BATV) Segment in ihr Genom integriert hat. Obwohl beide Ursprungsviren nur dafür 

bekannt sind selbstlimitierende, fieberhafte Erkrankung beim Menschen auszulösen, 
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wurde NRIV mit Ausbrüchen von hämorrhagischem Fieber in Verbindung gebracht. 

BUNV, die Typspezies der Bunyavirales, ist seit seiner ersten Isolierung in den 1940er 

Jahren Gegenstand umfangreicher Forschungen. BATV hingegen, obwohl es als das 

weitverbreitetste Mitglied der Orthobunyaviren gilt, ist kaum erforscht. 

Der erste Teil dieser Arbeit fokussiert sich auf die Untersuchung des Potentials 

zur viralen Reassortierung von BUNV und BATV nach einer in vitro Co-Infektion in 

Säuger- und Insektenzellen. Wir konnten virale Reassortierung von BUNV und BATV 

nur in BHK-21 Zellen demonstrieren, was dem bisherigen wissenschaftlichen Stand 

widerspricht, da Reassortierung bisher nur in Insekten beschrieben wurde. In den 

Versuchen wurden zwei Virus Reassortanten isoliert, wovon eine der beiden dieselbe 

Segmentzusammenstellung wie das natürlich vorkommende Ngari Virus (auf Grund 

des geographischen Ursprungs des BATV M Segmentes als Ngari-like bezeichnet) 

besitzt. Interessanterweise ist das zweite Isolat eine BATV Reassortante, die das 

BUNV L Segment integriert hat (weiterhin als Batunya Virus, BAYAV bezeichnet). Es 

handelt sich hierbei erst um die zweite nicht-M Segment Reassortante innerhalb der 

Bunyaviren. Wachstumskinetiken aller vier Viren haben klare Unterschiede zwischen 

den Elternviren und beiden Reassortanten, jedoch auch zwischen Ngari-like und 

BAYAV aufgezeigt. 

Um die beschriebenen Unterschiede näher zu untersuchen, befasst sich der zweite 

Teil dieser Arbeit mit der Rolle von C-Typ Lektinen (CTL) während einer Infektion mit 

BATV. CTL sind eine große Gruppe von Pattern Recognition Receptors (PRRs), 

welche eine wichtige Rolle innerhalb der angeborenen Immunantwort von Wirbeltieren 

und Arthropoden übernehmen. Von anderen Bunyaviren ist bereits bekannt, dass CTL 

wie DC-SIGN und Mincle eine Rolle in der viralen Erkennung haben. Wir konnten nun 

erstmalig beweisen, dass diese CTL an einer Infektion mit BATV beteiligt sind. Aktuell 

laufende Studien werden diesen Effekt tiefergehend charakterisieren und mögliche 

weitere CTL herausarbeiten. 

Auf Grund dessen, dass unser Wissen über BATV nur sehr begrenzt ist und neuste 

Untersuchungen für eine weitere Verbreitung des Virus innerhalb Deutschlands 

sprechen, befasst sich der dritte Teil dieses Projekts mit der Entwicklung eines T7-

bassierten Reverse Genetik Systems für BATV. Auch wenn es uns bisher nicht 

gelungen ist, replikationsfähiges BATV mit diesem System so generieren, so stellt es 

doch ein nützliches Werkzeug bei der Erforschung der molekularen Eigenschaften von 

BATV dar. Des Weiteren erlaubt es gezielte Reassortierungs-Experimente, ohne auf 
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zeitaufwändige und vom Zufall abhängige Co-Infektionen angewiesen zu sein, wenn 

man es mit dem bereits existierenden Reverse Genetik System für BUNV kombiniert.  



Chapter 1 – General Introduction 

1 
 

Chapter 1 
 

 

1.  General Introduction 

 Outbreaks of zoonotic viral diseases such as HIV/AIDS, Ebola, Middle East 

respiratory syndrome coronavirus (MERS-CoV), swine and avian influenza or more 

recently, severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) have 

been huge risks for humans and livestock for generations [1-4]. Favoured by an 

increasing globalization and the incessant climate change, more and more previously 

non-endemic vector-borne viral pathogens with clinical implications for humans and 

livestock are found across Europe and Germany. Some recent examples include 

Chikungunya virus (CHIKV, Togaviridae), Zika virus (ZIKV, Flaviviridae), West Nile 

virus (WNV, Flaviviridae) and Schmallenberg orthobunyavirus (SBV, Peribunyaviridae) 

[5-12]. Additionally, potential vectors for a variety of zoonotic diseases such as Aedes 

(Ae.) aegypti and Ae. albopictus invade and settle within more and more countries 

throughout Europe, expanding the risk for further spread of former exotic viruses [13-

15]. Containing more than 470 species recognized by the ICTV, the Bunyavirales is 

one of the largest order of viruses [16]. It comprises 12 families of viruses that mainly 

infect arthropods and vertebrates, but also some plant- and insect-specific viruses [17, 

18]. Bunyaviruses (= viruses of the order Bunyavirales) are transmitted by a variety of 

different vectors including ticks, sand flies, thrips, but mostly mosquitoes, except for 

hantaviruses which are thought to be primarily transmitted by aerosols of rodent 

excreta [19, 20]. Zoonotic viruses of the order Bunyavirales that pose a threat for 

human life, livestock and wildlife animals alike include Severe fever with 

thrombocytopenia syndrome virus (SFTSV, official name Dabie bandavirus, 

Phenuiviridae) [21], Rift Valley fever phlebovirus (RVFV, Phenuiviridae) [22], Crimean-

Congo hemorrhagic fever orthonairovirus (CCHFV, Nairoviridae) [23], Sin Nombre 

orthohantavirus (SNV, Hantaviridae) [24-26], La Crosse orthobunyavirus (LACV, 

Peribunyaviridae) [27] and Bunyamwera orthobunyavirus (BUNV, Peribunyaviridae) 

[28]. This thesis will focus on Bunyamwera and Batai orthobunyavirus, as well as 

resulting reassortants, hence, in the following chapters, there will be an emphasis on 

these viruses and their associated genus Orthobunyavirus (OBV). 
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1.1  Orthobunyaviruses 

1.1.1  General overview 

 The ICTV Report on Virus Classification and Taxon Nomenclature restructured 

the former Bunyaviridae family which had thus far consisted of five genera. Due to the 

increasing molecular data, especially sequencing data, a new order named 

Bunyavirales was created in 2017 that includes 12 families and more than 470 linear, 

segmented, negative- or ambisense RNA viruses with mainly bi- or tripartite genomes 

[29]. The family Peribunyaviridae within the order Bunyavirales is divided into four 

genera, Orthobunyavirus, Herbevirus, Pacuvirus, Shangavirus, and includes more 

than 110 species. Most are arthropod-borne viruses (arbovirus) that alternate between 

a hematophagous arthropod vector and a vertebrate host, while others are insect-

specific and cannot infect vertebrates [30, 31]. The genus Orthobunyavirus is the 

largest of those four genera with more than 100 different, mostly mosquito-borne 

viruses. Other vectors include biting midges, bed bugs and wingless bat flies [30]. Most 

viruses within the genus Orthobunyavirus can be categorized in one of 18 serogroups, 

based on nucleocapsid-protein-mediated complement fixing and glycoprotein-

mediated hemagglutinating and neutralizing antibodies [32]. Categorization based on 

serology can be complicated occasionally due to variances in serological affinity and 

natural occurring reassortants (reassorted orthobunyaviruses will be further discussed 

later). Many of these viruses can cause disease in humans such as encephalitis (La 

Crosse orthobunyavirus; LACV), acute febrile illness (Oropouche orthobunyavirus = 

OROV) or even haemorrhagic fever (Ngari virus) [33-35]. There are also a wide variety 

of orthobunyaviruses with veterinary implications. For example, Akabane (AKAV), 

Cache Valley and Schmallenberg orthobunyavirus (SBV) are known to cause stillbirth 

and congenital malformation in newborn ruminants [11, 36, 37].  

 

1.1.2  Molecular characteristics  

 Orthobunyaviruses are enveloped, negative-sense, single-stranded RNA 

(ssRNA) viruses with a tripartite genome [17]. The virion size ranges from 80 to 120 

nm with pleomorphic or spherical shape [38], with two surface glycoproteins, forming 

heterodimers, embedded into the host cell Golgi complex-derived lipid bilayer envelope 

(Figure 1) [17]. 
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Figure 1. Schematic representation of the Orthobunyavirus virion. From Richard Elliot [17]. The 
three, negative-sense RNA genome segments (small, medium, and large) encapsidated by the N protein 
form ribonucleoprotein (RNP) complexes which associate with the RNA-dependent RNA polymerase 
(RdRp). The RNPs are packed within the host cell Golgi complex-derived lipid envelope in which the 
two glycoproteins Gc and Gn are embedded. Gc and Gc form trimers of heterodimers that create the 
spikes on the virus particle. 

 

 The overall genome size (12.4 kb), as well as the size of each segment is 

consistent throughout the genus with the large (L) segment being approx. 6.9 kb, the 

medium (M) segment 4.5 kb and the small (S) segment 1 kb. The three segments 

encode four structural and two non-structural proteins. As schematically shown for 

Bunyamwera orthobunyavirus (BUNV) in Figure 2, the L segment encodes the RNA-

dependent RNA polymerase (RdRp) [17].  
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Figure 2. Coding strategy of the Bunyamwera orthobunyavirus representative for the genus 

Orthobunyavirus. From Richard Elliot [17], modified [39-41]. The coding regions of the three genomic 

(g) RNA segments, small (S), medium (M), large (L), are represented in different colours (L = purple, 

M = yellow, S = red), with the respective total length of the RNA shown above. The UTRs are indicated 

at 3’ and 5’ end (complementary, conserved regions that form the panhandle structure used as a 
promoter for transcription and replication; black = variable regions). Genomic RNAs are transcribed into 
mRNAs that contain host-derived sequences at 5’ end obtained via cap-snatching (shown in turquoise) 
but are truncated at 3’ end compared to the gRNAs. Proteins and their respective sizes in kDa are shown 
beneath each segment. The L segment encodes for the RNA-dependent RNA polymerase (RdRp). The 
M segment encodes for a glycoprotein precursor (GPC) polyprotein that is co-translationally cleaved 
into two glycoproteins (Gn and Gc) and a non-structural protein NSm. Signal peptides are shown as 
blue boxes and transmembrane domains (Tm) as black boxes. Signal peptidase (SP) and signal peptide 
peptidase (SPP) cleavage sites are indicated by scissors and an upward arrowhead (▲), respectively. 
The S segment encodes for the nucleocapsid (N) protein and the NSs (non-structural protein) in an 
overlapping ORF. 
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The M segment encodes a precursor polyprotein which is co-translationally cleaved by 

cellular signal peptidase (SPs) and signal peptide peptidase (SPPs) into two 

glycoproteins Gc and Gn as well as the non-structural protein NSm [40]. The S 

segment encodes the nucleocapsid (N) protein and a second non-structural protein 

NSs in an overlapping reading frame. The three ssRNA segments are encapsidated 

by N proteins and form ribonucleoprotein (RNP) complexes which associate with the 

RdRp [17]. The size of the viral proteins is fairly coherent throughout the genus (RdRp 

≈ 260 kD; Gc ≈ 110 kD; Gn ≈ 35 kD; NSm ≈ 18 kD; N ≈ 25 kD; NSs ≈ 11 kD) [19].  

 At 3’ and 5’ terminal end of the untranslated regions (UTRs), the three segments 

share the same complementary nucleotides which vary within the family but are highly 

conserved among viruses of the same genera [19]. The complementary nature of the 

3’ and 5’ ends of each segment allows the formation of a ‘panhandle’ structure that 

functions as a promoter for replication and transcription. Using a minigenome reporter 

assay, it was shown for BUNV that these conserved terminal nucleotides play a role 

during viral replication and an optimal transcription presupposes complete consensus 

at 3’ and 5’ end of each segment. Nevertheless, minor nucleotide deletions (up to three 

at a time) can be tolerated if the consensus identity is kept intact [42-44]. This led to 

the assumption that the ‘panhandle’ structure per se is of greater importance, but the 

sequence itself also plays a role in promoter strength and activity [19]. Further studies 

regarding the UTRs of BUNV demonstrated that even though the conserved terminal 

regions themselves are sufficient to ensure in vitro promoter activity, some unique 

sequences in the 3’ and 5’ UTRs are needed for actual virus production and packaging. 

Additionally, it was shown that, next to their function as promoters, the UTRs also play 

a key role in the encapsidation of genomic RNAs with the N protein and termination of 

mRNA transcription [45-48], moreover deletions of internal sequences of the UTRs 

lead to attenuation of BUNV and loss of cytopathic effects in mammalian cell culture 

[49].  

 The RdRp is responsible for the transcription as well as the replication of the viral 

genome, highly conserved amino acid motives were identified and their essential role 

during viral RNA synthesis was confirmed with mutagenesis studies [50]. Furthermore, 

cap snatching by means of an endonuclease activity, attributed to the amino terminal 

domain of the RdRp, was identified as a mechanism to facilitate viral mRNA 

transcription. A similar mechanism is known for influenza viruses, as both groups of 

viruses use the endonuclease activity to cleave capped oligonucleotides at 5’-end of 
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host-derived mRNAs which are transferred to the viral mRNAs to enable transcription. 

In contrast to influenza viruses, where cap snatching takes place in the nucleus, cap 

snatching of orthobunyaviruses occurs in the cytoplasm [51-53].  

 The two glycoproteins Gc and Gn are both type I integral membrane proteins that 

form a heterodimer in the endoplasmic reticulum (ER). Shi et al. [54] postulated for 

BUNV that transport of the Gc/Gn heterodimer to the Golgi complex depends on a 

chaperone-like function of a transmembrane domain of the Gn. This finding was 

supported by the fact that Gc expressed alone remained in the ER. Garry and Garry 

[55] predicted that, like flaviviruses and alphaviruses, bunyaviruses contain a class II 

fusion domain which mediates the fusion of the viral membrane with the cellular host 

membrane. Mutational analysis of the corresponding motif in LACV [56] as well as in 

BUNV support this hypothesis [57, 58]. In 2019, X-ray crystallography analyses of the 

glycoprotein C of BUNV, LACV, OROV and SBV revealed that the N-terminal variable 

part of the Gc is comprised of a α-helical head domain and two identically folded 

tandem β-sandwiches that compose a stalk subdomain. It was suggested that the viral 

fusion machinery consists of the main part of the C-terminal part of Gc and Gn and that 

the variable N-terminal part of Gc shields the fusion machinery. In the same study it 

was shown that vaccines directed against the head-stalk region of SBV effectively 

inhibited viremia in IFNAR knock-out mice [59].  

 The highly immunogenic N protein is the main protein produced in infected cells 

[17]. While viral mRNA is not encapsidated, genomic (g) and antigenomic (ag) RNAs 

are encapsidated by the N protein, which is mediated by a 5’ end signal located on the 

gRNA and agRNA [42, 47, 60]. For several OBVs, the atomic structure of N proteins 

was solved. In these studies, it was shown that they possess a unique fold, previously 

unknown for other Bunyavirales genera or negative-sense viruses in general [61-67]. 

N proteins form a tetramer through N- and C-terminal arm mediated binding of the 

head and tail regions of each monomer. Each positively charged central gap in a 

tetramer is aligned with the neighbouring ones which creates a continuous RNA-

binding groove. The molecular details of the interaction of the N protein with the RdRp, 

Gn and Gc are currently not completely understood and need further investigation [17]. 

 The NSm protein, which is cleaved from the glycoprotein precursor by host SPs 

and SPPs, is suggested to be involved in virus assembly and budding due to its 

localization at the Golgi complex during viral maturation [68]. Although the complete 
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NSm is not crucial for virus viability, as recombinant viruses with deletions within the 

NSm or GFP-tagged NSm were still viable, they grew slower and to lower titres in 

mammalian cells [41]. Interestingly, the N terminus of NSm not only functions as an 

internal signal sequence for itself but can also act as substitute for the Gc signal 

sequence for viruses lacking this sequence, as shown by Shi et al. [57]. 

 Contrary to early publications regarding the NSs, it appears that not as many 

orthobunyaviruses as previously thought encode for a second non-structural protein 

and that there might be an evolutionary trend towards smaller NSs proteins [17, 69-

72]. However, in viruses that encode the NSs, such as BUNV, AKBV, LACV, and SBV, 

it was shown that the NSs is not essential for virus growth but does play a role in viral 

pathogenesis in mammalian cells [73-79]. Similar effects were observed in vivo for 

BUNV, AKBV and SBV, where NSs deletion mutants were less virulent in mice [73, 76, 

80]. The main function of the NSs proteins seems to be the role of a host immune 

response antagonist by blocking the type I interferon (IFN) production [73, 78]. For 

BUNV it was shown that the NSs shuts down the mammalian host cell protein synthesis 

by blocking the transition from initiation to elongation of the RNA Polymerase II 

complex [81]. In mosquito-derived cell lines, NSs-induced blockage of protein 

production was not observed [73, 78] although BUNV NSs is needed for an efficient 

replication in immune-competent mosquito cells, as well as in Ae. aegypti mosquitoes 

[82]. Another feature of NSs proteins is their involvement in apoptosis of infected cells, 

however, while BUNV NSs delay apoptosis [83], LAVC NSs seem to induce it [75, 84]. 

Furthermore, studies with orthobunyaviruses completely lacking the NSs ORF but still 

inhibiting type I IFN by a yet unknown mechanism, such as Tacauima virus (TCMV), 

highlight the need for further research [70, 71]. 

 

1.1.3  Cell entry and replication 

 The replication cycle (Figure 3) of orthobunyaviruses starts with the glycoprotein-

mediated attachment of the virion to the host cell receptor. Prior to the first interaction 

with a host receptor, many viruses use host cell polysaccharides and glycolipids as a 

primary attachment site through electrostatic interactions. For example, SBV and 

AKAV were shown to use glycosaminoglycans, such as heparan sulfate proteoglycan 

(HSPG), to facilitate viral entry. When heparan sulfates were removed from the host 

cell surface prior to infection, or HSPG knock-out cells were used, AKAV and SBV 
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infection was impaired [147, 148]. It is not completely understood how the 

glycoproteins bind to the receptors – while some studies propose Gc and Gn are both 

involved in the fusion to the cell-surface receptor(s) [59], with Gc as the primary 

glycoprotein responsible for viral attachment in vertebrate and invertebrate cells [85], 

other studies with LACV propose that Gn is the main viral attachment protein in 

mosquito cells [86, 87]. The cell receptors have not been identified so far, but it was 

shown than multiple C-type lectins are possibly involved, namely, the dendritic cell-

specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) for 

Germiston virus [88] and Mincle, Dectin-1 and Dectin-2 for LACV [89]. Additionally, it 

was shown for LACV, OROV and AKAV that cell entry can occur via clathrin-mediated 

endocytosis [90-92]. Acidification in the early endosome induces permeabilization of 

the viral envelope and release of the RNPs and associated RdRp. After release into 

the cytoplasm, the RdRp initiates the primary transcription of the genomic segments. 

For LACV it was shown that host-derived sequences functioning as primers for 

transcription are transferred to the viral mRNAs via cap-snatching [52]. Antigenomic 

RNA derived from gRNA serves as a template for replication, but the molecular basis 

that initiates the switch from transcription to replication is still unknown. However, a 

study by Dunn et al. showed for BUNV that the amount of N proteins within the infected 

cell is important for viral replication, as enough N proteins are needed during replication 

to encapsidate gRNAs and agRNAs and only the RdRp and the N proteins are 

sufficient for viral replication [93]. After translation, the two glycoproteins are dimerized 

at the ER and transported to the Golgi complex, mediated by the internal signal 

sequence within the transmembrane region of the Gn, where they integrate into the 

Golgi membrane. Viral RNPs are transported to the regions within the Golgi that are 

modified by insertion of the two glycoproteins and viral particles bud into Golgi 

membrane-derived vesicles [94-96]. Shi et al. showed that the BUNV integral 

membrane protein NSm is localized at the Golgi complex and probably involved in viral 

budding and maturation [41]. Vesicles are transported to the cell surface via the 

exocytic pathway [57], with the involvement of actin filaments [97] where they fuse with 

the cell membrane and mature viral particles are released.  
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Figure 3. The replication cycle of an orthobunyavirus. From Richard Elliot [17]. Viral replication starts 
with the attachment (1) to the host receptors facilitated by either one or both glycoproteins. After the 
receptor-mediated endocytosis (2) and the acidification within the early endosome, the viral envelope 
permeabilizes, and the ribonucleoprotein (RNP) complexes are released into the cytosol (3). Primary 
transcription of viral mRNAs is catalysed by the RNA-dependent RNA polymerase (RdRp) (4) and 
primed by host cell-derived primers acquired by cap-snatching (not shown). After translation of the viral 
mRNAs (5), the two glycoproteins dimerize at the ER and are transported to the Golgi complex via an 
internal signal sequence within the transmembrane region of the Gn. For the switch from transcription 
to replication, negative-sense genomic RNAs (gRNA) are converted into positive- sense antigenomic 
RNAS (agRNA) in the host-cell cytoplasm (6). RNPs are transported to the Golgi membrane in which 
the two glycoproteins are integrated and viral particles bud into Golgi membrane-derived vesicles (7). 
Golgi vesicles containing viral particles are transported to the cell membrane (8), where the fusion of 
the vesicles with the cell membrane, which might be facilitated by actin filaments (9), leads to the release 
of mature viral particles (10).  

 

1.1.4  Distribution, transmission, and associated disease  

1.1.4.1  Bunyamwera orthobunyavirus 

 Bunyamwera orthobunyavirus (BUNV) was first isolated from Aedes (Ae.) 

mosquitoes by Smithburn et al [98] in Bwamba, Uganda in 1943. It has been 

subsequently isolated and is considered endemic in multiple African countries such as 

Angola, the Democratic Republic of Congo, Guinea, Mozambique, Tanzania, 

Cameroon, Ivory Coast, Kenya, Madagascar, Nigeria, Senegal, South Africa, Uganda, 

and Rwanda [28, 99]. After its first isolation in Argentina from Ae. albifasciatus in 1964, 
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it was further isolated in 2005 from free ranging birds. Following the first reported 

human case in 2009 and the first case of neurological disease and abortions in horses 

in 2013, it is allegedly circulating in Argentina as well [100-102]. Symptomatic infections 

in humans are associated with mild febrile symptoms, headache, joint pain, and rash. 

While infections in adults are usually asymptomatic, they can cause severe 

encephalitis in children and immune-compromised patients [103]. In domesticated 

animals, especially ruminants, BUNV infections can lead to severe diseases such as 

spontaneous abortions and offspring with teratogenic defects [28, 99, 102]. BUNV 

antibodies found in chimpanzees, rodents and birds suggest a broad host range [100, 

104]. BUNV is suspected to circulate between blood-feeding mosquitoes and 

vulnerable vertebrate hosts with Ae. aegypti as the main vector for transmission [28, 

102, 105]. However, other Ae., Anopheles (A.) and Culex (C.) species were also shown 

to be susceptible [104, 106, 107].  

 

1.1.4.2  Batai orthobunyavirus 

 Batai orthobunyavirus (BATV) was first isolated from A. maculipennis in 

Czechoslovakia in 1950 [28, 108, 109], and in Kuala Lumpur (Malaysia) in 1955 from 

Culex gelidus by the United States Army Medical Research Unit [110]. BATV was 

detected, either by direct isolation or via serum antibodies, all over Europe and Asia 

including (but not exclusively) India, Russia, Austria, Belarus, Bosnia and Herzegovina, 

Croatia, the Czech Republic, Finland, Germany, Hungary, Italy, Montenegro, the 

Netherlands, Norway, Portugal, Romania, Serbia, Slovakia, Sweden, and China [28, 

110-116]. In 2016, a virus closely related to BATV and already isolated in 1993 was 

found in Australia [117]. There are also reports of BATV in Uganda and Sudan [118-

120] and it is considered to be one of the most widespread orthobunyaviruses [109, 

120]. Symptomatic BATV infections in humans are characterized as a non-specific 

Influenza-like or febrile illness [28], however, more severe symptoms such as 

bronchopneumonia, exudative pleurisy, catarrhal and follicular tonsillitis, and acute 

gastritis have been associated with human BATV infections [121, 122] as well. 

Livestock infections with BATV are linked to abortions, premature births, and 

congenital defects, posing a huge economic burden, especially when infecting 

agricultural important mammals and birds [28]. Transmission of BATV likely occurs via 

Aedes, Anopheles or Culex species, as it has been isolated from a variety of different 

species of the above-named genera [110-112, 114, 123, 124]. Additionally, 
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transmission via biting midges and ticks has been reported [125]. Due to the correlation 

of BATV transmission to resident and migratory birds, it is suspected that BATV is also 

maintained in a bird-mosquito enzootic cycle like West Nile virus or Usutu virus [126]. 

 

1.2  Evolution of RNA viruses, Co-Infection and Reassortment  

 RNA viruses undergo constant evolutionary changes that are accompanied by 

the rise of new virus variants with new phenotypes, associated diseases, or the ability 

to infect new hosts. These processes can occur in multiple ways. Due to the lack of a 

proof-reading ability, the mutation rate in RNA viruses is up to 10,000 times higher than 

in DNA viruses, which leads to a constant and rapid accumulation of point mutations 

within a virus isolate. This led to the concept of viral “quasispecies”, the collection of 

RNAs within a virion with slightly altered sequences. These mutations can either 

positively, negatively, or not influence the ability of the virus to replicate effectively. If a 

mutation is beneficial (or neutral) for the viral fitness, it will be passed along to new 

viruses during replication and stay within the viral genome. If mutations occur within 

the antigenic regions of a virus, which are mainly the two glycoproteins for 

orthobunyaviruses, this is referred to as antigenic drift [127-129]. Another possibility 

for the evolution of viruses is homologous and non-homologous recombination. These 

processes involve the exchange of genetic information of (mostly) non-segmented 

RNA viruses by means of genome fragment swaps. Homologous recombination refers 

to recombination between two similar or closely related RNA molecules with high 

sequence homology. Recombination occurs at sites with exact matches between the 

two RNAs and leads to recombinant RNAs with the exact sequences and structural 

properties of the parental RNAs [130]. Non-homologous recombination on the other 

hand is the recombination between RNA molecules without any sequence homology. 

Currently, the basis for the selection of the recombination site is not completely 

understood. However, it has been proposed that the location for non-homologous 

crossover depends on the RNA structures [131]. The third form of viral evolution is 

called genetic reassortment, which is limited to segmented RNA viruses. Reassortment 

describes the ability of closely related segmented viruses to exchange whole genome 

segments during replication while co-infecting a single host cell [132]. This process 

allows for a fast antigenic shift, in contrast to slower antigenic drift, and thus plays a 

significant role in the evolution and occurrence of new viruses with an altered 

phenotype, host range, and pathogenicity [35, 133]. However, co-infection does not 
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inevitably result in viral reassortment, as parental viruses can emerge as well, as 

schematically shown for the order Bunyavirales in Figure 4. 

 

Figure 4. Schematic drawing of co-infection and the potential outcome. Co-infection of a single 
host cell with two closely related segmented viruses, shown as Virus A (blue) and Virus B (light green), 
can result in six potential reassortants shown as Virus 1-6 (light brown). Segment combinations of the 
genomes are shown within each virus in the colour of the parental virus they originated from. Co-infection 
does not inevitably result in reassortment, as the parental viruses can re-emerge as well (shown as 
Virus A and B). Another possibility are diploid viruses (viruses containing an additional segment, e.g., 
two S segments), but due to their instability (they lose the fourth segment latest after the third passage), 
they are not visualized in this figure. Figure was prepared in part using www.smart.servier.com.  

 

 Bunyaviruses, due to their segmented genome, comply with the prerequisite for 

viral reassortment. The significance of this process for the evolution of new viruses has 

already been shown in experimental settings and by isolation of reassortant viruses in 

natural settings [133-137]. The Ngari virus (NRIV) is a naturally occurring Bunyamwera 

orthobunyavirus reassortant. Viral particles contain the BUNV L and S and the BATV 

M segment. It was first isolated from Aedes simpsoni eggs near Kedougou (Senegal) 

in 1979 and was linked to haemorrhagic fever outbreaks in, Sudan (1988), Kenya and 

Somalia (1997-1998) [35, 120, 138-141]. These outbreaks elucidate the clinical 

relevance of reassortment among orthobunyaviruses, since both parental viruses 
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(BUNV and BATV) are known to only cause mild fever-like symptoms in humans [28, 

103]. Next to the altered host pathology, the vector usage for NRIV differs from its 

parental ancestors. Comparative studies with BUNV and NRIV showed that Ae. 

aegypti, a competent and possibly the main vector for BUNV transmission, was not 

susceptible to NRIV [105]. NRIV isolates obtained from multiple different mosquito 

species, including (but not exclusively) Aedes vexans, Aedes simpsoni, Anopheles 

pretoriensis, Anopheles gambiae, Culex bitaeniorhynchus and Culex tritaeniorhynchus 

[28, 107, 138] demonstrate the broad vector range. Furthermore, in a recent 

publication, NRIV was isolated from engorged ticks (Amblyomma variegatum, 

Rhipicephalus geigyi, and Rhipicephalus (Boophilus) spp.) collected from cattle in 

Guinea, although there is no evidence that ticks are a competent vector for NRIV 

transmission [142].  

 Moreover, reassortment does not have to be the direct result of a co-infection 

event. Using a reverse genetics system (see chapter 1.4) for RVFV, it was proven that 

packaging of four genome segments into a Bunyavirales virion was possible [143], and 

in co-infection experiments with Hantaan orthohantavirus and Maaji virus (both genus 

Orthohantavirus), Park et al. demonstrated that four segmented viruses might act as 

an intermediate step to reassortment. These four segmented viruses were called 

polyploid or diploid and contained three segments of one parental virus and an 

additional segment of the second virus used during co-infection. Interestingly, diploid 

viruses were not stable for more than three passages, but instead lost one of the diploid 

segments and gave rise to either the parental virus or to a reassorted virus [144].  

 

1.3  Role of C-type lectins in Orthobunyavirus viral entry and recognition 

 Since most OBVs are transmitted via the bite of a hematophagous arthropod, one 

of the first cell types they encounter are dermal macrophages and dendritic cells (DCs). 

These myeloid cells are part of the innate immunity and called professional antigen 

presenting cells (APCs). APCs recognize pathogens via pattern recognition receptors 

(PRRs) based on conserved pathogen-associated molecular patterns (PAMPs), 

internalize them, and present them to both cytotoxic and helper T cells. Thus, they play 

an important role in the innate immunity as well as in the induction of the adaptive 

immunity [145]. One important group of PRRs are myeloid C-type lectins (CTLs) which 

are mainly expressed on APCs such as DCs and macrophages [146, 147]. CTLs are 
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a superfamily of receptor proteins containing extracellular carbohydrate-binding protein 

domains called lectins, that (mostly) bind in a calcium-depending (Ca2+) manner. They 

are found in all metazoan species with diverse functions ranging from immune 

response and cell-cell adhesion to apoptosis [148]. While the majority of CTLs 

recognize glycan ligands, some CTLs also bind to non-carbohydrate molecules, such 

as proteins, lipids, and inorganic molecules [147]. Genes coding for C-type lectin 

domains (CTLDs) have been identified in virtually all metazoan species. Although the 

genes and resulting proteins vary significantly throughout the metazoan kingdom, there 

are relatively few modifications within the vertebrate subphylum [149]. To date, there 

are 17 different groups of soluble and transmembrane CTLs defined in mammals, 

categorized based on their structural and functional properties (Figure 5) [148]. In this 

thesis, the focus will be on myeloid CTL receptors which belong to groups two 

(Asialoglycoprotein and DC receptors), five (Natural killer cell receptors) and six (Multi-

CTLD endocytic receptors).  

 

Figure 5. Schematic figure of the C-type lectin superfamily. From Mayer et al. [147], modified. 
Shown are the 17 groups of soluble and transmembrane C-type lectin domain (CTLD)-containing 
proteins. These groups were formed based on the structural composition of the receptor and their 
effector functions. Highlighted with a red rectangle are the three groups of myeloid C-type lectins (groups 
2, 5 and 6) relevant for this study. DC = Dendritic cell, NK-cell = Natural killer cell, CTLD = C-type lectin 
domain. 
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Depending on whether their N-termini is located intracellularly or extracellularly, 

myeloid CTL receptors can be subdivided into type I and type II transmembrane 

receptors, respectively [147]. While multi-CTLD endocytic receptors, which are type I 

transmembrane receptors, usually contain multiple carbohydrate recognition domains 

(CRD), type II CTL receptors such as NK-cell and DC receptors only contain a single 

CDR [148, 150]. Upon pathogen recognition by myeloid CTLs, the expression of 

various downstream immune response genes is induced, leading to the up- or 

downregulation of cytokine genes via various transcription factors like NFΚB or NFAT. 

Thus, myeloid CTLs shape the immune response directed against various pathogens, 

such as fungi, bacteria, and viruses [147, 151, 152]. Many myeloid CTLs have already 

been shown to play a role during recognition of viruses belonging to different families. 

DC-SIGN, a type II transmembrane receptor CTL belonging to the superfamily group 

2, was described to interact with viral glycoproteins of Ebola, HIV-1, hepatitis C, and 

La Crosse (LACV) viruses [153-155]. Furthermore, Monteiro et al. [89] found that LACV 

interacts with additional C-type lectins, namely Mincle, Dectin-1, and Dectin-2. These 

C-type lectins are involved in NF-ΚB activation, by signalling via the caspase 

recruitment domain family member 9 (CARD9) [156]. Figure 6 shows the signalling 

pathways that lead to an altered cytokine gene expression following pathogen 

recognition by four selected CTLs that have already been demonstrated to play a role 

in viral recognition: Dectin-1, Dectin-2, Mincle, and DC-SIGN. Exemplary, the effector 

cascade following pathogen recognition via the CTL Mincle is described below. Mincle 

signalling oncourse via the Spleen tyrosine kinase (Syk). Syk phosphorylates tyrosine 

residues in the immunoreceptor tyrosine-based activation motifs (ITAMs) within the Fc 

receptor γ (FcRγ) chain, located in the cytoplasmatic tail of Mincle. Subsequently, the 

CARD9 /B cell lymphoma 10 (Bcl10)/Mucosa-associated lymphoid tissue lymphoma 

translocation protein 1 (MALT1)-complex is assembled, which leads to downstream 

activation of transcription factors like NFκB, NFAT, and AP-1, resulting in the 

expression of cytokine genes [147]. 
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Figure 6. Effector cascade of four selected myeloid C-type lectins. From Meyer et al. [147]. Shown 
are the signalling pathways activated after pathogen recognition by four selected C-type lectins (CTLs). 
After pathogen recognition by Dectin-1, Dectin-2 or Mincle the signalling pathways are activated by 
either direct or indirect interaction with the Spleen tyrosine kinase (Syk) via certain immunoreceptor 
motifs located at the cytoplasmatic tail of the CTL (shown in white rectangles). After Syk activation, 
downstream signalling via the Caspase recruitment domain-containing protein 9 CARD9 /B cell 
lymphoma 10 (Bcl10)/Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1)-
complex leads to a subsequent activation of transcription factors, such as NFAT and NFΚB, which 
ultimately results in the induction of cytokine gene expression. Pathogen recognition via DC-SIGN is 
Syk-independent. Raf-1 kinase activation, which can progress via multiple different routes, results in 
NFΚB induced expression of cytokine genes. The molecular and biochemical details of the signalling 
pathways after pathogen recognition of the four displayed myeloid CTLs are not of importance for this 
study and therefore not further explained.  

 

CTLDs are highly diverse and found in all multicellular organisms. They have a 

broad range of functions – in addition to their role in immune response modulation by 

inducing cytokine expression, they play a role in uptake, phagocytosis, and antigen 

presentation to naïve T cells [157]. Most enveloped viruses initiate entry into 

susceptible host cells by interaction of the viral surface glycoproteins with host cell 

receptors (and co-receptors) [145, 146]. Keeping in mind the broad range of vector and 

susceptible host species (mammalian & insect), orthobunyaviruses (OBVs) need to 

utilize a variety of different cell surface receptors to effectively replicate. While the host 

immune system recognizes various pathogens via myeloid CTLs and activates its 



Chapter 1 – General Introduction 

17 
 

defence, some CTLs have been shown to function as a gateway for bunyavirus entry 

into host cells. Only a few receptors (and co-receptors) have been identified to play a 

role in OBVs host cell entry. Germiston virus has been shown to infect dermal DCs by 

infiltrating the cell via the human C-type lectin DC-SIGN [88], and likewise, this was 

shown for recombinant rhabdoviral pseudotypes expressing LACV Gn and Gc [158] 

and various other bunyaviruses of the genus Phlebovirus [88]. This continuous race 

between pathogen recognition by immune receptors like CTLs, and the viral ability to 

use these receptors to infect immune cells requires further extensive research.  

 

1.4  Reverse genetics of bunyaviruses – examples and applications 

Reverse genetics, first introduced in the 1980s, is a useful tool to understand the 

molecular principles underlying virus biology and thus provides the perfect basis to 

study viruses and their interaction with host-cells by modifying viral genetic information 

[159]. The first reverse genetics systems (RGS) were established for DNA viruses. 

Genome manipulations were either carried out by transfecting cells with plasmids 

encoding for the (mutated) viral genome, or by heterologous recombination of plasmids 

containing sequences of the virus genome. Vaccinia virus-based strategies were 

among the first and were successfully put to test expressing a recombinant herpes 

simplex virus thymidine kinase gene [160-163]. Presumably because the viral genome 

of positive-sense RNA (+RNA) viruses also functions as mRNA, eliminating the need 

for helper plasmids separately expressing viral proteins, RGS of +RNA viruses 

followed shortly after. Polio virus was the first positive-sense RNA virus successfully 

recovered from complementary DNA (cDNA) cloned into three bacterial expression 

plasmids in 1981 [164]. In a separate approach, polio virus was recovered from HeLa 

cells transfected with in vitro transcribed +RNA [165]. It took more than ten years after 

the first rescue of polio virus to establish a RGS for a non-segmented negative-sense 

RNA (-RNA) virus. In 1994, Schnell et al. introduced a RGS for rabies virus. The 

system required a combination of antigenomic (positive-sense) cDNA that was 

transcribed from genomic RNA using the bacteriophage T7 RNA polymerase (T7) and 

the respective promoter sequence (T7 promoter), as well as the nucleoprotein, 

phosphoprotein, and the RNA-dependent RNA polymerase (RdRp) simultaneously 

expressed from plasmids in the transfected cells [166]. Two years later, the first RGS 

for a segmented -RNA virus was established. Bridgen and Elliott (1996) demonstrated 
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the first recovery of an infectious Bunyamwera orthobunyavirus (BUNV) clone entirely 

from cDNA. The system is based on the rabies virus RGS by Schnell et al. The three 

genomic segments (S, M, and L) were cloned in antigenomic orientation (positive 

sense) into transcription plasmids under the control of theT7 promoter. The 3’ UTR of 

the antigenomic cDNA is flanked by the Hepatitis delta ribozyme (HDR) and a T7 

terminator sequence. The HDR functions as a self-cleavage site that trims the 

antigenome transcript precisely at the 3’ end of the viral segment. HeLa cells were first 

infected with a recombinant vaccinia virus expressing T7, then transfected with 

expression plasmids containing the coding regions for all BUNV proteins, also under 

T7 promoter control, and subsequently transfected with the three transcription 

plasmids containing antigenomic cDNA copies of the viral S, M, and L RNA segments. 

After the initial incubation time, supernatants were transferred onto C6/36 cells (A. 

albopictus-derived immune-deficient cells) to remove remaining vaccinia virus 

particles, since they cannot replicate in insect cells [167]. Even though this system 

proved to be an inimitable tool to study BUNV and was used to generate recombinant 

BUNV lacking the NSs protein [73, 81, 83], the procedure was rather time consuming 

as BUNV rescues took nearly three weeks, and produced only small yields of rescued 

virus. The system was further improved, and it was found that using BSRT7/5 cells, a 

BHK-derived cell line stably expressing T7 [168], and only the three HDR-flanked 

transcription plasmids increased the virus yield and drastically shortened the time 

needed for an efficient rescue [169]. A schematic representation of the helper-

independent rescue system for BUNV is shown in Figure 7. It is suggested that “leaky” 

translation of the antigenomic RNA copies leads to enough translation of 

nucleoproteins and RdRps to effectively form ribonucleoprotein (RNP) complexes and 

initiate replication and transcription [170]. After the establishment of the BUNV RGS, 

additional RGS for bunyaviruses followed; in 2005 for LACV [75], in 2006 for RVFV 

[171], in 2007 for AKAV [76], in 2013 for SBV [78], in 2015 for SFTSV [172] and CCHFV 

[173], and in 2016 for OROV [174]. The first RGS for a non-animal-infecting bunyavirus 

was established in 2020 by Feng et al. for the tomato spotted wilt virus, a member of 

the genus Tospovirus within the family Peribunyaviridae [175]. Interestingly, while most 

bunyavirus RGS are T7-based, the system for AKAV rescues is based on the cellular 

DNA-dependent RNA polymerase I (Pol I) [76], similar to the rescue system for 

influenza A virus by Fodor et al. [176]. Bunyaviruses exclusively replicate in the 

cytoplasm, while influenza A virus replicates in the nucleus. Therefore, T7-based 
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systems were deemed advantageous for bunyaviruses. A comparative study for RVFV 

demonstrated that both strategies result in comparable titres, but unlike using T7-

driven rescue systems, Pol-I driven systems could not generate infectious virus without 

the need for helper plasmids expressing N and RdRp proteins [170]. The same study 

also provided evidence that the insertion of one or two G residues directly following the 

T7 promoter sequence can enhance the T7 transcription efficiency [170]. Regardless 

of the transcription strategy used in RGS, the rescue of bunyaviruses entirely from 

cDNA has been proven to be an invaluable tool in the understanding of molecular 

mechanisms underlying bunyavirus infection, replication, immune evasion, and the 

evolution of novel viruses through reassortment. A few examples include the knock-

out of non-structural proteins allowing the investigation of their role in the viral life cycle 

and the alteration of the host immune response [73-75, 77, 82, 83, 171, 174]. The 

fusion of fluorescence proteins such as GFP with BUNV Gc allowed the investigation 

of viral entry into the host-cell and Golgi-trafficking [57]. Furthermore, mutational 

analysis of the nucleoprotein of BUNV broadened the understanding of conserved 

amino acid motifs within the N protein [177]. Another area of application for RGS is in 

the investigation into viral evolution. Using functional RGS, possible reassortment 

between related bunyaviruses can be investigated without the need for time-

consuming co-infections, as demonstrated for OROV and SBV [134]. Moreover, RGS 

were used to highlight the flexibility of bunyavirus genomes, by creating recombinant 

RVFV with 2- or 4-segmented genomes [143, 178]. Additionally, recombinant, less 

virulent viruses lacking partial or complete proteins can be used as live-attenuated 

vaccine candidates [73, 171, 178]. These are only a few examples highlighting the 

exceptional value and tremendous impact reverse genetic systems pose in bunyavirus 

research. 

 



Chapter 1 – General Introduction 

20 
 

 

Figure 7. Schematic representation of the helper-independent rescue system for Bunyamwera 
orthobunyavirus after Lowen et al. [169]. Full-length antigenomic cDNAs of each viral segment (S, 
M, and L) are cloned into a transcription plasmid (pT7ribo/TVT7R). Conserved termini of the 
untranslated regions (UTRs) of the genus Orthobunyavirus are shown in light grey. Coding regions, 
including the start codon, are indicated as dark grey rectangle. 5’ UTRs are flanked by the T7 promoter 
sequence (indicated as dark grey arrow) containing an additional G residue (shown in bold and 
underlined), to increase T7 RNA polymerase (T7) transcription efficiency. 3’UTRs are flanked by the 
Hepatitis delta ribozyme (HDR - shown as black box) and the T7 termination sequence (indicated as 
white box). All three transcription plasmids encoding the full-length S, M, and L cDNAs are 
simultaneously transfected into T7-expressing cells (BSRT7/5). T7 polymerase is continuously 
expressed from the nucleus and initiates transcription, followed by HDR self-cleavage. Messenger RNAs 

(mRNAs) are translated through “leaky” translation into viral proteins. Resulting nucleocapsid and RNA-

dependant RNA polymerase proteins promote the formation of ribonucleoprotein complexes that initiate 

the replication of antigenomic RNA (agRNA) to genomic RNA (gRNA). gRNAs are packed into virions 

and infectious virus is released. Figure in part prepared using www.smart.servier.com. 
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1.5  Aims 

Due to climatic and environmental changes as well as globalisation, bunyaviruses 

can expand to areas they were previously non-endemic. Next to the risk of infecting 

naïve populations, this also harbours the threat of newly emerging reassorted viruses 

with unknown vector capacity, host range and pathogenicity. While some bunyaviruses 

have been subject of extensive research, due to the direct risk they present to the 

western world (e.g., La Crosse, Cache Valley and Schmallenberg orthobunyavirus), 

knowledge of other bunyaviruses with possible health implications is lacking. One of 

the most widespread bunyaviruses, the Batai orthobunyavirus (BATV) is vastly 

understudied. While BATV infections usually cause mild, fever-like symptoms in 

humans, they can lead to abortions and offspring with congenital disfunctions in 

ruminants. BATV, together with Bunyamwera orthobunyavirus (BUNV) gave rise to a 

reassorted orthobunyavirus (OBV). Human infections with this reassorted OBV (Ngari 

virus - NRIV) lead to severe symptoms, such as haemorrhagic fever. Little is known so 

far about molecular limitations, pathogenicity, or vector susceptibility of this reassorted 

OBV. Thus, the first study (chapter 3) aims to explore the potential for viral 

reassortment of BATV and BUNV after in vitro co-infection of mammalian and insect 

cell lines. Further, resulting reassortant viruses are characterized for growth capacity 

in selected cell lines of mammalian host and insect vector species. The second study 

(chapter 4) examines potential cell-specific differences in the growth of BUNV and 

BATV and potential implications for viral reassortment. Therefore, murine bone-

marrow derived dendritic cells were infected with BATV to analyse the role of C-type 

lectin receptors and induced immune pathways during viral recognition. Finally, this 

study aims to establish a reverse genetics system for BATV (chapter 5) that will provide 

a tool to further investigate BATV as well as presenting the basis for targeted 

reassortment experiments between BUNV and BATV, together with the reverse 

genetics system for BUNV [167, 169]. 
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2.  Materials and Methods 

Detailed descriptions of the materials and methods used during the preparation 

of this thesis are listed in the corresponding chapters (chapter 3 – 5).  
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3.1  Abstract  

Reassortment is a viral genome-segment recomposition known for many viruses, 

including the orthobunyaviruses. The co-infection of a host cell with two viruses of the 

same serogroup, such as the Bunyamwera orthobunyavirus and the Batai 

orthobunyavirus, can give rise to novel viruses. One example is the Ngari virus, which 

has caused major outbreaks of human infections in Central Africa. This study aimed to 

investigate the potential for reassortment of Bunyamwera orthobunyavirus and the 

Batai orthobunyavirus during co-infection studies and the replication properties of the 

reassortants in different mammalian and insect cell lines. In the co-infection studies, a 

Ngari-like virus reassortants and a novel reassortant virus, the Batunya virus, arose in 

BHK-21 cells (Mesocricetus auratus). In contrast, no reassortment was observed in 

the examined insect cells from Aedes aegypti (Aag2) and Aedes albopictus (U4.4 and 

C6/36). The growth kinetic experiments show that both reassortants are replicated to 

higher titers in some mammalian cell lines than the parental viruses but show impaired 

growth in insect cell lines. 

Keywords: viral reassortment, orthobunyaviruses, insect cells 
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4.1  Abstract 

Batai orthobunyavirus (BATV), like most Orthobunyavirus members is 

transmitted to vertebrates via the bite of a hematophagous arthropod. Therefore, one 

of the first cell types they encounter are dermal dendritic cells (DCs). DCs are part of 

the innate immunity and recognize pathogens via pattern recognition receptors (PRRs) 

based on conserved pathogen-associated molecular patterns (PAMPs). C-type lectin 

receptors (CLRs) are an important class of PRRs that were shown to be involved in 

the recognition as well as the entry of bunyaviruses. Here we report first qPCR results 

indicating a possible involvement of DC-SIGN as well as CLEC4e (Mincle) in the early 

viral recognition of BATV in murine bone marrow-derived dendritic cells. However, 

transcriptomic analysis of DC2.4 infected with BATV contradict these findings and 

indicate an involvement of two different CLRs; CLEC2d (Clr-b) and CLEC4a1 (DICR). 

Additional and currently ongoing experiments using wild-type and CLEC4e deficient 

BMDCs will help to clarify these initial results. 

 

Keywords: Batai orthobunyavirus, C-type lectin receptors, transcriptomics, gene expression, dendritic 

cells 
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4.2  Introduction 

Batai orthobunyavirus (BATV) is a mosquito-borne virus of the Bunyamwera 

serogroup within the order Bunyavirales [1]. While infections in humans are usually 

characterized by mild symptoms like febrile illness, other symptoms such as 

bronchopneumonia, exudative pleurisy, catarrhal and follicular tonsillitis, and acute 

gastritis have also been reported. Disease in livestock such as ruminants are 

associated with spontaneous abortions, premature birth, and offspring with congenital 

defects. Therefore, especially when infecting agriculturally relevant mammals and 

birds, BATV presents a significant economic threat [2-5]. Although BATV was detected, 

both by direct isolation and through serum antibodies, throughout Europe, Asia, Africa, 

and Australia and is thought to be one of the most prevalent members of the 

Orthobunyavirus genus, it is heavily understudied [2, 6-8].  

BATV is transmitted by the bite of a hematophagous arthropod vector and thus first 

encounters dermal innate immune cells, such as dendritic cells (DCs) and 

macrophages [9]. These cells are so called professional antigen-presenting cells 

(APCs), recognizing pathogens via binding of pathogen-associated molecular patterns 

(PAMPs) by pattern recognition receptors (PRRs) [10]. One important class of PRRs 

are C-type lectin receptors (CLRs). These receptor proteins are characterized by their 

(mostly) Ca2+-dependent, extracellular carbohydrate-binding protein domains (called 

lectins). They are mainly expressed on APCs like DCs and macrophages and have a 

variety of functions, ranging from immune response, cell-cell adhesion, and apoptosis 

to antigen presentation to naïve T-cells and initiate the adaptive immune response [11-

13]. Viral recognition by CLRs is based on glycan motifs on surface proteins. BATV, 

like other members of the Bunyavirales order possess two glycoproteins - Gn and Gc 

- that mediate cell attachment and entry [14]. For Bunyamwera orthobunyavirus, the 

type species of the Bunyamwera serogroup, it was shown that Gn and Gc harbour 

three distinct N-linked glycosylation sites, and sequence alignments with other 

members of the genera suggest that they are conserved among the serogroup [15]. 

Interestingly, CLRs have also been identified as entry sites for bunyaviruses. 

Germiston and La Crosse orthobunyavirus, as well as several different phleboviruses 

were shown to use the dendritic cell-specific intercellular adhesion molecule 3-

grabbing nonintegrin (DC-SIGN) to infect human and animal cells [16, 17]. Additionally, 

the Macrophage-inducible Ca2+-dependent lectin receptor (Mincle), Dectin-1 and 
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Dectin-2 have also been demonstrated to interact with LACV, however, they only play 

a limited role in early LACV recognition [18]. 

To identify CLRs involved in the recognition of BATV during early stages of infection, 

we performed infection experiments using immortalized mouse dendritic cells (DC2.4) 

as well as bone marrow-derived dendritic cells (BMDCs) and analysed the cellular 

transcriptome 24h post infection. Additionally, RT-PCR assays were performed to 

analyse the relative expression of selected CLRs and effector proteins in the early 

stages of infection. First results indicated that CLEC4E (Mincle) was distinctly 

upregulated in wild-type (wt) BMDCs during early BATV infection. Thus, additional 

transcriptome analyses, using BATV-infected CLEC4E-deicient mice BMDCs, were 

performed to examine the role of Mincle, as well as effector proteins like the caspase 

recruitment domain family member 9 (CARD9). 

 

4.3  Materials and Methods 

4.3.1  Cells and viruses 

Bone marrow-derived dendritic cells (BMDC) were obtained by cultivating bone 

marrow cells from wild-type and CLEC4E-deficient mice (previously described by 

Monteiro et al [18]) in Iscove's Modified Dulbecco's Medium without L-glutamine (IMDM 

- PAN Biotech GmbH, Aidenbach, Germany) supplemented with 10% fetal bovine 

serum (FBS - Capricorn Scientific GmbH, Ebsdorfergrund, Hessen, Germany), 2 mM 

stable L-glutamine (Capricorn Scientific), 1x penicillin/streptomycin  (100x solution, 

Capricorn Scientific) and 10% of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) supernatant derived from X63 cells [19] at 37°C and 5% CO2. Differentiation 

media was changed 48 and 96 h post seeding. After cultivation for ten days cell 

populations were stained and analysed via FACS for DC differentiation marker CD11c 

expression. Only cell populations with at least 75% CD11c positive cells were further 

used for infection experiments. 

DC2.4 [20] (Mus musculus C57BL6; CVCL_J409) were cultivated in GibcoTM 

Advanced RPMI 1640 (Thermo Fischer Scientific, Waltham, Massachusetts, USA), 

supplemented with 1% GibcoTM GlutaMAXTM (ThermoFischer), 1% 

penicillin/streptomycin (Capricorn Scientific) and 10% FBS (Capricorn Scientific) at 

37°C and 5% CO2. 
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BHK-21 (Mesocricetus auratus; CCVL L 0179) were cultivated in Minimum Essential 

Medium Eagle (MEM) with Earle’s salts (Capricorn Scientific), 5% FBS (Capricorn 

Scientific), 2 mM stable L-glutamine (Capricorn Scientifc) and 1x 

penicillin/streptomycin (Capricorn Scientific) 37°C with 5% CO2. 

C6/36 (Aedes albopictus; CVCL_Z230) (Friedrich-Loeffler-Institute, Island 

Riems, Germany) were cultivated in Schneiders’ Drosophila media (PAN Biotech) 

supplemented with 10% FBS (Capricorn Scientific), 2 mM stable L-glutamine solution 

(Capricorn Scientific), 1% MEM NEAA (100x) without L-glutamine (PAN Biotech) 

GmbH, Aidenbach, Germany), 1% sodium pyruvate solution (100 mM - PAN Biotech) 

and 1x penicillin/streptomycin (100x solution, Capricorn Scientific) at 25°C.  

Prof. Schmidt-Chanasit kindly provided Batai orthobunyavirus (BATV) Strain 53.2 

[21]. Virus was grown alternating on either BHK-21 cells or C6/36 cells and viral titres 

determined via TCID50 as previously described by Heitmann et al.[22]. 

 

4.3.2  BATV infection of BMDCs and DC2.4 

BMDCs were seeded in T25 cm2 tissue culture flasks (Sarstedt AG & Co., 

Nümbrecht, Germany) in IMDM supplemented with 5% FBS, 2 mM stable L-glutamine 

and 1x penicillin/streptomycin (100x solution). Cell density for each individual animal 

varied depending on the success-rate of the differentiation. Half the cells collected from 

individual animals were used for infection and the other half acted as a non-infected 

mock control.  

DC2.4 were seeded at a density of 3.5x106 cell per T25 cm2 tissue culture flask 

(Sarstedt) in GibcoTM Advanced RPMI 1640 (ThermoFischer), supplemented with 10% 

FBS, 1% GibcoTM GlutaMAXTM (ThermoFischer) and 1% penicillin/streptomycin 

(Capricorn Scientific). Uninfected mock controls were treated like their infected 

counterparts. Infections were performed with BATV grown on C6/36 cells at MOI of 0.1 

PFU/cell for 24 h at 37°C and 5% CO2.  

 

4.3.3  RNA extraction  

One day post infection (dpi), cells were collected. Cells were detached using a 

cell scraper and by rinsing the flask with the supernatant. Cells and supernatants were 

transferred to 15 ml conical tubes and centrifuged at 4°C and 300 xg for 15 min. 
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Supernatants were transferred in new 15 ml conical tubes. Cell pellets were either 

resuspended in 1 ml QIAzolTM Lysis Reagent (Qiagen, Hilden, Germany), or 350 µl 

RLT buffer (Qiagen, Hilden, Germany) and stored at least 24 h at -80°C.  

Total cellular RNA used for RT-PCR was isolated using the RNeasy Mini Kit (Qiagen, 

Hilden, Germany) following manufacturer’s handbook. Cell pellets were resuspended 

in 350µl RLT buffer and RNA eluted in 50 µl RNase-free water. Total cellular RNA used 

for Next-Generation Sequencing (NGS) was isolated using QIAzolTM Lysis Reagent 

following manufacture’s handbook (starting with step 4). Cell pellets were resuspended 

in 1 ml QIAzol and stored at 80°C for at least 24 h. RNA was eluted in 15 µl RNase-

free water. 

To determine if BATV successfully infected the cells, viral titres in the supernatants 

24 h post infection were determined by TCID50 (as described by Heitmann et al.[22]). 

 

4.3.4  NGS 

The quality of all RNA samples was verified on an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA, USA) using an RNA 6000 Nano Kit (Agilent 

Technologies). An RNA integrity Number (RIN) of >7 was implemented as a cut-off for 

samples used for library preparation. Subsequently the RNA was quantified on a Qubit 

Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and produced 500 ng 

aliquots of the samples were produced as input for library preparation. Libraries were 

prepared using TruSeq Stranded mRNA Sample Preparation Kit (Illumina, San Diego, 

CA, USA) according to the manufacturer’s recommendations. Each sample was 

uniquely identified using TruSeq RNA Single Indexes (Illumina). All libraries were 

sequenced on Mid Output Kits v2.5 (Illumina) on the NextSeq 500 for 2 × 75 bp in 

paired-end mode. 

 

4.3.5  Bioinformatical analysis  

FASTQ-files of all samples were mapped against the reference genome of Mus 

musculus (Version GRCm38 from https://www.ncbi.nlm.nih.gov/) using the STAR 

aligner (Version 2.6.1; [23]) and read counting was performed with the same tool. 

Count data was subjected to differential expression analysis between infected and un-

infected samples using DESeq2 [24]. Differential expression analysis was done 

separately for the first sequencing run (R1) and for the technical replicate (R2). From 
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this analysis gene-wise raw and FDR-adjusted p-values as well as log2 fold changes 

were obtained. Gene ontology (GO) term enrichment analysis was performed using 

Enrichr [25]. GO analysis was performed separately for gene annotations related to 

biological processes, cellular components, and molecular functions. Again, raw p-

values were adjusted to control the FDR. Average log2 fold changes, p values and 

adjusted p values were taken from both technical replicates. Log2 fold changes in gene 

expression ≥ +/- 2 were deemed as distinctly up- or downregulated, respectively. A padj 

value < 0.05 was considered statistically significant. 

 

4.3.6  RT-PCR 

Gene expression assays targeting genes encoding for C-type lectins (CLRs), 

CLR-associated proteins or housekeeping genes were carried out using the Luna® 

Universal Probe One-Step RT-qPCR Kit (New England Biolabs, Ipswich, MA, USA) 

with TaqMan® Assay (Applied Biosystems, ThermoFischer) primer and probe mixes 

in an AriaMx Real-Time PCR System (Agilent Technologies, Santa Clara, Ca, USA) ( 

 

Table 1 - 3). RT-PCRs using BMDC RNAs were performed in technical replicates, 

RT-PCRs using DC2.4 RNAs were performed using RNA from two separate samples. 

Mean CT of PCR replicates were taken and relative gene expression of CLRs and CLR-

associated proteins was calculated using the comparative CT method (2−ΔΔCT method) 

described by Livak and Schmittgen [26]. Relative expression of target genes was 

normalised using 18 ribosomal protein and β-actin housekeeping genes (Equation 1). 

𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =  2−𝛥𝛥𝐶𝑇  

𝑤ℎ𝑒𝑛  ΔΔCT  =  [(CT gene of interest –  CT internal control)infected 

 – (CT gene of interest –  CT internal control)uninfected)] 

Equation 1. Calculation of Fold change in gene expression in infected cells compared to 

uninfected control using a housekeeping gene to normalise values using the comparative CT 

method by Livak and Schmittgen [27]. 
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Fold change reduction due to BATV infection, indicated by 2−ΔΔCT
 = <1, is displayed as 

negative fold change using 
−1

2−ΔΔ𝐶T. Average relative gene expression in BMDCs was 

calculated using Equation 2. 

 

((2−𝛥𝛥𝐶𝑇)𝐵𝑀𝐷𝐶 𝑠𝑎𝑚𝑝𝑙𝑒 1) + ((2−𝛥𝛥𝐶𝑇)𝐵𝑀𝐷𝐶 𝑠𝑎𝑚𝑝𝑙𝑒 2)

2
 

Equation 2. Average fold change in gene expression in infected BMDCs compared to 

uninfected control. 

 

Table 1 PCR for gene expression assays using Luna Universal Probe One-Step RT-qPCR 

Component Amount [µl] per reaction  

Luna Universal Probe One-Step Reaction Mix (2X) 10 

TaqMan® Assay Primer/Probe Mix 2 

Luna WarmStart® RT Enzyme Mix (20X) 1 

Template 10.5 ng 

PCR-grade water Fill to 20 

 

Table 2 Thermal profile used for gene expression assays 

Step Temperature [°C] Time 

Reverse transcription 55 10 min 

Initial denaturation 95 60 sec 

40 cycles 
Denature 95 10 sec 

Anneal/Extend* 60 60 sec 

*Data collection 
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Table 3 TaqMan® Assay primer/probe mixes used for gene expression assays 

Target gene (encoded receptor/protein) TaqMan® Assay* 

Rps18† (18s ribosomal protein) Mm0261777_g1 

Actb† (β-actin) Mm02619580_g1 

Clec4a2 (DCIR) Mm00488795_m1 

Clec4d (Dectin 3) Mm01501738_m1 

Clec4e (Mincle) Mm01183703_m1 

CARD9 (CARD9) Mm01327594_m1 

CD209d (DC-SIGN-related protein 3) Mm00459972_m1 

Clec12a (MICL) Mm00624579_m1 

Clec12b (Macrophage antigen H) Mm01183406_m1 

*For mouse-specific gene expression; † housekeeping genes 

 

4.4  Results 

4.4.1  Transcriptome analyses of infected DC2.4 

To examine the role of C-type lectin receptors in early viral recognition of BATV, 

we infected immortalized mouse dendritic cells (DC2.4) at MOI 0.1 PFU/cell. 24h post 

infection (p.i.) cells were harvested and the total cellular RNA isolated by QIAzolTM 

RNA extraction. RNA sequencing (RNA-seq) was performed with 5 infected samples 

and 4 uninfected mock controls. Each RNA sample was sequenced twice (technical 

replicate), and the mean average of both runs was taken. Results of transcriptome 

analyses are displayed in Table 4 as log2 fold changes (Log2FC) in gene expression 

in infected DC2.4 compared to uninfected mock control (for raw data see supplement 

material Table S1 & Table S2). Clec2d is distinctively upregulated in infected DC2.4 

compared to the uninfected mock control with a log2 fold change of 2.17 and a padj 

value below 0.05. Additionally, log2 fold change for Clec4a1 expression is close to 2 

(1.902) with a padj value below 0.05. Transcriptome analysis revealed no significant 

upregulation of other CLR in infected DC2.4. However, transcriptomics data revealed 

several interferon-stimulated genes, such as OasI2, Mx1, Mx2, all members of the IFN-

induced protein with tetratricopeptide repeats (IFIT) gene family, and PKR significantly 

upregulated in infected DC2.4, with Log2FC values above or close to 2 and padj values 

below 0.05). 
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Table 4 Gene expression of selected CLR and effector protein genes in infected DC2.4 

Gene name Log2FC 

compared to mock 

padj pvalue 

CLEC1b 0.854 2.73E-01 1.26E-01 

CLEC2d 2.168 1.73E-09 1.64E-11 

CLEC4a1 1.902 2.35E-03 1.70E-04 

CLEC4a3 0.456 2.18E-01 7.60E-02 

CLEC4d 0.343 3.34E-01 1.47E-01 

CLEC4e -0.209 4.86E-01 2.68E-01 

CLEC4n -0.028 6.30E-01 4.17E-01 

CLEC5a 0.147 7.30E-01 5.37E-01 

CLEC7a -0.117 7.72E-01 5.94E-01 

CLEC10a -0.332 3.27E-01 1.42E-01 

CLEC11a 0.157 5.98E-01 4.24E-01 

CLEC12a 0.229 4.66E-01 2.53E-01 

CLEC16a -0.138 6.27E-01 4.27E-01 

CARD9 -0.527 3.16E-01 1.34E-01 

Oasl2 4.034 2.69E-173 1.68E-177 

Mx1 5.289 5.57E-81 3.53E-84 

Mx2 4.607 4.08E-121 5.16E-125 

Ifit1 5.207 3.26E-117 8.27E-121 

Ifit1bl1 (Ifit1c) 4.470 7.69E-18 3.02E-20 

Ifit1bl2 (Ifit1b) 4.375 6.88E-12 4.36E-14 

Ifit2 2.191 4.71E-16 2.20E-18 

Ifit3 4.830 8.40E-84 4.79E-87 

Ifit3b 5.439 3.69E-24 1.10E-26 

Eif2ak2 (PKR) 1.838 3.91E-08 4.85E-10 

padj < 0.05 were deemed statistically significant (bold); log2FC > +/- 2 were deemed distinct up- or downregulated 
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4.4.2  Comparison of relative gene expression in infected DC2.4 and BMDCs by RT-

PCR 

Next, we wanted to examine if the results obtained from infected immortalized 

DCs are comparable to bone marrow-derived dendritic cells (BMDCs). Therefore, we 

repeated the BATV infection experiments using DC2.4 and BMDCs. We used BMDCs 

of two different mice and two separate aliquots of DC2.4 cells. Relative gene 

expression (RGE) of selected CLRs and effector proteins (Table 3) was analysed using 

two housekeeping genes (18s ribosomal protein and β-actin). Relative expression of 

the selected genes is shown in Table 5 (CT values are listed in Table S3). A value 

below 1 represents a downregulation of gene expression in infected cells compared to 

the mock control (also shown as negative fold change), and a value above 1 represents 

an upregulated gene expression. RGE varies depending on the housekeeping gene 

used to normalize Cq values, but the general trend, whether a gene is up- or 

downregulated is consistent. Relative gene expression varies for several genes 

between infected DC2.4 and BMDCs. For example, expression of CLEC4a2 (DCIR) is 

5 to 6-fold upregulated (depending on the used housekeeping gene) in infected DC2.4 

cells, whereas expression of the same gene is between 1.3- to 1.5-fold (mice 3 and 

mice 2, respectively; 18s housekeeping gene) and 1.9- to 2.6-fold (mice 3 and mice 2, 

respectively; β-actin housekeeping gene) reduced in BMDCs. Expression of CLEC4d 

is 2.3- to 2.8-fold increased in DC2.4 (depending on the used housekeeping gene), 

while in BMDCs, there is no fold change in gene expression (when using 18s as a 

housekeeper), or an approximated 1.5-fold reduction (β-actin housekeeping gene). In 

infected BMDCs, CARD9 is less downregulated (approx. 1.3-fold 18s; 1.9-fold to 2.1-

fold mice ♂3 and mice ♂2, respectively; β-actin), than in DC2.4 (2.7-fold 18s; 3.3-fold 

β-actin). CLEC4e is upregulated in infected DC2.4, as well as infected BMDCs. While 

it is upregulated 5- to almost 6-fold, or 3.4- to 4-fold (18s or β-actin housekeeping gene, 

respectively) in BMDCs, it is upregulated 3.5-fold (β-actin housekeeping gene) or 4.3-

fold (18s housekeeping gene) in DC2.4. CLEC12a gene expression cannot be 

detected in DC2.4, while there is little up- or down regulation in BMDCs. CLEC12b was 

neither detected in DC2.4 nor in BMDCs. Expression of CD209d is downregulated in 

infected DC2.4 (1.33-fold 18s; 1.65-fold β-actin) and upregulated in infected BMDCs. 

Although, it is noteworthy, that it is stronger upregulated in cells derived from mice ♂2 

(4.5-fold 18s; 2.7-fold β-actin), than in cells derived from mice ♂3 (1.5-fold 18s; 1.05 

β-actin). RGE varies distinctively between mice ♂2 and mice ♂3 only for CD209d. 
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Taken together, relative gene expression varies depending on the housekeeping gene 

used for normalisation. However, the overall trend remains the same, except for 

CLEC12a, where RGE is increased in BMDCs derived from both mice when 

normalized using 18s, and slightly decreased in BMDCs derived from mice ♂2, but 

slightly increased for mice ♂3 when normalized with β-actin. There are several 

differences in CLR relative gene expression between infected DC2.4 and BMDCs, only 

CLEC4e and CARD9 gene expression show the same general trend in both cells. 

Interestingly, only relative gene expression of CD209d differs considerably between 

both infected BMDC samples. Since relative gene expression of CLEC4e is 

comparatively constant between infected DC2.4 and both infected samples of BMDCs, 

we decided to repeat the infection experiments and subsequential transcriptome 

analysis using CLEC4e-deficient BMDCs to further investigate into the role of CLEC4e 

(Mincle) during early BATV infections. Transcriptome analysis of these infections have 

not been concluded yet. 

 

Table 5 Relative gene expression of selective CLRs and effector proteins using RT-PCR 

 Gene DC2.4 BATV BMDC ♂2 BATV BMDC ♂3 BATV 

N
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 CLEC4a2 6.105 0.648 (-1.542) 0.774 (-1.292) 

CLEC4d 2.819 1.053 0.953 (-1.050) 

CLEC4e 4.317 5.278 5.856 

CARD9 0.371(-2.694) 0.796 (-1.257) 0.774 (-1.292) 

CD209d 0.753 (-1.329) 4.547 1.521 

CLEC12a n/a 1.597 1.879 

CLEC12b n/a n/a n/a 

N
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g
  

β
-a

c
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CLEC4a2 4.925 0.382 (-2.621) 0.534 (-1.873 

CLEC4d 2.274 0.620 (-1.613) 0.657 (-1.521) 

CLEC4e 3.482 3.482 4.042 

CARD9 0.299 (-3.340) 0.468 (-2.136) 0.534 (-1.873) 

CD209d 0.607 (-1.647) 2.676 1.050 

CLEC12a n/a 0.940 (-1.064) 1.297 

CLEC12b n/a n/a n/a 

 Displayed for DC2.4, BMDC ♂2 & ♂3 is the relative gene expression for selected CLR (including CD209d and CARD9); values 
below 1 represent a reduction in gene expression and are additionally indicated as negative foldchange. 
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4.5  Discussion 

Orthobunyaviruses, like other arboviruses, are transmitted by the bite of a 

hematophagous arthropod vector to a susceptible vertebrate host. Therefore, when 

infecting mammals, the first cell types they encounter a dermal macrophages and 

dendritic cells (DCs). On their cellular surface, these cells express pattern recognition 

receptors (PRRs) which recognize pathogens based on conserved pathogen-

associated molecular patterns (PAMPs) [10]. One important group of PRRs are C-type 

lectin receptors (CLRs) [12]. These receptors have been shown to be of dual use 

during viral infections. On the one hand, CLRs like DC-SIGN have been shown to 

recognize several viruses (Ebola, HIV-1, La Crosse, and hepatitis C virus) of different 

families and help to shape the immune-response against these pathogens by 

regulating the cytokine expression [12, 13, 28-31]. On the other hand, the same 

receptors were demonstrated to act as entry-points into host cells for multiple 

bunyaviruses [16, 17]. With this study, we want to get first insights in the role of CLRs 

during infections of myeloid DCs with Batai orthobunyavirus (BATV), although 

considered to be the most widespread member of the genus Orthobunyavirus, greatly 

understudied [2].  

Transcriptome analysis of DC2.4 infected with BATV revealed two CLRs coding 

genes that were significantly upregulated compared to those in uninfected mock 

controls (Table 4); CLEC2d and CLEC4a1. CLEC2d encodes for the C-type lectin-

related protein B (Clr-b). Clr-b and NKR-P1B are known interact with each other and 

were shown to negatively regulated the innate immune response by self-recognition in 

natural killer (NK) cells. However, the molecular basis for the interaction is still mostly 

unknown [32]. Interestingly, Clr-b expression is thought to be downregulated in infected 

cells, which leads to a reduced missing-self recognition and thus to an enhanced NK 

cell activity [33, 34]. The obtained RNA seq data would contradict such an effect in 

DC2.4 cells caused by BATV infection. A possible explanation for the inadequate 

downregulation of Clr-b upon BATV infection might be, that the small non-structural 

protein (NSs) of BATV could have an inhibitory effect on the interferon (IFN) α-induced 

downregulation of Clr-b [33] and thereby shielding infected cells from phagocytosis by 

NK cells. Several NSs proteins of bunyaviruses have been reported to function as 

interferon antagonist and/or inhibit host cell protein synthesis during viral infections, 

e.g., La Crosse, Rift Valley fever virus, Bunyamwera orthobunyavirus [35-38]. 
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However, since IFN-stimulated genes, such as Mx1, OasI2, PRK were significantly 

upregulated in infected DC2.4. this remains a rather improbable hypothesis. Given that 

information on the role of BATV NSs is missing and there is, to our knowledge, no data 

available on the role of Clr-b during infection with other bunyaviruses the role of the 

NKR-P1B:Clr-b-recognition complex during BATV infections remains enigmatic. 

The second CLR significantly upregulated in infected DC2.4, CLEC4a1 is one of four 

splicing variants of the CLEC4a gene in mice [39]. But only CLEC4a2 and CLEC4a4 

encode for proteins containing immunoreceptor tyrosine-based inhibitory motifs (ITIM) 

[40, 41]. CLEC4a2 codes for the dendritic cell inhibitory receptor (DCIR) and is 

suggested to be involved in the maintenance of immune homeostasis by dampening 

cellular functions [13, 42]. Additionally, using DCIR-/- knockout mice, DCIR was shown 

to contribute to cerebral malaria pathology development by affecting T cell priming in 

the spleen, impacting TNF-α production, as well as CD8+ T cell sequestration in the 

brain [43]. Lambert et al. demonstrated that DCIR act as an attachment site for HIV-1 

in DCs and contributes to its dissemination to CD4+ T-cells [44, 45]. Moreover, they 

provided evidence, that acute HIV-1 infection of CD4+ T-cells is accompanied by an 

increased DCIR expression on the surface of infected cells and associated with an 

enhanced viral attachment, entry, replication and transfer [46]. Although, a study by 

Jin et al. proposed that DC-SIGN plays a bigger role than DCIR in HIV-1 capture and 

transfer [47]. Using DCIR-deficient bone marrow-derived DCs (BMDCs) as well as 

DICR knockout mice the protective role of DICR during Chikungunya virus (CHIKV) 

infection by limiting the inflammatory response and subsequent tissue and joint 

damage was proven [48].  

Due to the insubstantial knowledge on BATV it is difficult to draw conclusions regarding 

the role of CLEC2d and CLEC4a1 based solely on the results obtained from 

transcriptome analysis of infected DC2.4. However, given the statistical significance of 

the upregulation of both CLRs, it seems plausible that they play a role during early 

BATV infection in immortalised dendritic cells.  

Next to CLEC2d and CLEC4a1 several IFN-induced genes, such as OasI2, Mx1, 

Mx2, all six known members of the IFN-induced protein with tetratricopeptide repeats 

(IFIT) gene family and PKR were significantly, or close to significantly upregulated in 

BATV-infected DC2.4. The two GTPases Mx1 and Mx2 (= orthomyxovirus resistance 

gene 1 and 2) have already been shown to play an important role in the antiviral 

immunity. It is generally accepted, that Mx1 is localized in the nucleus and is involved 



Chapter 4 

 

46 
 

in the resistance against orthomyxoviruses, like Influenza-A virus and Thogoto virus 

(THOV), both known to replicate in the nucleus. Whereas Mx2 is found in the cytoplasm 

and was shown to inhibit the replication of cytoplasmatic viruses, such as vesicular 

stomatitis virus and La Crosse virus (genus Orthobunyavirus) [49-52]. Furthermore, 

human MxA demonstrated protection against Hantaan virus, Rift Valley fever virus and 

La Crosse virus [53]. Since Mx1 is a so-called interferon responsive gene and therefore 

usually silenced until gene expression is rapidly induced upon viral-induced IFN 

stimmulation [54], it can be argued that BATV induces a strong IFN response in 

infected DC2.4. Infections with bunyaviruses in humans are already associated with a 

strong protective IFN response [49]. The IFIT gene family is thought to be among the 

most expressed IFN-stimulated genes (ISGs) [55]. Although Ifit1 (and the human 

orthologue IFIT1) are known antiviral proteins, Ifit1 exhibits no effect on the viral 

replication of LACV and Oropouche virus (OROV) in vitro or in vivo [56]. Moreover, the 

strong upregulation of Eif2ak2 gene, encoding for the protein kinase R (PKR), and 

Oasl2 gene (encoding for the 2'-5' oligoadenylate synthetase-like 2 protein) additionally 

emphasise the strong IFN-response induced in DC2.4 by BATV infection. To elucidate 

whether this strong IFN-response and the subsequent expression of ISGs is due to the 

overall contemporary nature of the used BATV isolate, suggesting it is not as adapted 

to mammalian cells as other bunyaviruses usually used in laboratory experiments, 

further experiments are needed. Also, additional experiments are needed to examine 

if the significantly enhanced expression of ISGs is accompanied by an enhanced viral 

degradation and immune clearance. 

Further, we wanted to evaluate if infections with BATV of DC2.4 and BMDCs 

result in comparable expression of CLRs. DC2.4 are an immortalised cell line 

generated from bone marrow cells of C57BL/6 mice, following infection with retrovirus 

vectors expressing murine GM-CSF and the oncogenes myc and raf. DC2.4 maintain 

many of the features of DCs, including expression of key cell surface markers, DC 

morphology, and the ability to phagocytose and present Ag via both class I and II 

pathways [20]. We infected wt BMDCs as well as DC2.4 with BATV for 24 h and used 

the isolated cellular RNA for qPCR analysis (Table 5). Multiple conclusions can be 

drawn from these results. The effect of viral infections on the expression of CLRs differ 

considerably between DC2.4 and BMDCs for most CLRs. Of seven tested genes, only 

two (CARD9 and CLEC4e) showed the same general trend in relative gene expression. 

These findings support the results of Alshamsan et al. who proclaimed, that gene 
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expression profiles of BMDCs and DC2.4 can harbour critical discrepancies. Although, 

it should be noted, that the study focused on tumour-mediated suppression of DC 

maturation through STAT3 hyperactivation [57], not on the effect of viral infections on 

CLR gene expression. Additionally, inconsistencies between RNA-seq data and qPCR 

results can be found when comparing the findings obtained with both methods. For 

example, transcriptome analysis revealed CLEC4e was marginally downregulated in 

infected DC2.4, however, qPCR results showed CLEC4e gene expression was approx. 

4-fold upregulated in the same cells. Though, there generally is a good correlation 

between data acquired by RNA-seq and qPCR, there is a small fraction of genes that 

do not correlate in both methods (Everaert et al. described these genes as “severely 

non-concordant”). Usually, these genes are expressed at lower amounts and shorter 

duration [58, 59]. Supplementary infection experiments using BMDCs will clarify if this 

finding is restricted to DC2.4, but these experiments are still ongoing. When comparing 

results from RNA-seq and qPCR it is eminent to be aware that RNA-seq results show 

all RNA fragments, including introns and alternative splicing variants and isoforms [60], 

while qPCR results show the expression of a specific splicing variant. RNA-seq results 

from infected DC2.4 showed a significant upregulation of the CLEC4a1 gene, but we 

chose to examine the relative gene expression (RGE) of CLEC4a2 using qPCR. 

CLEC4a2, not CLEC4a1 is thought to encode ITIM-bearing receptors [40, 41]. RNA-

seq as well as qPCR results show a distinct upregulation of the two splicing variants in 

infected DC2.4, indicating an involvement of DCIR in the recognition or dissemination 

of BATV in infected immortalised DCs. However, qPCR results of infected BMDCs 

draw a different picture. RGE of CLEC4a2 is downregulated in these cells. RNA-seq 

results of infected BMDCs are needed to clarify, if these differences in gene expression 

indicated by the qPCR results also translates to the transcriptome. Another important 

conclusion that can be drawn, is the necessity to include multiple housekeeping genes 

when comparing the relative gene expression in infected cells. Usually, housekeeping 

genes such as RPS18 (18s ribosomal protein) and Actb (β-actin) are used as internal 

controls to normalise the expression of the target gene. Ideally, expression of these 

genes is stable and experimental conditions do not affect their expression. However, 

several research articles and reviews have elucidated for the importance of carefully 

interpretating qPCR results from samples treated with biological substances and 

pathogens, since they can influence the gene expression of housekeeping genes [61-

64]. Differences in the RGE between normalisation with RPS18 and Actb are shown in 
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Table 5. Although the general trend in the expression in consistent for both 

housekeeping genes, there are some differences. For example, gene expression of 

CLEC4d can be interpretated as unaltered in infected BMDCs when normalisation was 

performed with RPS18 but regarded as downregulated when normalised with Actb. 

Taken these findings into consideration, it is clear, that qPCR results rely heavily on 

the use of appropriate housekeeping genes and experiments should include more than 

one housekeeping gene.  

Interestingly, CD209d (coding for the mouse orthologue of human DC-SIGN) was not 

found in the transcriptome analysis of infected DC2.4, although it was detected via 

qPCR. In DC2.4 the RGE of CD209 was shown to be approx. 1.5-fold downregulated, 

whereas in BMDCs RGE is upregulated. However, RGE of CD209d in BMDCs varies 

drastically between cells derived from two individual mice. Expression in mice ♂2 

CD209d is upregulated 2.7- and 4.5-fold (Actb and RPS18 normalisation, respectively), 

while in mice ♂3 RGE is only 1.5-fold increased (RPS18) or not upregulated (Actb). 

Since CD209d was the only gene with such distinct differences in RGE between both 

samples, this might hint towards an individuum-specific regulation of that gene. 

Moreover, the upregulation of CD209d is in line with the literature, which suggest DC-

SIGN to be a heavily involved in the recognition of bunyaviruses and other viruses such 

as hepatitis-C virus and HIV [17, 18, 29, 31, 47]. 

In conclusion, so far transcriptome analysis and subsequent qPCR indicate the 

distinct upregulation in BATV-infected immortalised DCs (DC2.4) of genes coding for 

two CLR, CLEC2d and CLEC4a1. Furthermore, BATV induces a strong IFN response 

in infected DC2.4, indicated by the significant upregulation of ISGs. If the upregulation 

of ISGs is accompanied by an enhanced viral clearing needs to be further analysed. 

Furthermore, CLEC4e (Mincle) and CD209d (DC-SIGN), which have already been 

shown to be involved during infection with bunyaviruses are presumably upregulated 

in BMDCs. Additional transcriptome analysis and subsequent qPCRs of BATV-infected 

wt and CLEC4e-deficient BMDCs (these experiments are currently ongoing) will help 

to better understand the role of CLRs in the recognition of Batai orthobunyavirus.  
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4.7  Supplement Material 

Table S1 Transcriptomics data obtained from NGS of infected DC2.4 compared with uninfected 

DC2.4 (first NGS run) 

1st 
run 

geneID log2FC padj pvalue lfcSE stat baseMean ensembleID 

C
-t

y
p

e
 l
e
c
ti

n
 r

e
c

e
p

to
rs

 a
n

d
 C

A
R

D
9

 

Clec1b 0,650 0,438 0,225 0,535 1,214 6,443 ENSMUSG00000030159 

Clec2d 2,251 5,78E-13 3,35E-15 0,286 7,877 69,084 ENSMUSG00000030157 

Clec4a1 2,100 1,20E-03 7,15E-05 0,529 3,971 11,539 ENSMUSG00000049037 

Clec4a3 0,453 0,254 0,094 0,270 1,676 66,796 ENSMUSG00000043832 

Clec4d 0,343 0,319 0,134 0,229 1,498 1177,278 ENSMUSG00000030144 

Clec4e -0,205 0,486 0,266 0,185 -1,112 1243,933 ENSMUSG00000030142 

Clec4n 0,255 0,697 0,488 0,369 0,693 15,155 ENSMUSG00000023349 

Clec5a 0,145 0,735 0,537 0,236 0,617 1739,369 ENSMUSG00000029915 

Clec7a -0,111 0,790 0,615 0,221 -0,503 565,348 ENSMUSG00000079293 

Clec10a -0,354 0,315 0,131 0,234 -1,509 922,600 ENSMUSG00000000318 

Clec11a 0,460 0,369 0,170 0,335 1,373 18,497 ENSMUSG00000004473 

Clec12a 0,242 0,421 0,210 0,193 1,252 1054,636 ENSMUSG00000053063 

Clec16a -0,094 0,769 0,585 0,172 -0,546 637,178 ENSMUSG00000068663 

CARD9 -0,520 0,313 0,130 0,343 -1,514 1338,609 ENSMUSG00000026928 

In
te

rf
e
ro

n
-s

ti
m

u
la

te
d

 g
e
n

e
s

 Oasl2 4,029 5,38E-173 3,35E-177 0,142 28,382 3267,127 ENSMUSG00000029561 

Mx1 5,308 1,36E-85 7,64E-89 0,266 19,984 929,661 ENSMUSG00000000386 

Mx2 4,821 2,09E-128 2,60E-132 0,197 24,477 592,745 ENSMUSG00000023341 

Ifit1 5,202 2,92E-123 5,46E-127 0,217 23,972 930,075 ENSMUSG00000034459 

Ifit1bl1 4,651 4,44E-20 1,55E-22 0,476 9,768 6,36E+01 ENSMUSG00000079339 

Ifit1bl2 4,595 4,77E-12 3,09E-14 0,605 7,595 2,82E+01 ENSMUSG00000067297 

Ifit2 2,097 9,42E-16 4,40E-18 0,242 8,668 1297,050 ENSMUSG00000045932 

Ifit3 4,741 1,25E-90 5,45E-94 0,231 20,567 450,799 ENSMUSG00000074896 

Ifit3b 5,298 5,55E-28 1,18E-30 0,460 11,510 77,612 ENSMUSG00000062488 

Eif2ak2 
(PRK) 

1,843 2,75E-08 3,30E-10 0,293 6,284 3025,571 ENSMUSG00000024079 
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Table S2 Transcriptomics data obtained from NGS of infected DC2.4 compared with uninfected 

DC2.4 (second NGS run) 

2nd 
run 

geneID log2FC padj pvalue lfcSE stat baseMean ensembleID 

C
-t

y
p

e
 l
e
c
ti

n
 r

e
c

e
p

to
rs

 a
n

d
 C

A
R

D
9

 

Clec1b 1,058 0,107 0,026 0,476 2,221 8,618 ENSMUSG00000030159 

Clec2d 2,086 3,47E-09 3,27E-11 0,314 6,634 71,795 ENSMUSG00000030157 

Clec4a1 1,705 3,50E-03 2,69E-04 0,468 3,644 12,314 ENSMUSG00000049037 

Clec4a3 0,459 0,182 0,058 0,242 1,893 63,473 ENSMUSG00000043832 

Clec4d 0,343 0,349 0,159 0,244 1,408 1116,153 ENSMUSG00000030144 

Clec4e -0,213 0,486 0,270 0,194 -1,102 1193,197 ENSMUSG00000030142 

Clec4n -0,311 0,563 0,346 0,331 -0,942 17,272 ENSMUSG00000023349 

Clec5a 0,149 0,725 0,537 0,240 0,618 1649,274 ENSMUSG00000029915 

Clec7a -0,124 0,754 0,573 0,219 -0,564 526,351 ENSMUSG00000079293 

Clec10a -0,310 0,339 0,152 0,217 -1,433 879,481 ENSMUSG00000000318 

Clec11a -0,146 0,827 0,678 0,351 -0,415 14,940 ENSMUSG00000004473 

Clec12a 0,215 0,512 0,295 0,205 1,048 1005,139 ENSMUSG00000053063 

Clec16a -0,182 0,486 0,270 0,165 -1,103 590,052 ENSMUSG00000068663 

CARD9 -0,535 0,320 0,139 0,361 -1,480 1263,255 ENSMUSG00000026928 

In
te

rf
e
ro

n
-s

ti
m

u
la

te
d

 g
e
n

e
s
 Oasl2 4,038 4,89E-191 3,09E-195 0,135 29,808 3085,362 ENSMUSG00000029561 

Mx1 5,270 1,11E-80 7,05E-84 0,272 19,405 875,116 ENSMUSG00000000386 

Mx2 4,392 8,16E-121 1,03E-124 0,185 23,753 558,518 ENSMUSG00000023341 

Ifit1 5,212 6,53E-117 1,65E-120 0,223 23,342 890,413 ENSMUSG00000034459 

Ifit1bl1 4,289 1,53E-17 6,02E-20 0,469 9,144 58,150 ENSMUSG00000079339 

Ifit1bl2 4,155 8,99E-12 5,64E-14 0,553 7,516 26,518 ENSMUSG00000067297 

Ifit2 2,285 2,33E-19 8,85E-22 0,238 9,590 1197,638 ENSMUSG00000045932 

Ifit3 4,919 1,68E-83 9,57E-87 0,249 19,741 428,999 ENSMUSG00000074896 

Ifit3b 5,580 7,38E-24 2,20E-26 0,525 1,06E+01 69,289 ENSMUSG00000062488 

Eif2ak2 
(PRK) 

1,832 0,000 0,000 0,296 6,181 2860,375 ENSMUSG00000024079 
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Table S3 RT-PCR raw data from BATV infection experiments on DC2.4 and BMDCs  

Target gene 
Sample Cq  Sample Cq  Sample Cq 

18s  DC2.4 neg 1 22,97 

 

BMDC ♂2 neg 25,69 

 

BMDC ♂3 neg 25,56 

β-Actin DC2.4 neg 1 23,99 

 

BMDC ♂2 neg 24,03 

 

BMDC ♂3 neg 24,54 

Clec4a2 DC2.4 neg 1 36,54 

 

BMDC ♂2 neg 29,17 

 

BMDC ♂3 neg 30,24 

Clec4d DC2.4 neg 1 31,77 

 

BMDC ♂2 neg 27,97 

 

BMDC ♂3 neg 28,49 

Clec4e DC2.4 neg 1 32,7 

 

BMDC ♂2 neg 33,32 

 

BMDC ♂3 neg 33,46 

CARD9 DC2.4 neg 1 28,55 

 

BMDC ♂2 neg 30,59 

 

BMDC ♂3 neg 31,1 

CD209d DC2.4 neg 1 28,29 

 

BMDC ♂2 neg 39,74 

 

BMDC ♂3 neg 35,73 

Clec12a DC2.4 neg 1 No Cq 

 

BMDC ♂2 neg 29,43 

 

BMDC ♂3 neg 30,22 

Clec12b DC2.4 neg 1 40,8 

 

BMDC ♂2 neg No Cq 

 

BMDC ♂3 neg No Cq 

18s  DC2.4 neg 2 22,21 

te
c
h

n
ic

a
l 
re

p
li
c
a
te

s
 

BMDC ♂2 neg 24,92 

te
c
h

n
ic

a
l 
re

p
li
c
a
te

s
 

BMDC ♂3 neg 25,52 

β-Actin DC2.4 neg 2 23,32 BMDC ♂2 neg 23,62 BMDC ♂3 neg 24,28 

Clec4a2 DC2.4 neg 2 36,1 BMDC ♂2 neg 29,04 BMDC ♂3 neg 30,26 

Clec4d DC2.4 neg 2 31,01 BMDC ♂2 neg 27,68 BMDC ♂3 neg 28,34 

Clec4e DC2.4 neg 2 31,59 BMDC ♂2 neg 32,81 BMDC ♂3 neg 33,19 

CARD9 DC2.4 neg 2 27,98 BMDC ♂2 neg 30,39 BMDC ♂3 neg 31,17 

CD209d DC2.4 neg 2 27,79 BMDC ♂2 neg 35,73 BMDC ♂3 neg 34,53 

Clec12a DC2.4 neg 2 No Cq BMDC ♂2 neg 29,1 BMDC ♂3 neg 29,96 

Clec12b DC2.4 neg 2 40,34 BMDC ♂2 neg No Cq BMDC ♂3 neg No Cq 

18s  DC2.4 BATV 1 24,54 

 

BMDC ♂2 BATV 1 25,21 

 

BMDC ♂3 BATV 1 25,11 

β-Actin DC2.4 BATV 1 25,38 

 

BMDC ♂2 BATV 1 22,99 

 

BMDC ♂3 BATV 1 23,52 

Clec4a2 DC2.4 BATV 1 35,74 

 

BMDC ♂2 BATV 1 29,7 

 

BMDC ♂3 BATV 1 30,26 

Clec4d DC2.4 BATV 1 31,96 

 

BMDC ♂2 BATV 1 27,75 

 

BMDC ♂3 BATV 1 28,26 

Clec4e DC2.4 BATV 1 31,69 

 

BMDC ♂2 BATV 1 30,64 

 

BMDC ♂3 BATV 1 30,45 

CARD9 DC2.4 BATV 1 31,41 

 

BMDC ♂2 BATV 1 30,73 

 

BMDC ♂3 BATV 1 31,24 

CD209d DC2.4 BATV 1 30,45 

 

BMDC ♂2 BATV 1 35,47 

 

BMDC ♂3 BATV 1 33,51 

Clec12a DC2.4 BATV 1 No Cq 

 

BMDC ♂2 BATV 1 28,39 

 

BMDC ♂3 BATV 1 28,57 

Clec12b DC2.4 BATV 1 No Cq 

 

BMDC ♂2 BATV 1 37,69 

 

BMDC ♂3 BATV 1 No Cq 
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18s  DC2.4 BATV 2 24,39 

te
c
h

n
ic

a
l 
re

p
li
c
a
te

s
 

BMDC ♂2 BATV 1 25,36 

te
c
h

n
ic

a
l 
re

p
li
c
a
te

s
 

BMDC ♂3 BATV 1 25,31 

β-Actin DC2.4 BATV 2 25,06 BMDC ♂2 BATV 1 23,09 BMDC ♂3 BATV 1 23,57 

Clec4a2 DC2.4 BATV 2 35,43 BMDC ♂2 BATV 1 29,72 BMDC ♂3 BATV 1 30,32 

Clec4d DC2.4 BATV 2 31,58 BMDC ♂2 BATV 1 27,71 BMDC ♂3 BATV 1 28,05 

Clec4e DC2.4 BATV 2 32,13 BMDC ♂2 BATV 1 30,65 BMDC ♂3 BATV 1 30,44 

CARD9 DC2.4 BATV 2 31,73 BMDC ♂2 BATV 1 30,87 BMDC ♂3 BATV 1 31,11 

CD209d DC2.4 BATV 2 30,2 BMDC ♂2 BATV 1 35,59 BMDC ♂3 BATV 1 34,88 

Clec12a DC2.4 BATV 2 No Cq BMDC ♂2 BATV 1 28,75 BMDC ♂3 BATV 1 29,13 

Clec12b DC2.4 BATV 2 No Cq BMDC ♂2 BATV 1 38,55 BMDC ♂3 BATV 1 No Cq 

18s Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

β-Actin Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

Clec4a2 Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

Clec4d Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

Clec4e Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

CARD9 Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

CD209d Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

Clec12a Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

Clec12b Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

 

Neg Ctrl (H2O) No Cq 

DC2.4: two individual infected samples were tested; BMDC: samples from each individual mice were tested in technical replicates  
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5.1  Abstract 

Batai orthobunyavirus (BATV) infections in humans are characterized by mild 

fever-like symptoms, infections in ruminants are frequently associated with abortions 

and off-spring with congenital malformations. Like other members of the 

Orthobunyavirus genera, BATV is a negative-sensed, segmented RNA virus, that 

encodes four structural and two non-structural proteins. Although it is one of the most 

widespread members of the Orthobunyavirus, molecular studies are vastly lacking. 

With the introduction of reverse genetics systems (RGS) in the 1980s, the possibilities 

for in-depth research on viral biology significantly increased. Here we describe our 

attempts to establish a T7-based three-plasmid rescue system for BATV. BATV 

genome was cloned as cDNA into the transfection plasmid pTVT7R. The ORF 

encoding the non-structural protein NSs, encoded on the S-segment, was disrupted by 

knocking-out the first three start codons and introducing a stop codon down-stream of 

the second start codon in the appropriate cDNA. Four different transfection strategies 

were used in this study. So far, rescue attempts of wild-type BATV, as well as BATV 

lacking the NSs protein were unsuccessful.  

 

Keywords: Batai orthobunyavirus, reverse genetics system, NSs protein, orthobunyavirus, virus rescue 
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5.2  Introduction 

 The family Peribunyaviridae comprises many emerging and re-emerging zoonotic 

viruses associated with severe disease in humans and livestock. Some examples 

include Ngari virus (NRIV), La Crosse (LACV), Akabane (AKAV), Oropouche (OROV), 

Cache Valley (CVV) and Schmallenberg orthobunyavirus (SBV). Disease severity can 

range from acute febrile illness (OROV), encephalitis (LACV) to haemorrhagic fever 

(Ngari virus) in humans and stillbirth and congenital malformation in ruminants (AKAV, 

CVV and SBV) [1-5]. Members of the family encode their genome on three RNA 

segments of negative polarity. The viral genome encodes for four structural and two 

non-structural proteins. The large (L) segment encodes the RNA-dependent RNA 

polymerase, the medium (M) segment encodes a polyprotein that is co-and post-

translational cleaved into two glycoproteins (Gn and Gc) and the non-structural protein 

M (NSm), and the small segments encodes the nucleoprotein (N) as well as the non-

structural protein S (NSs) [6]. Following the recent changes in the taxonomic order 

Bunyavirales, the Peribunyaviridae now consists of four genera: Orthobunyavirus, 

Herbevirus, Pacuvirus and Shangavirus, containing more than 110 different viral 

species [7, 8]. The largest of the four is the genus Orthobunyavirus, comprised of over 

100 different mostly (but not exclusively) mosquito-borne viruses in a viral life cycle 

that alternates between a hematophagous arthropod and a susceptible vertebrate 

host. Orthobunyaviruses can be serologically categorized to one of 18 serogroups, by 

either complement fixation, hemagglutination or by neutralizing antibody assays [9]. 

One key feature of segmented viruses is their capability for reassortment or antigenic 

shift; the ability of closely related viruses to exchange complete genome segments 

during replication, while co-infecting a single cell [10]. Viral reassortment can be 

accompanied by the emergence of novel viruses with an altered phenotype, vector 

capacity and pathogenicity [11]. Ngari virus (NRIV) is a naturally occurring reassorted 

virus of the Bunyamwera serogroup. NRIV contains the L and S segment of the 

Bunyamwera orthobunyavirus (BUNV) and the M segment of the Batai 

orthobunyavirus (BATV). Unlike both parental viruses, which are known to usually 

cause mild fever-like symptoms in humans, NRIV was linked to multiple outbreaks of 

haemorrhagic fever [4, 12-14]. A recently described additional reassortant virus 

containing the BATV S and M as well as the BUNV L segment emerged following in 

vitro co-infection experiments [15]. While BUNV has been the subject of extensive 

research over the last decades (reviewed in [6, 16, 17]), knowledge on BATV and NRIV 
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is vastly lacking [18]. With the introduction of reverse genetics systems (RGS), and 

thus the ability to rescue viruses entirely from cDNA plasmids, the capability to 

investigate the role of specific gene sequences and proteins has leaped forward [19-

22]. The first reverse genetics system for a segmented RNA virus was established by 

Bridgen and Elliott for BUNV [19] which was later improved by Lowen et al. [23]. This 

system was of tremendous help to better understand bunyavirus biology. The system 

is based on the transcription of viral cDNA by the bacteriophage T7 RNA polymerase. 

RGS for multiple bunyaviruses have been used to examine the role of the NSs protein 

[24-29]. One key feature seems to be the role as host immune system antagonist, by 

inhibiting the innate immune response in mammalian cells [26, 30-32]. Such a system 

for BATV would allow the in-depth investigation of gene functions and additionally, 

when combined with the BUNV RGS, the targeted construction of potential 

reassortants, without the need for time-consuming and chance-dependent co-infection 

experiments. Thus, it would allow us to assess the pathogenicity of potential 

reassortants, their vector competence and the overall risks they pose for humans and 

livestock. Therefore, we worked on the establishment of a T7-based reverse genetic 

system for the efficient rescue of BATV and use it to gain the first insights in the role 

of the NSs protein.  

 

5.3  Material and Methods 

5.3.1  Cells and viruses 

BHK-21 (Mesocricetus auratus; CCVL L 0179) and Vero E6 (Chlorocebus 

sabaeus; CCVL L 0228) cells were cultivated in Minimum Essential Medium (MEM – 

with Earle’s Salts, without L-Glutamine – Capricorn Scientific), supplemented with 1% 

L-Glutamine, 1% Penicillin/Streptomycin (PAN Biotech) and 10% fetal bovine serum 

(FBS). BSR-T7/5 cells [33], obtained from Benjamin Brennan, were cultivated as 

previously described by Brennan et al. [34]. In short, BHK-21 derived, T7 RNA 

polymerase stably expressing BSR-T7/5 cells were grown in Glasgow Minimal 

Essential Medium (GMEM – with L-Glutamine, with tryptose phosphate, with sodium 

carbonate – Pan Biotech) supplemented with 10% FBS and 1 mg/ml G418 (Capricorn 

Scientific). Cells were grown at 37°C with 5% CO2, unless stated otherwise.  

Batai orthobunyavirus (BATV) strain 53.2, provided by Prof. Schmidt-Chansit [35] 

was grown alternating on BHK-21 and C6/36 cells as previously described [15]. For 
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RNA extraction, BATV (grown on C6/36 cells) was used to infect BHK-21 cells. 

Therefore, 4 T175 cm2 tissue culture flasks were seeded with 5x106
 BHK-21 cells each 

in MEM containing 5 % FBS. 150 minutes later, cells were infected at a multiplicity of 

infection (MOI) of 0.1 PFU/cell. Incubation was at 37°C with 5% CO2. Three days post 

infection (dpi) cell culture supernatants were harvested, residual cell debris was 

removed by centrifugation at 300xg for 5 min, and the cleared supernatants 

subsequently frozen at -80°C. 

 

5.3.2  RNA extraction and RACE-PCR 

The 5’ and 3’ termini of the BATV strain 53.2 (GenBank accession no. 

S: MZ773502, M: MZ773503, S: MZ773504) were incompletely sequenced by NGS, 

therefore we used RACE (rapid amplification of cDNA ends) PCR as described by 

Brennan et al. [34] to complete the sequence information for this virus strain. 

To do so, supernatants of infected cells were thawed after 24h at -80°C, and virus 

was concentrated via highspeed centrifugation. A 5 ml sucrose cushion (30% sucrose 

solution in 10 mM Tris, pH 8) was overlayed with viral supernatant and centrifuged 

using the Avanti j-26xp (Beckman Coulter) with the JA-25.50 rotor (Beckman Coulter) 

at 25000 rpm and 10°C for 24 h. Afterwards, supernatant was carefully discarded, and 

the pellets resuspended in 500 µl MEM without FBS. After resuspending the first pellet, 

the media was transferred to the next tube, and used to resuspend that pellet using 

the same media. This was done for all four centrifuged pellets. The solution was mixed 

with 1 ml QIAzol (QIAGEN) and stored for 1 h at 4°C. The ensuing RNA isolation was 

performed using the RNeasy Mini Kit (QIAGEN) following manufacturer instructions.  

Since total cell RNA isolated from infected cells contains both genomic and 

antigenomic viral RNA, we amplified both 5’ and 3’ ends using 3’ RACE PCR. In short, 

isolated viral RNA was polyadenylated using Poly(A) Tailing Kit (Invitrogen) for 1h at 

37°C, followed by RNA clean-up using the RNeasy Mini Kit (QIAGEN). First strand 

cDNA was generated in a reverse transcription reaction with M-MLV reverse 

transcriptase (Promega) and 10 mM Oligo(dT) primer for 60 min at 42°C. Second 

strand was generated using GoTaq® DNA Polymerase (Promega) and 0.5 µM RACE 

Anchor Primer (RACE-AP) and segment specific primer, each. PCR products were 

visualized on a TAE-agarose gel, excised, purified using NucleoSpin™ Gel and PCR 

Clean‑up Mini Kit (Macherey-Nagel) and the nucleotide sequences determined by 
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Sanger sequencing. RACE PCRs and Sanger sequencing were performed three times. 

Primer sequences and specific temperatures are listed in Table 1.  

Table 1. Oligonucleotides used for 3’ RACE analysis  

Primer Name: Sequence (5’ – 3’) 
Genome position (nt)  
(antigenome cDNA) 

 

Oligo(dT) * 

 

GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV 

 

NA 

RACE-AP * GACCACGCGTATCGATGTCGAC NA 

S-RACE (fwd)  GGTTGGAAGAAGACAAATG 702 – 720  

S sequencing (fwd) GCTTGTTGGGTGGGT 850 – 864  

S-RACE (rev) AGCCCCCAAGGTTAAG 255 – 270  

S sequencing (rev) GCAACCTCTGGGTCAAA 117 – 130  

M-RACE (fwd)  CCTTTTTCGGGAGCTATTTT 4189 – 4208 

M sequencing (fwd) AGGGATGTATTGAAAAGGAATGA 4290 – 4312  

M-RACE (rev) TTGTGCTCAAGCTCAGGTCTGT 333 – 354  

M sequencing (rev) GGCACAGGATTGCAGTTCTTCC 274 – 295  

L-RACE (fwd)  GAGAAAGAAATGAATAAAGAAGCCAA 6673 – 6698  

L sequencing (fwd) CTAAATAACAACACAAAGCTCAA 6759 – 6781 

L-RACE (rev) CGGGGTGACATTTGGA 267 – 282  

L sequencing (rev) ACACAATTCACGGCCA 159 – 174  

*From Brennan et al. [54]; primer orientation based on antiviral cDNA; fwd = forward; rev = reverse; NA = not applicable 

 
 

5.3.3  Full-length cDNA syntheses and plasmids 

Plasmids containing full-length antigenomic sense cDNA copies of the BATV S, 

M, and L segment are needed for the rescue of infectious virus. After identifying the 

missing nucleotides at 3’ and 5’ end of all three viral RNA segments of the BATV strain 

53.2 genome using 3’ RACE PCR, we designed primer to generate full-length 

antigenome cDNAs of all three segments (Fehler! Ungültiger Eigenverweis auf 

Textmarke.). First strand cDNA synthesis was carried out using Poly-A RNA (as 

described above) and SMARTScribe™ Reverse Transcriptase (Clontech) with 10 µM 

Oligo(dT) primer, 10 mM dNTP each and 20 mM DTT. Incubation was performed at 

42°C for 90 min, followed by 15 min at 70°C to stop the reaction. Second strand cDNA 

was synthesized using Platinum™ SuperFi™ DNA Polymerase (Invitrogen) with 0.5 

µM segment specific primer and 45 ng cDNA template. We followed the 3-step 

protocol, thermal profile is displayed in Table S1. PCR products were visualized on a 

TAE-agarose gel, bands with the appropriate size were excised, purified and 

nucleotide sequences were determined. Transfection plasmids for BATV strain 53.2 

were designed according to the BUNV reverse genetics system [23]. In short, full-

length antigenomic cDNAs flanked by T7 promoter and hepatitis delta ribozyme (HDR) 

sequences were cloned into BbsI-linearized pTVT7R(0/0) [36] by In-Fusion HD 
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restriction-free cloning (Clontech) and NEBuilder® HiFi DNA Assembly Master Mix 

(New England Biolabs). Similar to the reverse genetics system for BUNV [23] or SBV 

[27] T7 promoter sequence includes one ‘G’ residue at the 3’ end for efficient 

transcription. Since we were not able to generate full-length cDNA of the BATV L 

segment, we ordered the synthesized full-length genomic fragment from GeneScript 

Biotech, cloned into pUC57. This plasmid was used as a template to generate full-

length antigenome cDNA (flanked by T7 promoter, including the 3’ end ‘G’ residue and 

HDR sequences) via a touchdown PCR (thermal profile displayed in Table S2) using 

Platinum™ SuperFi™ DNA Polymerase (Invitrogen) with 0.5 µM primer and 10 ng 

template. PCR products were visualized on a TAE-agarose gel, bands with the 

appropriate size were excised, purified and nucleotide sequences were determined by 

Sanger sequencing. BATV L antigenome insert was cloned into pTVT7R linearized 

with BbsI as described above. Plasmids were transformed into JM109 E.coli competent 

cells (Zymo Research), spread on Agar plates containing selection antibiotics 

(carbenicillin) and incubated over night at 37°C. Colonies PCR-positive (Table S3 & 

Table S4) for desired inserts were picked and transferred into liquid LB-media 

containing selection antibiotics. After incubation for 18 h, plasmid isolations were 

performed using NucleoSpin™ Plasmid Mini Kit (Macherey-Nagel), nucleotide 

sequences were confirmed by Sanger sequencing, and glycerol stocks prepared. 

Plasmids are called pTVT7R-BATV L(+), pTVT7R-BATV M(+) and pTVT7R-BATV 

S(+). Fresh liquid LB-media were inoculated and incubated for maxi preps. Maxi preps 

were performed using ZymoPURE II Plasmid Maxiprep Kit (Zymo Research).  

To investigate the role of the BATV NSs we generated an additional plasmid 

(TVT7R-BATV S(+)delNSs) containing mutations within the NSs open-reading frame 

(ORF), that do not affect the N protein ORF. Therefore, in a first reaction, the tandem 

ATG initiation codons for the NSs ORF were eliminated by a T to C change (positions 

89 and 92) and a stop codon introduced by a C to A change at position 95. Following 

the transformation into competent cells, subsequent plasmid isolation and sequencing, 

in a second mutagenesis reaction a third start codon was eliminated by a T to C change 

at position 176 (Figure 1). In total, three start codons were eliminated, and a stop 

codon introduced. Genome modifications were performed using Q5 Site-directed 

mutagenesis Kit (New England Biolabs). Primer and nucleotide positions of the 

mutations are shown in Table 3.  
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Table 2. Oligonucleotides used for the construction of BATV cDNA clones 

Primer Name Sequence (5’ – 3’) 

Tm [°C] 

Segment 
specific 

Full 
length 

 

TVT7R-BATV S (+) T7 fwd 

 

TACGACTCACTATAgAGTAGTGTACTCCACAC  
55 

 
68.5 

TVT7R-BATV S (+) HDR rev ATGCCATGCCGACCCAGTAGTGTGCTCCACCTAAAAC 

TVT7R-BATV M (+) T7 fwd TACGACTCACTATAgAGTAGTGTACTACCGATAC 
55.4 67.9 

TVT7R-BATV M (+) HDR rev ATGCCATGCCGACCCAGTAGTGTGCTACCGATATAATAACAG 

TVT7R-BATV L (+) T7 fwd TACGACTCACTATAgAGTAGTGTACTCCTATATAAAG 
54.6 66.5 

TVT7R-BATV L (+) HDR rev ATGCCATGCCGACCCAGTAGTGTGCTCCTATATAAAAG 

Bold & capital letters = T7 promotor sequence; bold & uncapitalized = additional ‘G’ residue for enhanced transcription efficiency; 

underlined = segment-specific viral sequence; italics = hepatitis delta ribozyme sequence  

 

 

 

Figure 1. Production of BATV S antigenome lacking the NSs ORF. S segment antigenomic cDNA 

sequences are shown. First three start codons (methionine, M) in the NSs open reading frame (ORF) 

are eliminated by changing ATG to ACG (positions 89, 92 and 176) and a stop codon (asterisk) is 

introduced by changing TCG to TAG (position 95). Changes in the NSs ORF are introduced without 

introducing changes in the N ORF. A) Nucleotide changes introduced during the first site-directed 

mutagenesis reaction are marked in grey. B) Nucleotide change introduced during the second site-

directed mutagenesis reaction is marked in grey. Numbers indicate nucleotide positions in the full-length 

S segment antigenomic cDNA. 

 

 

Table 3. Oligonucleotides for side-directed mutagenesis to generate TVT7R-BATV S(+)delNSs 

Primer Name Sequence (5’ – 3’) 
Mutation & position (nt) 
within antigenome cDNA 

BATV delNSs SDM 1st reaction fwd  GTaGCTGCTAACACCAGCAGTAC 
89 T/C; 92 T/C; 95 C/A 

BATV delNSs SDM 1st reaction rev gTCgTTGAATTCTAATTCAATCATCGGATATG 

BATV delNSs SDM 2nd reaction fwd  GGGCTTAGTTAcGACAACATTCG 
176 T/C 

BATV delNSs SDM 2nd reaction rev AGTGGTGTAGATACGCTTAAAG 

capital letters = nucleotides corresponding to viral antigenome; uncapitalized letters = introduced point mutations 
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5.3.4  Generation of recombinant viruses from cDNA 

Virus rescues were performed using a three-plasmid rescue strategy [23]. Four 

different set-ups and multiple different plasmid concentrations were tested. 

1. Regular transfection with T7 expressing cells: 1x105 BSR-T7/5 cells/well were 

seeded in a 6-well plate and incubated overnight. Cells were transfected with TVT7R-

BATV L(+), TVT7R-BATV M(+), and TVT7R-BATV S(+) and either 2.5 or 5 µl TransIT®-

LT1 (Mirus Bio) per µg plasmid in 500 µl Opti-MEM (Gibco). Transfected cells were 

incubated at 37°C and 5% CO2 for up to 6 days post transfection (dpt). Viral 

supernatants were harvested at 4, 5, and 6 dpt.  

2. Reverse transfection with T7 expressing cells: Plasmids were mixed according to 

Table 5. 250 µl Opti-MEM (Gibco) and the appropriate amount TransIT®-LT1 (Mirus 

Bio). Transfection mix is incubated for at least 20 min at RT. 2x105 BSR-T7/5 cells (in 

Glasgow-MEM containing 2% FBS) were added to each transfection mix and 

incubated for 30 min at RT. Transfected cells were seeded in 12-well plates, incubated 

at 37°C and 5% CO2 for up to 6 dpt. Viral supernatants were harvested at 4, 5, and 6 

dpt.  

3/4. Regular transfection of Vero E6 infected with recombinant MVA strain of vaccinia 

(MVA-T7) [37] or fowlpox virus (FP-T7) [38] expressing T7: 3x105 cells per well were 

seeded in 6-well plates and incubated at 37°C and 5% CO2. When cells were around 

60% confluent, media was aspirated from the wells and 1 ml pre-warmed Opti-MEM 

added (incubation at 37°C and 5% CO2 for 20 min). MVA-T7 or Fowlpox-T7, kindly 

provided by Dr. Martin Ludlow, inoculums were prepared in 3 ml Opti-MEM. Media was 

removed from Vero E6 and MVA/Fowlpox inoculum transferred onto the cells and 

incubated at 37°C and 5% CO2 for 25 min. Transfection mix was prepared according 

to Table 6 in 500 µl Opti-MEM (Gibco) and 2.5 µl TransIT®-LT1 (Mirus Bio) per µg 

plasmid DNA. 6-well plates containing Vero E6 infected with MVA-T7 or Fowlpox-T7 

were centrifuged in a Beckman-Coulter Allegra X 15R centrifuge with SX4750 rotor at 

1200 rpm and 30°C for 20 min. Afterwards, MVA/Fowlpox inoculum were aspirated 

from Vero E6 and the transfection mix was added dropwise to the cell monolayer and 

subsequently incubated at 37°C and 5% CO2 for up to 6 dpt. Viral supernatants were 

harvested at 4, 5, and 6 dpt.  

To generate BATV lacking the NSs protein, TVT7R-BATV S(+) was substituted with 

TVT7R-BATV S(+)delNSs.  
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Transfected cells were kept in the appropriate cell culture media (Glasgow-MEM 

for BSR-T7/5 cells and MEM for Vero E6) containing only 2% FBS. Intra-assay controls 

included one well treated with TransIT®-LT1 to check for transfection reagent-induced 

toxicity and a control well to examine general transfection efficiency, with pCG-EGFP 

(eGFP expression plasmid under T7 control). Rescue outcomes were assessed by 

plaque assay of P0 supernatants (rescue supernatants) on BHK-21 cells, additionally, 

supernatants were passaged once (P1) on BHK-21 cells and subsequently analysed 

by segment-specific RT-PCR (previously described by Heitmann et al. [15]). 

 
Table 4. Plasmid concentrations used for regular transfection 

Well no 1 2 3 4 5 6 7 8 9 

Plasmid Plasmid concentrations [ng] 

TVT7R-BATV L(+) 400 400 500 500 750 750 1000 1000 1000 

TVT7R-BATV M(+) 200 400 500 500 500 500 500 500 1000 

TVT7R-BATV S(+)* 400 400 500 750 750 100 500 1000 1000 

* to generate BATV lacking the NSs protein, substitute TVT7R-BATV S(+) with TVT7R-BATV S(+)delNSs 

 

Table 5. Plasmid and TransIT®-LT1 concentrations used for reverse transfection 

Well no 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

TransIT®-LT1 per µg plasmid [µl] 

Plasmid 

2 2.5 3 5 

Plasmid concentrations [ng] 

TVT7R-BATV L(+) 1000 1500 2000 2500 3000 3500 400 1000 1500 2000 2500 3000 3500 400 
TVT7R-BATV M(+) 1000 1500 2000 2500 3000 3500 400 1000 1500 2000 2500 3000 3500 400 
TVT7R-BATV S(+)* 1000 1500 2000 2500 3000 3500 400 1000 1500 2000 2500 3000 3500 400 

* to generate BATV lacking the NSs protein, substitute TVT7R-BATV S(+) with TVT7R-BATV S(+)delNSs 

 

Table 6. Plasmid concentrations for transfections using MVAT7 and FowlpoxT7 

Plasmid 

MVAT7 FowlpoxT7 

Plasmid concentrations [ng] 

TVT7R-BATV L(+) 400 400 

TVT7R-BATV M(+) 400 400 

TVT7R-BATV S(+)* 400 400 

* to generate BATV lacking the NSs protein, substitute TVT7R-BATV S(+) with TVT7R-BATV S(+)delNSs 
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5.4  Results 

5.4.1  RACE-PCR 

NGS data from Batai orthobunyavirus (BATV) strain 53.2 was missing the 5’ and 

3’ terminal ends. Since full length cDNA clones were needed, 5’ and 3’ untranslated 

regions (UTR) were determined using RACE PCR. It has been shown previously for 

Oropouche orthobunyavirus [39] and several phleboviruses [40-42], another genus of 

the Bunyavirales, that both genomic and antigenomic copies are packed into virions, 

hence, we expected to obtain 3’ UTR sequences of genome and antigenome RNA 

using 3’ RACE only. Missing nucleotides of BATV strain 53.2 5’ and 3’ UTRs were 

determined, and the sequence completed (see supplement material). Three nucleotide 

changes between the uploaded BATV strain 53.2 M segment (GenBank accession no 

MZ773503) antigenome 3’ end and the RACE PCR results were found. Nucleotide 

changes were near the 3’ terminal end, hence we corrected the sequence according 

to the RACE results (see supplement material).  

 

5.4.2  Full-length cDNA syntheses and plasmids 

After we completed the sequences for all three BATV segments, we designed 

segment-specific oligonucleotides and amplified full length cDNA copies of the viral 

antigenome, flanked by T7 promoter and hepatitis delta ribozyme sequences. The S 

and M antigenome cDNA could be obtained by RT-PCR using viral RNA as template. 

Full-length L antigenome cDNA could not be acquired by RT-PCR using viral RNA. 

Therefore, we ordered the synthesised viral genome (see materials and methods) and 

used it as a template to generate full length copy of the antigenomic cDNA flanked by 

T7 promoter and hepatitis delta ribozyme sequences by regular PCR. Amplified DNA 

products of approximately 0.9, 4.5 and 6.9 kb were obtained, purified and cloned into 

Bbs-I linearised plasmid TVT7R(0/0) [36] by In-Fusion cloning and HiFi DNA assembly 

such that the antigenome-sense RNA would be transcribed by the T7 RNA polymerase 

(Figure 2). To generate an NSs deletion mutant of BATV, we mutated the first three 

AUG start codons of the NSs ORF (T → C at nt 89, 92 and 176 in the antigenomic S 

segment) and introduced a stop codon after the second start codon (C → A at nt 95 in 

the antigenomic S segment) by two separate site-directed mutagenesis reactions such 

that the amino acid sequence of the overlapping N protein remained unchanged 

(Fehler! Verweisquelle konnte nicht gefunden werden. A and B). Following 
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transformation into chemically competent E. coli and ensuing miniprep, nucleotide 

sequences of all four plasmids were determined by Sanger sequencing (sequencing 

oligonucleotides are listed in Table S5). No nucleotide changes compared to the in 

silico generated plasmids were found.   

 

 

Figure 2. Schematic representation of the BATV TVT7R plasmids. Antigenome-sense RNAs with 
correct 3’ ends are generated by transcription of the antigenomic cDNA by T7 RNA polymerase and 
ensuing hepatitis delta ribozyme self-cleavage. (Explained in detail in Materials and Methods section). 

 

5.4.3  Generation of recombinant viruses from cDNA 

To rescue recombinant virus, the plasmids were used in a three-plasmid rescue 

system [23] by regular or reverse transfection of T7 RNA polymerase-expressing BSR-

T7/5 cells or transfection of  MVA-T7 or Fowlpox-T7 infected Vero E6. First, we 

assessed the transfection efficiency of the four transfection strategies (regular, 

reverse, MVA-T7-based and Fowlpox-T7-based transfection). Transfection of 

BSR-T7/5 with pCG-EGFP (eGFP under T7 promoter control) resulted in the strongest 

signal (Figure 3 A). Both, regular and reverse transfection (transfection of cells in 

suspension, and subsequent seeding – for details see Materials and Methods) resulted 

in comparable transfection efficiency when transfected with control plasmids (reverse 

transfection not shown). No transfection-induced toxicity was overserved in BSR-T7/5 

(Figure 3 B) or Vero E6 cells (not shown). Transfection with GFP expressing plasmids 

of MVA-T7 or FP-T7 infected Vero E6 cells resulted in very little GFP signal (Figure 3 

C and D). Virus-induced cell death was observed 3 days post infection in non-

transfected MVA-T7 (Figure 3 E) and Fowlpox-T7 (Figure 3 F) infected Vero E6. 
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Unfortunately, no CPE was observed in BATV-transfected cells 6 dpt, independently 

of the transfection method used. Additionally, plaque assays did not show any signs of 

infectious viral particles within the supernatants. Also, segment-specific RT-PCRs of 

the passaged supernatants of BATV-transfected cells did not result in the amplification 

of viral segments. So far, no infectious virus could be rescued, independently of the 

used transfection method. 

Figure 3. Photomicrographs of transfections performed on BSRT7/5 and Vero E6 cells using 

TransIT®-LT1 (LT-1). Photomicrograph of A) pCG-EGFP (T7 promoter control) transfection efficiency 

control, B) TransIT®-LT1 toxicity control (after regular transfection), C) MVA-T7 infected Vero E6 with 

pCG-EGFP transfection efficiency control, D) Fowlpox-T7 infected Vero E6 with pCG-EGFP transfection 

efficiency control, E) MVA-T7 infected Vero E6 cells no plasmid transfected, F) Fowlpox-T7 infected 

Vero E6 cells no plasmid transfected. A and B 2 days post transfection (dpt). C, D, E, F 3 days post 

infection. Scale bars represent 50 µm.  
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5.5  Discussion 

Batai orthobunyavirus (BATV) is considered to be one of the most wide-spread 

member of the Orthobunyavirus genus within the Peribunyaviridae [43]. BATV and 

Bunyamwera orthobunyavirus (BUNV) are the two parental viruses that gave rise to 

the Ngari virus, a reassorted viruses that comprises the large and small segment of 

BUNV and the medium segment of BATV and is associated with severe outbreaks of 

haemorrhagic fever [4, 13]. Still, BATV is severely understudied and a deeper 

understanding of the molecular properties of this virus is lacking [18]. Therefore, here 

we attempted to rescue BATV entirely from cDNA plasmids. First, we needed to 

complete the NGS sequence of BATV strain 53.2 to be able to design specific 

oligonucleotides that can be used to generate full-length cDNA copies of the viral 

genome by PCR. Rapid amplification of cDNA ends (RACE) PCR can be used to 

determine terminal ends of cDNA sequences. Since it has already been shown for 

Oropouche orthobunyavirus [55] and several phleboviruses [56-58], that both genome 

and antigenome can be packed simultaneously into a virion, we presumed that both 

terminal ends of BATV could be determined using 3’ RACE. After analysing the PCR 

products by Sanger sequencing, this theory was confirmed, and we were able to 

complete the GenBank sequences for BATV strain 53.2 (see supplementary 

materials). In addition to completing the terminal ends of each segment, we also 

identified three nucleotide variances at the cDNA 3’ end between the NGS data of 

BATV M (GenBank: MZ773503) and our RACE results. It is known, that bunyaviruses 

within a genus (e.g. Orthobunyavirus) share highly conserved complimentary 3’ and 5’ 

terminal ends at their untranslated regions, that form a ‘panhandle’ structure that 

functions as a promoter for replication and transcription [44]. NGS results of BATV M 

cDNA 3’ ends were not complementary to their 5’ ends, additionally they varied from 

the cDNA 3’ ends of BATV L and S, as well as 5’ ends of other Orthobunyavirus 

members. After correcting the sequence of BATV M according to the Sanger 

sequencing results obtained by RACE PCR, 3’ and 5’ ends of all three segments were 

in line with the known conserved terminal ends of other Orthobunyavirus members. 

Next, we generated full-length antigenomic cDNA copies of all three BATV segments, 

flanked by T7 and hepatitis delta virus ribozyme, including an additional ‘G’ residue at 

5’ end of the antiviral genome. The ‘G’ residue at the 3’ end of the T7 promoter 

sequence was shown to enhance the T7 transcription efficiency [23, 27]. Interestingly, 

while the S and M segment could be generated by RT-PCR using viral RNA as 
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template, we were not able to generate full length BATV L cDNA. We were able to 

amplify the L segments in parts by RT-PCR with viral RNA as template (data not 

shown) but could not join them together. We cannot say with certainty why we were 

not able to generate full-length BATV L cDNA, since we did not further investigate into 

that matter and ordered the synthesised viral genome of BATV L. Although, when 

checking the predicted secondary structure of the L segment (see Supplementary 

Figure 1), we found many complex structures, that might inhibit the reverse 

transcription reaction. The fact that we were able to generate L segment antigenomic 

cDNA copies flanked by T7 and HDR sequences using the synthesised DNA L 

segment (which was cloned into pUC57 by GeneScript) as a template could be seen 

as an indication that supports this theory. But this is just a speculation and would 

require additional experimentation. Further, we generated a S segment transfection 

plasmid lacking the NSs open-reading frame (Figure 1) by eliminating the first three 

start codons and introducing a stop codon downstream of the second start codon. 

After successfully cloning all three antigenomic segments into BbsI-linearized 

TVT7R we attempted three plasmid rescues [23]. Transfections were performed on 

BSR-T7/5 cells and MVA-T7 or Fowlpox-T7 infected Vero E6 cells. BSR-T7/5 cells are 

BHK-21-derived cells that stably express T7 [33]. MVA-T7 is a replication-deficient 

vaccinia virus that encodes for the T7 polymerase [37] and Fowlpox-T7 is a 

recombinant fowlpox virus that stably express T7 in infected avian and mammalian 

cells [38]. All methods we used to rescue BATV from cDNA clones are therefore based 

on the expression of DNA-dependent RNA polymerase of the T7 bacteriophage that 

induces the transcription of viral cDNA into RNA, which is further translated into 

proteins. Transfection of GFP expressing plasmids were used as intra-assay controls 

(Figure 3 A, C, D), GFP expression correlates with transfection efficiency, more GFP 

emitting cells mean higher transfection efficiency. These controls showed that regular 

(3 A), as well as reverse transfection (not shown) of BSR-T7/5 cells resulted in the 

highest transfection efficiency, while MVA (3 C) and Fowlpox (FP) (3 D) induced T7 

expression only resulted in little to none GFP expression. We also included non-

transfected MVA-T7 (3 E) and Fowlpox-T7 infected (3 F) Vero E6 cell controls, that 

showed dead cells 3 days post infection. Since these wells were not transfected and 

non-infected Vero E6 cells (not shown) did not show any signs of cell death, we 

assume that the exhibited cell death was MVA- and Fowlpox-induced, respectively. 

Weak GFP signal in MVA-T7 and FP-T7 infected Vero E6 cells suggest, either a poor 
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plasmid transfection efficiency, or a low MVA/FP infection-rate which would result in 

low expression of T7 in these cells. Recombinant BATV could not be detected in MVA 

or FP infected Vero E6 supernatants after 6 days.   

Although the strong GFP signal in pCG-EGFP transfected BSR-T7/5 cells 

suggest a good transfection efficiency, we were not able to rescue recombinant virus 

after three plasmid rescues. Rescued virus could neither be detected by plaque-assay 

of rescue supernatants, nor by RT-PCR of one-time passaged supernatants. To date, 

we are not sure why our rescue attempts do not result in infectious virus. One 

explanation could be so far undetected sequence errors in the untranslated regions 

(UTRs) of either one or multiple cloned segments. Since we have sequenced our 

plasmids multiple times and the BATV sequences we used as templates to designed 

oligonucleotides for the cloning, is based on NGS data completed with our RACE PCR 

results (which have been performed three sperate times) this seems unlikely but should 

not be disregarded. To verify, whether the UTRs are correct and can function as 

promoter for transcription and replication, a minigenome assay would be useful. 

Minigenome systems are based on a reporter gene (e.g., GFP or firefly luciferase) 

flanked by viral sequences necessary for transcription and replication (for 

Orthobunyaviruses these are the UTRs [45-47]) which are transfected together with 

plasmids coding for proteins necessary for viral replication (N and L protein). Using 

minigenome systems, it can also be tested if the viral polymerase functions properly 

and that the replication signals are correct [48]. Additionally, minigenomes can be used 

to determine the appropriate plasmid amounts and ratios, if a quantitative reporter 

gene like humanised renilla luciferase is used [48]. Therefore, it would be beneficial to 

implement a minigenome system for BATV before attempting additional rescues. 

Another explanation could be, that BATV is not able to infect BSRT7/5 cells, and 

therefore they could not be used to rescue BATV. We did not test for BATV infectivity 

of BSR-T7/5 beforehand, since we assumed BATV, like its close relative BUNV, is able 

to infect these cells. Additionally, BATV can infect and replicate in BHK-21 as well as 

Vero cells, therefore this seems not very likely. Regardless, this could be tested by 

using our BATV stock to infect BSR-T7/5 cells and check for viral growth. If BATV is 

not able to infect BSR-T7/5 cells, we could either continue with MVA/FP-T7-based 

transfection, or completely switch to an RNA polymerase I-based system, as described 

for Rift Valley fever virus and Akabane virus [49, 50]. Further, the ‘G’ residue inserted 

3’ of the T7 promoter, although helpful for other bunyavirus rescue systems [49], might 
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be disadvantageous for the BATV reverse genetics system. This theory could also be 

tested using a minigenome system, or by simply eliminating the additional ‘G’ using 

site-directed mutagenesis. 

Under the premisses, that the UTRs are correct, the polymerase as well as the 

nucleoprotein can induce transcription and replication and BATV can infect BSR-T7/5 

cells, another explanation could be a highly active endonuclease function of the L 

protein. Heinemann et al described for the Andes virus (a hantavirus), that the viral 

polymerase supresses the level of mRNA in mammalian cells, which led to an 

insufficient expression of viral proteins during rescue attempts [51]. Since such an 

effect has not been described for any other orthobunyavirus so far, this explanation 

does not seem very likely, but still should not be excluded yet.   

To conclude, we cloned antigenomic cDNA of the viral segments into TVT7R 

transfection plasmids. Additionally, we generated a S segment transfection plasmid 

lacking the NSs ORF. Despite the good transfection efficiency represented by the 

strong GFP signal in BSRT7/5 cells, we were unable to rescue infectious BATV from 

cDNA. Further experimentations are needed to examine why BATV rescue attempts 

were unsuccessful. A minigenome system would be of great help to investigate 

reasons for that. 
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5.7  Supplement Material 

Table S1. Thermal profile used for BATV S and M Platinum™ SuperFi™ PCR 

 
Step 

 
Temperature [°C] 

 
Time 

Initial denaturation 98 30 sec 

15 cycles 

Denature 98 10 sec 

Anneal * See table 2 10 sec 

Extend 72 
S segment = 30 sec/kb 

M segment = 40 sec/kb 

25 cycles 

Denature 98  

Anneal † See table 2  

Extend 72 
S segment = 30 sec/kb 

M segment = 40 sec/kb 

Final extension 72 5 min 

Anneal * = Tm Table 2 segment specific; Anneal † = Table 2 full length 

 
 

Table S2. Thermal profile used for BATV L Platinum™ SuperFi™ Touchdown PCR 

Step 

Temperature increase Temperature decrease 

Temperature [°C] Time Temperature [°C] Time 

 

Initial denaturation 

 

98 

 

30 sec 98 

 

30 sec 

25 cycles 

0.5 °C/cycle 

Denature 98 10 sec 98 10 sec 

Anneal # 55 10 sec 70 10 sec 

Extend 72 15 sec/kb 72 15 sec/kb 

Final extension 72 5 min 5 min 5 min 

# Two separate PCR runs. One touchdown PCR with increasing annealing Tm and one touchdown PCR with decreasing annealing 

Tm. Tm increases/decreases 0.5 °C per cycle 

 

 

Table S3 Oligonucleotides used for colony PCR screening of transformed bacteria 

Primer Name: Sequence (5’ – 3’) 
Genome position (nt) antigenome 
cDNA & fragment length 

TVT7R Colony PCR fwd * TAATGCAGGGGGATCTCGAT 187 – 206  

TVT7R BATV S (+) Colony PCR rev CAGCAGCCAACTCAGCTTCCTTTC 1289 – 1312 // fragment length: 1126 

TVT7R BATV M (+) Colony PCR rev CCCTGGCATAACCCTGATTC 1134 – 1153 // fragment length: 967 

TVT7R BATV L (+) Colony PCR rev GCACCGATGGTTTTTGCTTT 1179 – 1198 // fragment length: 1012 

Nucleotide positions based on TVT7R(0/0) NGS sequence from Addgene (+additional ‘G’ residue) and cloned antigenome insert;  

*TVT7R Colony PCR fwd works for all three segments 
 

 

Table S4. Thermal profile used for colony PCR screening of transformed bacteria* 

Step Temperature [°C] Time 

 

Initial denaturation 

 

98 

 

30 sec 

35 cycles 

Denature 98 10 sec 

Anneal # 63 10 sec 

Extend 72 30 sec/kb 

Final extension 72 5 min 

*Platinum SuperFi DNA Polymerase Master Mix (Invitrogen) used for colony screening, as described by manufacturer.  
#Annealing Tm calculated with ThermoFischer Tm calculator 
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Table S5. Oligonucleotides used for sequencing transfection plasmids TVT7R-BATV S/M/L (+) 

Primer Name: Sequence (5’ – 3’) 
Genome position (nt) 
TVT7R-BATV S/M/L (+)  

TVT7R_seq_1 * (fwd) GAAGAGCGCCCAATACGCAAAC 136 – 157 

TVT7R-BATV M_seq_3 (fwd) CTGTGGCCTAGCATATCATCC 1040 – 1060  

TVT7R-BATV M_seq_4 (fwd) CATGTGATGACAAAGCAAGC 1771 – 1790 

TVT7R-BATV M_seq_5 (fwd) TAGGTTTGGTGTTCCAATGGAAG 2540 – 2562  

TVT7R-BATV M_seq_6 (fwd) AATGTAATGCATGATGAGCACTGC 3354 – 3377  

TVT7R-BATV M_seq_7 (fwd) GGGCCTTGCACAACCTTTCACAAC 4143 – 4166  

TVT7R-BATV L_seq_2 (rev) GTGTCATCAACACACCAAGG 856 – 875  

TVT7R-BATV L_seq_3 (rev) GCTAAGATAAATTGCTGTTCCCAC 1464 - 1487 

TVT7R-BATV L_seq_4 (rev) AAACAAGCCAGGCGATGACAC 2098 – 2118  

TVT7R-BATV L_seq_5 (rev) AAGTTGTTTCTACTTTCCACCC 2744 – 2765  

TVT7R-BATV L_seq_6 (rev) TGGGTCTAAAGCAATCAGCC 3437 – 3456  

TVT7R-BATV L_seq_7 (rev) TCCAATGGCTACAACTTATTGC 4096 – 4177  

TVT7R-BATV L_seq_8 (rev) TTCAATGAACAATTGAGCTGGG 4710 – 4731  

TVT7R-BATV L_seq_9 (rev) AAACCTTGACTTTGTGCTCAG 5312 – 5332  

TVT7R-BATV L_seq_10 (rev) GTTTATTCCCAGCATGAAAGACTG 5891 – 5914  

TVT7R-BATV L_seq_11 (rev) ATTTCTTCTACACCTCTGGTTACC 6555 – 6578  

HDV seq (rev) CAGCAGCCAACTCAGCTTCCTTTC 

S 1288 – 1312  

M 4785 – 4809  

L 7215 – 7239  

Nucleotide positions based on TVT7R(0/0) NGS sequence from Addgene (+additional ‘G’ residue) and cloned antigenome insert; 

*binds within pTVT7R, can be used to sequence T7 promotor cloning site of all plasmids; fwd/rev = primer orientation on pTVT7R-

BATV S/M/L (+);  TVT7R_seq_1 * (fwd) and HDV seq (rev) can also be used to sequence TVT7R-BATV S(+)delNSs  

 

.  

Figure S1. Predicted centroid secondary structure of viral BATV L RNA sequence. Minimum free 
energy was calculated to be -1077.02 kcal/mol. Prediction was made using the RNAfold web server by 
the Institute of Theoretical Chemistry of the University of Vienna. http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi [70]. Accessed 19.08.2021. 
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BATV strain 53.2 antigenome cDNA (5’ – 3’) NGS data (GenBank accession no. S: MZ773502, M: 

MZ773503, S: MZ773504) completed with 3’ RACE results (first and last 25 bases are shown for 

each segment): 

Nucleotides completed or corrected within the sequence after RACE-PCR are underlined and marked in grey. 

L segment  

AGTAGTGTACTCCTATATAAAGAA […] TTCTTTTATATAGGAGCACACTACT 

 

M segment 

AGTAGTGTACTACCGATACAAATCA […] GTTATTATATCGGTAGCACACTACT 

T/G(nt pos 4428); A/ C (nt pos 4434); T/ A (nt pos 4438) 

 

S segment  

AGTAGTGTACTCCACACTAAAAACT […] TAAGTTTTAGGTGGAGCACACTACT 
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6.  General Discussion 

Over the course of the last decades multiple formally non-endemic arthropod-

borne viruses (arboviruses), many of those with zoonotic potential (re-)emerged 

throughout Europe. Additionally, facilitated by an increasing globalisation and 

commerce, as well as continuous climatic changes, potential vectors for previously 

tropical diseases were able to settle in more temperate regions [1, 2]. Besides the 

spread of formerly non-endemic vectors, there is also the risk that native vectors 

become susceptible to emerging viruses as the result of viral or vector evolution or 

altered climatic conditions [3]. It has also been proposed that newly emerging 

pathogens most likely are RNA viruses, capable of exploiting a wide range of different 

hosts and able to increase their transmission potential [4]. Regarding the above-

mentioned criteria, one group of viruses, due to their molecular characteristics, is of 

special interest. The order Bunyavirales comprises over 470 recognized species, 

grouped into 12 families, that mainly infect vertebrates and arthropods, while some of 

these viruses are restricted to plants or insects [5-7]. Bunyaviruses (i.e., viruses of the 

Bunyavirales order) are RNA viruses with a segmented genome, either of negative or 

ambisense polarity. While most bunyaviruses contain three segments (large, L; 

medium, M; small, S), more segments have been reported as well, especially in plant 

viruses in which up to eight segments have been described [8]. Interestingly, a virus 

classified as phlebovirus-like (Bunyavirales) containing only the S and L segment has 

been identified in pools of ticks collected in southern Brazil [9]. Several bunyaviruses 

are clinically relevant, either as a direct threat to human health (e.g., severe fever with 

thrombocytopenia syndrome virus, SFTSV; Crimean-Congo hemorrhagic fever 

orthonairovirus, CCHFV; La Crosse orthobunyavirus, LACV), or by posing a risk for 

agriculturally relevant livestock (Bunyamwera orthobunyavirus, BUNV; Schmallenberg 

orthobunyavirus, SBV, Rift Valley fever phlebovirus, RVFV) [10-15].  

The segmented genome of bunyaviruses is the prerequisite for viral 

reassortment, an evolutionary process that involves the exchange of genomic 

segments of two closely related, segmented viruses during replication, while co-

infecting a single cell [16]. In addition to the accumulation of point mutations as the 
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result of fast replication and a missing proof-reading ability (genetic drift), viral 

reassortment (genetic shift) is an important driver in the evolution of segmented RNA 

viruses and can lead to the emergence of novel viruses with alterations in 

pathogenicity, host range and vector susceptibility [17-20]. Almost 300 of the 

recognized viruses of the Bunyavirales order have been classified as a virus 

reassortant and it has been suggested that most, if not all bunyaviruses are 

reassortants of existing or extinct viruses [17]. 

Illustrating the importance to study the evolution of segmented RNA viruses is the Ngari 

virus (NRIV), a naturally occurring virus reassortant combining the Bunyamwera 

orthobunyavirus (BUNV) large (L) and small (S) segment and the Batai 

orthobunyavirus (BATV) medium (M) segment. NRIV was associated with multiple 

haemorrhagic fever outbreaks in East Africa (Sudan 1988; Kenya and Somalia 1997-

1998), whereas infections in humans with BUNV and BATV typically result in mild 

fever-like illness [14, 21, 22]. Using co-infection experiments (chapter 3), we assessed 

the potential for viral reassortment of BUNV and BATV in mammalian (BHK-21) and 

insect cells (U4.4 and C6/36). We were able to isolate two reassortant viruses. The 

first showed the same segment composition as the Ngari virus, and was therefore 

called Ngari-like virus, and the second reassortant harboured the S and M segment of 

BATV and the L segment of BUNV (referred to as Batunya virus, BAYAV) [23].  

The only, currently known natural occurring non-M-segment reassortant bunyavirus is 

the Cholul virus. The L and M segment share 98% and 96% nucleotide identity, 

respectively, with the Potosi virus, a reassortant virus itself, whereas the S segment 

shares 98% nucleotide identity with the S segment of Cache Valley virus [24]. In the 

same context, it should be noted that the evolutionary origin of the Guaroa virus L 

segment, although yet unknown, is distinctly different from that of the S and M segment 

[17]. These three findings demonstrate that even though M segment reassortant 

bunyaviruses are more likely, S and L segment reassortants are possible as well. A 

potential and plausible explanation for the rare occurrence of S or L segment 

reassortants might be the required interaction of the RNA-dependent RNA polymerase 

(RdRp; encoded on the L segment), the nucleocapsid protein (N; encoded on the S 

segment) and the RNA segments to efficiently replicate [6]. Whether only molecular 

characteristics defined by the phylogenetic relationship of two potential parental 

viruses restrict the possibility for reassortment among them, or if additional factors, 

such as post-transcriptional processing of the proteins determined by the vector or 



Chapter 6 – General Discussion 

 

80 
 

host, are involved, requires additional research. So far, it has only been shown that N 

proteins form a continuous positively charged RNA-binding-grove by self-interaction 

with each other, allowing interaction with the negatively charged RNA segments. 

Although, research on BUNV, LACV, and SBV brought some details regarding the 

formation of the binding-grove and the ensuing interaction with the RNA segments to 

light, the complete molecular details underlining the interaction of N, RdRp and the 

RNA genome remain enigmatic [6]. Given the close phylogenetic relationship between 

BUNV and BATV for all three genome segments [17], coupled with the high amino acid 

homology for the N protein (>93%) of BUNV and BATV used in our co-infection 

experiments (chapter 3, data not shown), it seems plausible, that sequence homology 

and phylogenetic relationships are the pivotal factors regarding reassortment potential 

of two bunyaviruses. The untranslated regions (UTRs) of bunyavirus segments have 

also been shown to be heavily involved in initiating transcription and replication. 

Complementary nucleotides at 3’ and 5’ end of the UTRs are highly conserved among 

members of the same genera, while they vary within the individual viral families. These 

conserved elements form a ‘panhandle’ structure that functions as a promoter for 

transcription and replication. Additionally, unique sequences within the UTRs have 

been reported to be involved in the encapsidation of the genomic RNA [25-30]. These 

findings support the hypothesis that a close relationship between both parental viruses, 

especially for the S and L segment is a key requirement for a successful reassortment 

event. Still, other factors, such as post-transcriptional processing cannot be omitted 

based on our current knowledge. A possibility to further investigate the role of the UTRs 

in restricting or promoting reassortment among BUNV and BATV would be to establish 

a ‘minigenome’ system for BATV and to combine it with the established system for 

BUNV [31]. ‘Minigenome’ or ‘minireplicon’ systems usually contain genome analogues 

necessary for replication and transcription (UTRs) with a reduced number of viral 

genes (coding for N and L proteins) combined with a reporter gene (e.g., GFP or firefly 

luciferase) [32]. Such a ‘minigenome’ system for BATV would also be a viable tool to 

examine problems we experienced while trying to establish a reverse genetics system 

for BATV (chapter 5). Furthermore, a functional reverse genetics system as well as 

‘minireplicon’ system might also allow investigation into the role of diploid viruses. 

Selective transfection using three segments of one virus and an additional segment of 

the corresponding virus, could result in the rescue of diploid viruses. These diploid 

viruses could be subsequently propagated on different mammalian and insect cells 
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and examined for their stability and segment composition after reversion to a three-

segmented genome. Such a selected examination of the role of diploid viruses during 

orthobunyavirus reassortment has not been reported so far, although diploid viruses 

were observed regularly during in vitro co-infection experiments and their contribution 

as an intermediate step during bunyavirus reassortment is being discussed [23, 33-

35].  

Comparative analysis of the viral growth kinetics of BUNV, BATV and the two 

isolated reassortants BAYAV and Ngari-like hinted towards cell-specific differences 

affecting their respective viral growth (chapter 3). To investigate the origin of these 

differences and their possible impact on viral reassortment, we infected bone-marrow 

derived dendritic cells (BMDCs) with BATV and analysed the role of C-type lectin 

receptors (CLRs) and the induced immune response (chapter 4). CLRs are a group of 

pattern recognition receptors (PRRs) that have been described to play a dual role 

during bunyavirus infections. The dendritic cell-specific intercellular adhesion molecule 

3-grabbing nonintegrin (DC-SIGN), a CLR that is suspected to be involved in the 

recognition of many different viruses, including Ebola, HIV-1, hepatitis C virus and 

LACV [36-38], has also been identified as an entry-site for several bunyaviruses such 

as LACV and Germiston orthobunyavirus [39, 40]. Additionally, other CLRs including 

Mincle (encoded by the CLEC4e gene) were shown to recognize and bind to LACV 

[41]. Initial qPCR results indicate an upregulated gene expression of CD209 (encodes 

for DC-SIGN) and CLEC4e in BATV-infected wild type (wt) BMDCs (chapter 4). It 

remains to be seen if transcriptome analysis of infected wt BMDCs aligns with these 

results and how the absence of Mincle influences the induced immune response 

(experiments still ongoing). Furthermore, to fully examine possible cell-specific 

differences it is indispensable to repeat the infection experiments and to analyse the 

cellular transcriptome and gene expression patterns of the infected BMDCs using all 

four viruses (BUNV, BATV, Ngari-like and BAYAV). The recognition of viruses by CLRs 

is predominantly dependent on glycan motifs of the surface proteins. Hence, it could 

be assumed that BATV, Ngari-like and BAYAV induce upregulation of the same CLRs, 

since all three possess the same M segment coding for the glycoproteins. However, 

glycosylation is determined by the infected host cell [42] and BUNV Gn and Gc harbour 

three distinct N-linked glycosylation sites suggested to be conserved among the 

serogroup [43]. Therefore, if all four viruses were to be recognized by the same CLRs, 

it would hint towards a glycosylation-based recognition by the CLRs solely dependent 
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on the three conserved N-linked glycosylation sites since all four viruses were grown 

on the same cells.  

Additionally, transcriptome analysis of BATV-infected DC2.4 cells revealed a 

significantly upregulated interferon (IFN) response, indicated by a drastically increased 

expression of IFN-stimulated genes (ISGs). It is uncertain if the induced IFN-response 

and the resulting ISG stimulation also results in an enhanced viral clearing. However, 

it implies a quick recognition of BATV by the innate immune system of vertebrates. It 

has been conventionally believed that vector-borne pathogens evolve towards a 

benign relationship with their arthropod vectors [17]. If an induced immune response 

in insect cells was significantly lower than in mammalian cells, it would strengthen this 

hypothesis. Therefore, a comparative study examining the induced immune response 

triggered by BATV in immune-competent insect and mammalian cells could help to 

better understand the evolution of vector-borne viruses to their vector and hosts.  

Furthermore, analysing the immune response in BMDCs, by assessing the gene 

expression of ISGs induced by all four viruses used in chapter 3, would be beneficial 

to examine if the exhibited growth differences can be attributed to interactions with the 

host immune system. Additionally, the abovementioned comparative study in insect 

and mammalian cells could also be performed with all four viruses used in chapter 3. 

Such a comparative study would possibly permit drawing conclusions regarding the 

impact of different segment and protein combinations on the recognition and induced 

innate immune response of reassorted orthobunyaviruses. However, unlike the BATV 

strain, the BUNV strain used for co-infection and growth kinetic studies has been 

predominantly grown on mammalian cells since its first isolation in the 1940s [44] and 

therefore might be adapted to mammalian cells [45, 46]. A contemporary BUNV strain 

isolated from a natural vector would be beneficial to allow a comparison of the induced 

immune response by closely related bunyaviruses.  

While a possible reassortment event between BUNV and BATV and the resulting 

emergence of novel orthobunyaviruses poses a significant threat, the risk of an 

independent infection with BATV should not be neglected either. BATV infections in 

livestock have been reported to result in spontaneous abortions, premature birth, and 

offspring with congenital defects [14]. Serological studies in different ruminants in 

Germany revealed an increasing number of BATV-specific antibodies in several 

agricultural important animals, such as goats, sheep, and bovines (one study revealed 
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a seroprevalence of almost 50% in tested goats) [47-49]. Additionally, multiple different 

mosquito species, including Culex pipiens, Anopheles maculipennis s.l., Anopheles 

messeae, and Aedes vexans were identified as potential vectors [50, 51]. However, to 

date no BATV RNA has been isolated from ruminant hosts in Europe, and serological 

evidence of previous infections has been without corresponding reports of clinical 

disease [49, 52]. In contrast, BATV RNA was isolated from two naturally infected 

captive harbour seals (Phoca vitulina) in Germany, one of which had to be euthanized 

due to BATV-induced severe meningo-encephalomyelitis [53]. The limited knowledge 

on the pathogenicity and vector as well as host range of BATV available, coupled with 

the increasing risk of potentially potent vector mosquitoes like Aedes aegypti and 

Aedes albopictus settling within central Europe [4, 54] highlight the need for further 

research on BATV. 
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6.1  Concluding remarks 

Vector-borne pathogens present a continuous and ever-increasing risk for 

humans and livestock alike. While research on many arthropod-borne viruses like Zika 

virus, Dengue virus, yellow fever virus, and West-Nile virus has greatly broadened our 

understanding of viral transmission, vector compatibility, and pathogenicity, knowledge 

on another important group of viruses, the Bunyavirales, is still very limited. 

Therefore, the first aim of this thesis was to assess the potential of the Bunyamwera 

(BUNV) and a German isolate of Batai orthobunyavirus (BATV) to form reassortant 

viruses in vitro in different mammalian and insect cells. As described in chapter 3, two 

reassortant viruses were isolated following co-infection in BHK-21 cells. The first 

isolate showed the same segment composition as the already known Ngari virus, a 

naturally occurring reassortant orthobunyavirus containing the BUNV small and large 

segment, and the BATV medium segment. The second reassortant was a BATV 

reassortant incorporating the BUNV large segment. Interestingly, reassortment took 

place in mammalian cells, which contradicts current literature. Observed differences in 

viral growth kinetics hinted towards possible cell-specific differences affecting the viral 

growth of these four viruses. Therefore, the second aim (chapter 4) was to investigate 

into the role of C-type lectin receptors (CLRs) involved in the recognition of BATV. The 

initial qPCR results obtained from infected bone-marrow derived dendritic cells 

(BMDCs) indicated an involvement of CD209d (mice orthologue to DC-SIGN) and 

Mincle (CLEC4e). Both C-type lectins (CTLs) have already been described, not only 

as pattern recognition receptors able to detect multiple different viruses, but also, in 

case of DC-SIGN as potential entry-point for several bunyaviruses. Interestingly, 

transcriptome analysis of infected DC2.4, an immortalized BMDC line revealed 

significant upregulation of two different CLRs CLEC2d (Clr-b) and CLEC4a1 (DCIR), 

but not CLEC4e (Mincle). Still ongoing infection experiments and subsequent 

transcriptome analysis using wt BMDCs and CLEC4e-deficient BMDCs might help to 

clarify the role of CLRs during BATV infections. Additionally, these results will help to 

shed light on differences in the virus-induced gene expression pattern of immortalised 

and primary bone-marrow derived dendritic cells. The third part of this thesis 

(chapter 4) aimed to establish a T7-based reverse genetics system for BATV, similar 

to the already established and well characterized system for BUNV. So far, we were 

not able to rescue infectious BATV. However, such a system would be extremely 

valuable, not only by providing a tool that allows to investigate the molecular 
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characteristics of BATV, but also by simplifying the examination of reassortment 

potential between both viruses.  
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