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Bunyaviruses are members of the Bunyavirales order, which is the largest group of RNA 
viruses, comprising 12 families, including a large group of emerging and re-emerging 
viruses. These viruses can infect a wide variety of species worldwide, such as arthropods, 
protozoans, plants, animals, and humans, and pose substantial threats to the public. In 
view of the fact that a better understanding of the life cycle of a highly pathogenic virus 
is often a precondition for developing vaccines and antivirals, it is urgent to develop 
powerful tools to unravel the molecular basis of the pathogenesis. However, biosafety 
level −3 or even −4 containment laboratory is considered as a necessary condition for 
working with a number of bunyaviruses, which has hampered various studies. Reverse 
genetics systems, including minigenome (MG), infectious virus-like particle (iVLP), and 
infectious full-length clone (IFLC) systems, are capable of recapitulating some or all steps 
of the viral replication cycle; among these, the MG and iVLP systems have been very 
convenient and effective tools, allowing researchers to manipulate the genome segments 
of pathogenic viruses at lower biocontainment to investigate the viral genome transcription, 
replication, virus entry, and budding. The IFLC system is generally developed based on 
the MG or iVLP systems, which have facilitated the generation of recombinant infectious 
viruses. The MG, iVLP, and IFLC systems have been successfully developed for some 
important bunyaviruses and have been widely employed as powerful tools to investigate 
the viral replication cycle, virus–host interactions, virus pathogenesis, and virus evolutionary 
process. The majority of bunyaviruses is generally enveloped negative-strand RNA viruses 
with two to six genome segments, of which the viruses with bipartite and tripartite genome 
segments have mostly been characterized. This review aimed to summarize current 
knowledge on reverse genetic studies of representative bunyaviruses causing severe 
diseases in humans and animals, which will contribute to the better understanding of the 
bunyavirus replication cycle and provide some hints for developing designed antivirals.
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INTRODUCTION

As the handling of many infectious and highly pathogenic 
members of the order Bunyavirales is restricted to occurring 
in a laboratory with a biosafety level −3, or even −4, many 
studies focused on different aspects of the viral life cycle and 
pathogenesis have been hampered. Reverse genetics systems 
established up to now, such as the minigenome (MG), infectious 
virus-like particles (iVLP), and infectious full-length clone 
(IFLC) systems, have been efficient tools for researchers to 
conduct some important experiments at lower biocontainment 
than at level 3 or 4. Among these experimental systems 
constructed for bunyaviruses, MG and iVLP systems are used 
to model their partial life cycle, which enables the dissection 
of virus invasion (a process the virus enter the host cells), 
viral genome replication, transcription, ribonucleoprotein 
assembly, virion packaging, and budding processes. The IFLC 
system is used to rescue recombinant viruses, which has made 
it possible to manipulate viral genomes at the RNA/DNA 
molecular level. These established reverse genetics systems have 
exerted great potential to help us to better understand the 
bunyaviruses and to develop antivirals and vaccines.

Over the past few decades, reverse genetics technology has 
revolutionized the field of RNA virology, which has made it 
possible to manipulate RNA viral genomes and rescue genome 
analogs (referring to minigenome RNA in generally), infectious 
iVLP, and recombinant viruses from cDNA clones. Here, 
we  summarize the already established MG, iVLP, and IFLC 
systems for bunyaviruses causing severe diseases in humans 
and animals. These bunyaviruses are mostly distributed in the 
families Arenaviridae, Hantaviridae, Nairoviridae, 
Peribunyaviridae, and Phenuiviridae (as shown in Table  1). 
Among members of these families, the viral genome of viruses 
belonging to Hantaviridae, Nairoviridae, Peribunyaviridae, and 
Phenuiviridae generally consists of three genome segments 
denoted as large (L), medium (M), and small (S), while the 
viral genome of viruses in Arenaviridae is mainly composed 
of two segments, i.e., L and S segments. These established 
systems suggest that the reverse genetics technology has been 
widely developed for bunyaviruses and widely used by researchers 
to dissect all aspects of the viral life cycle.

This review provides an overview of the current status of 
reverse genetic studies on important bi- and trisegmented 
emerging and re-emerging bunyaviruses, recent advances in 
the applications of these systems. Furthermore, we also discuss 
the limitations of the currently established systems for 
bunyaviruses and unsolved problems that urgently need to 
be  addressed.

CLASSIFICATION AND GENOME 
ORGANIZATION OF BUNYAVIRALES

Bunyavirales is a newly proposed order consisting of related 
viruses distributed among 12 families: Arenaviridae, Cruliviridae, 
Filoviridae, Hantaviridae, Leishbuviridae, Mypoviridae, 

Nairoviridae, Peribunyaviridae, Phasmaviridae, Phenuiviridae, 
Tospoviridae, and Wupedeviridae proposed by the International 
Committee on Taxonomy of Viruses, of which the viral genome 
is composed of linear, segmented, single-stranded, negative-
sense, or ambisense RNA genomes; this order is now comprised 
of 48 genera and over 383 species (Abudurexiti et  al., 2019; 
Kuhn et  al., 2020). Among the 12 families in the Bunyavirales 
order, Arenaviridae, Hantaviridae, Nairoviridae, Peribunyaviridae, 
and Phenuiviridae contain lots of important pathogens that 
are able to cause severe diseases in humans and animals with 
a worldwide geographical distribution.

Viruses from the family Arenaviridae, Hantaviridae, Nairoviridae, 
Peribunyaviridae, and Phenuiviridae are comprised of a variety 
of widely known representative pathogenic viruses, such as the 
Lassa virus (LASV, Arenaviridae family), which is endemic across 
large regions within Western Africa and is estimated to infect 
hundreds of thousands of individuals annually (Cai et al., 2020b). 
Hantaan virus (HTNV, Hantaviridae family) is found predominantly 
in Europe and Asia (Brocato and Hooper, 2019). Crimean-Congo 
hemorrhagic fever virus (CCHFV, Nairoviridae family) can infect 
human host primarily through infected ticks or by contact with 
infected hosts or their body fluids and tissues (Serretiello et  al., 
2020). Bunyamwera virus (BUNV, Peribunyaviridae family), which 
causes disease in livestock animals, avian species, and humans, 
is considered the prototype of the bunyavirus as it is the most 
characterized to date (Dutuze et  al., 2018). Rift Valley fever 
virus (RVFV, Phenuiviridae family), which is found in Sub-Saharan 
Africa, is associated with disease in camels, cattle, goats, and 
sheep but also causes severe morbidity and mortality in humans 
(Paweska, 2015; Noronha and Wilson, 2017).

Bunyaviruses are mostly spherical virion with a lipid bilayer 
envelope containing segmented negative-sense or ambisense 
single-stranded RNA. For the majority in the five families 
discussed, the virus genomes comprise tripartite segments, 
except for some members in Arenaviridae, whose genomes 
consist of bipartite segments. For the majority of arenaviruses, 
the genome is generally comprised of bipartite segments denoted 
as L and S, of which the S encodes glycoprotein precursor 
(GP) and the nucleocapsid protein (N) in an ambisense 
arrangement, and L codes for the RNA-dependent RNA 
polymerase (RdRp) and a zinc-binding protein (Z) for some 
members in the genera Mammarenavirus and Reptarenavirus 
(as shown in Figure  1A). It has been demonstrated that the 
matrix Z-protein of virus from the genus Mammarenavirus 
species participates in the formation of infectious viral particles 
and viral budding during the life cycle (Perez et  al., 2003; 
Pontremoli et  al., 2019). As shown in Figure  1B, a typical 
three-segmented bunyavirus contains tripartite genome segments, 
and the genomic RNA segments are named according to their 
relative sizes, which are termed L, M, and S. L and S code 
for, respectively, RdRp and nucleoprotein (N), which participates 
in genome replication and transcription. S generally also encodes 
the nonstructural protein NSs, which participates in virus 
immune escape. M codes for a single-polyprotein precursor 
(GP), from which two surface GPs, such as Gn (or G2) and 
Gc (or G1), are produced by host cell proteases (Guardado-
Calvo and Rey, 2017). In a few cases, an additional nonstructural 
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protein NSm is also encoded by M. Some members of the 
genus Orthobunyavirus (BUNV for instance) and Phlebovirus 
(RVFV for instance) encode the NSm protein as part of a 
precursor with the glycoproteins, whereas NSm of virus from 
the genus Orthotospovirus (tomato spotted wilt virus for instance) 
is translated from a subgenomic messenger RNA (mRNA) in 
an ambisense manner (Guu et  al., 2012).

VIRAL REPLICATION CYCLE AND 
REVERSE GENETICS SYSTEMS OF 
BUNYAVIRUSES

Genomes of bunyaviruses are comprised of linear single-stranded 
negative-sense RNA, and the viral genomic RNA segments 
always contain untranslated regions (UTRs) on both the 5′ 

TABLE 1 | Summary of the established reverse genetics systems for Bunyavirales.

Virus Genus Family Endemic area Established systems References

Lassa virus (LASV) Mammarenavirus Arenaviridae Western Africa T7- and pol-I-driven MG, 
IFLC systems

Cai et al., 2018, 2020a

Lymphocytic choriomeningitis 
Mammarenavirus (LCMV)

Americas, Africa, Asia, 
and Europe

T7-driven MG, IFLC 
systems

Lee et al., 2000; Cheng 
et al., 2015

Tacaribe virus (TCRV) America pol-I-driven MG, IFLC 
systems

Ye et al., 2020

Lujo virus (LJV) South Africa T7-driven MG, IFLC 
systems

Bergeron et al., 2012

Junin virus (JUNV) Argentina pol-I-driven MG, IFLC 
systems

Emonet et al., 2011

Pichinde virus (PICV) Guinea T7-driven MG, IFLC 
system

Lan et al., 2009

Machupo virus (MACV) South America pol-I-driven MG, IFLC 
systems

Patterson et al., 2014

Bunyamwera virus (BUNV) Orthobunyavirus Peribunyaviridae Africa T7- and pol-I-driven MG, 
iVLP and IFLC systems

Weber et al., 2001; Shi 
et al., 2006; Mazel-
Sanchez and Elliott, 2012

Shuni virus (SHUV) South Africa T7-driven IFLC system Oymans et al., 2020
Akabane virus (AKAV) Africa, Australia, and Asia T7- and pol-I-driven IFLC 

system
Takenaka-Uema et al., 
2015, 2016

LaCrosse virus (LACV) North America T7-driven MG, iVLP and 
IFLC systems

Blakqori and Weber, 
2005; Klemm et al., 2013

Schmallenberg virus (SBV) Europe T7-driven IFLC system Elliott et al., 2013; Varela 
et al., 2013

Cache Valley virus (CVV) America T7-driven MG and IFLC 
system

Dunlop et al., 2018

Kairi virus (KRIV) America T7-driven MG and IFLC 
systems

Dunlop et al., 2018

Oropouche virus (OROV) Central and South 
America

T7-driven IFLC system Tilston-Lunel et al., 2015

Hantaan virus (HTNV) Orthohantavirus Hantaviridae Asia, Europe, and 
America

T7- and pol-I-driven MG 
system

Flick et al., 2003; Zhang 
et al., 2008

Andes virus (ANDV) South America T7-driven MG system Brown et al., 2012
SFTS bandavirus (SFTSV) Bandavirus Phenuiviridae East Asia T7- and pol-I-driven MG, 

iVLP and IFLC systems
Brennan et al., 2015, 
2017;Rezelj et al., 2019; 
Ren et al., 2020

Heartland virus (HRTV) America T7- and pol-I-driven MG, 
iVLP system

Rezelj et al., 2019; Ren 
et al., 2020

Uukuniemi Virus (UUKV) Phlebovirus Phenuiviridae Europe, Asia T7 and pol-I-driven MG, 
iVLP and IFLC systems

Flick and Pettersson, 
2001; Flick et al., 2004; 
Overby et al., 2006; Rezelj 
et al., 2015

Rift Valley fever virus (RVFV) Africa T7- and pol-I-driven MG, 
iVLP and IFLC systems

Ikegami et al., 2006; 
Habjan et al., 2008, 2009; 
Smith et al., 2018; 
Jerome et al., 2019

Arumowot virus (AMTV) Africa T7-driven IFLC system Hallam et al., 2019
Crimean-Congo hemorrhagic 
fever virus (CCHFV)

Orthonairovirus Nairoviridae Asia, Europe and Africa T7-driven MG, iVLP and 
IFLC systems

Bergeron et al., 2015; 
Welch et al., 2020

Hazara virus (HAZV) Pakistan T7-driven MG and IFLC 
system

Fuller et al., 2019; 
Matsumoto et al., 2019

Tomato spotted wilt virus 
(TSWV)

Orthotospovirus Tospoviridae Australia, India and 
America

CUP1promoter-driven 
MG system

Ishibashi et al., 2017
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and 3′ ends that are denoted as 5′ UTR and 3′ UTR, which 
play important roles in the virus life cycle by promoting 
transcription, replication, and encapsidation of the viral genome. 
Bunyaviruses replicate exclusively in the host cell cytoplasm, 
with maturation and budding occurring in the Golgi apparatus, 
and are released via cellular export pathways (Hoenen et  al., 
2011). The viral genomic and antigenomic RNAs are always 
encapsidated by N and associated with RdRp to form 
ribonucleoprotein (RNP) complexes both within the host cell 
and in the virion. These RNP particles are able to serve as 
functional templates to synthesize positive-sense mRNA and 
progeny virus genome RNA with the assist of the viral polymerase 
(Sun et  al., 2018). The bunyaviruses enter a host cell through 
a glycoprotein-mediated virus binding process. Once this process 

is finished, the viral genomic RNAs will undergo an uncoating 
process to initiate the transcription to generate mRNA and 
the intermediate products cRNA with the assist of some specific 
viral proteins (Guu et  al., 2012; Ferron et  al., 2017; Sun et  al., 
2018). Initiation of transcription of the viral mRNAs is primed 
by short sequences derived from the 5′ end of host mRNAs 
through a so-called cap-snatching mechanism (Simons and 
Pettersson, 1991). The mRNA can serve as a template for viral 
protein synthesis, such as RdRp, Gn (or G2), Gc (or G1), 
NSm, N, and NSs; and the cRNA coated by N can recruit 
RdRp to form functional cRNPs, which can serve as templates 
to synthesize progeny vRNAs. Similarly, after the recruitment 
and encapsidation, the progeny vRNPs are formed and can 
be  packaged by glycoprotein into progeny virus. Meanwhile, 

A

B

FIGURE 1 | Schematic of genome organization and coding strategies of bisegmented and trisegmented bunyaviruses. For bisegmented bunyaviruses, in Lassa 
arenavirus (LASV), for example, the L and S are generally ambisense segments, of which the L codes for RdRp and a zinc-binding protein (Z), and S codes for 
glycoprotein precursor (GP) and nucleoprotein (N). The Z protein is only encoded by some members in Mammarenavirus and Reptarenavirus (A); (B) for 
trisegmented bunyaviruses, such as Hantaan virus (HTNV), Crimean-Congo hemorrhagic fever virus (CCHFV), Bunyamwera virus (BUNV), and Rift Valley fever virus 
(RVFV), the viral genome consists of L, M, and S, of which the L codes for RdRp and M mainly codes for glycoprotein Gn (or G1) and Gc (or G2). For CCHFV, BUNV, 
RVFV, and several other members not shown here, the M segment also encodes NSm besides the glycoproteins. It should be noted that the NSm encoding gene of 
CCHFV and BUNV is both located between the encoding genes of Gn and Gc, which is different from the schematic shown for RVFV. The S segment adopts an 
ambisense coding strategy to encode nonstructural protein NSs and nucleoprotein N.
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the progeny vRNPs can also be used as templates to synthesize 
mRNA and cRNA via so-called secondary transcription and 
secondary replication. The replication cycle for a typical 
trisegmented bunyavirus is shown in Figure  2, and there are 
very few differences for a bisegmented bunyavirus.

According to the viral replication cycle and the initial 
transcripts of the cDNA clones, two categories of reverse genetics 
systems can be constructed for negative-strand RNA bunyaviruses, 
including sense (−) and antisense (+) MG, iVLP, and IFLC 
systems, of which the initial transcripts are genomic RNA 
(vRNA) and antigenomic RNA (cRNA), respectively. It is 
theoretically possible that both (+) and (−) systems can 
successfully model the partial or entire virus replication cycle. 
It has been demonstrated that the sense (+) and antisense (−) 
reverse genetics systems of Uukuniemi virus (UUKV) show 
no obviously different efficiencies in rescuing MG RNAs and 
the recombinant virus (Flick and Pettersson, 2001; Flick et  al., 
2004; Overby et  al., 2006; Rezelj et  al., 2015).

CURRENT STATUS OF REVERSE 
GENETICS RESEARCH ON 
BUNYAVIRUSES

Currently, the definition of reverse genetics is not just used 
exclusively to describe the generation or rescue of replication 
competent viruses from cDNA clones; a broader definition 
consisting of the generation and subsequent replication and 

transcription of full-length virus RNA genomes or truncated 
genome analogs from cDNA clones has been widely recognized 
by researchers (Hoenen et  al., 2011). According to the broader 
definition, the reverse genetics systems constructed for 
bunyaviruses mainly consist of MG (or minireplicons), iVLP 
[or transcription and replication competent virus-like particles 
(trVLPs)], and IFLC systems. The reverse genetic systems 
developed for segmented bunyaviruses mainly rely on the 
production of viral transcripts from transfected plasmids by 
either bacteriophage T7 RNA polymerase or cellular RNA 
polymerase I  (pol-I; Walpita and Flick, 2005). In a T7 RNA 
polymerase-driven reverse genetics system, the viral transcripts 
are produced in the cytoplasm, whereas RNA pol-I is a cellular 
protein that synthesizes unmodified RNA species with defined 
terminal sequences in the nuclei of transfected cells. Moreover, 
it has been reported that the 5′-triphosphate group of T7 pol 
transcripts strongly activates the antiviral interferon system via 
the intracellular RNA receptor RIG-I (Hornung et  al., 2006). 
However, it has been demonstrated that the T7- and pol-I-
driven reverse genetics systems are equally efficient in rescuing 
MG RNAs and recombinant virus for trisegmented RVFV 
(Habjan et  al., 2008) and bisegmented lymphocytic 
choriomeningitis mammarenavirus (LCMV; Flatz et  al., 2006; 
Sanchez and de la Torre, 2006).

For a typical three-segmented bunyavirus, schematic 
organization of reverse genetics systems, including MG, iVLP, 
and IFLC systems, can be  seen in Figure  3. Briefly, RdRp, N, 
and Gn/Gc proteins are provided in trans form from Pol-II 
or T7-driven expression plasmids or from the helper virus 

FIGURE 2 | Virus replication cycle of typical three-segmented bunyaviruses in the cytoplasm. The viral genomic RNA is always encapsidated by N protein and 
associated with L protein to form ribonucleoprotein (RNP) complexes in the virion. After virus entry, uncoating occurs and the genomic RNAs with some specific viral 
proteins can be used to initiate transcription of positive-sense messenger RNA (mRNA) and the intermediate product cRNA. The mRNA can serve as a template for 
viral protein synthesis, such as L protein, Gc (or G1), Gn (or G2), NSm, N, and NSs; and the cRNA coated by N can recruit L protein to form functional cRNPs, 
which can serve as templates to synthesize progeny vRNAs. Similarly, after recruitment and encapsidation, the progeny vRNPs are formed and then packaged by 
glycoprotein into progeny viruses. Meanwhile, the nascent vRNP can also be used as templates to synthesize cRNA and mRNA through the so-called secondary 
replication and secondary transcription.
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A

B

C

FIGURE 3 | Reverse genetics systems established for typical three-segmented bunyaviruses. (A) Minigenome system based on plasmid transfection mainly 
consisting of expression plasmids encoding RdRp, N, and T7 or pol-I-driven transcription plasmid to express virus-like genome or antigenome RNA. The 
transcription plasmids are constructed by inserting the reporter-encoding gene flanked by viral UTRs into a T7 or pol-I promoter-driven vector in sense or antisense 
orientation. The expression plasmids are constructed by inserting the RdRp- or N-encoding gene into an expression vector. While in a minigenome system with 
helper virus, the RdRp and N are provided by the authentic wild-type virus instead of the expression plasmids. After co-transfection of the plasmid mix, the 
functional RNP complexes can form, leading to the expression of reporter proteins. (B) The infectious virus-like particle system is constructed based on the 
minigenome system, in which Gn/Gc proteins are also provided in trans form from expression plasmids to package the functional RNP complexes to form iVLPs. 
(C) In an IFLC system, after the cells are co-transfected with plasmids to express full-length antigenomic or genomic L, M, and S and plasmids to express RdRp 
and N, the functional L-, M-, and S-RNP complexes form. The RNP particles are then packaged by glycoproteins to generate infectious recombinant viruses.

and the genomic or antigenomic RNA segments, which are 
generated from a T7 or pol-I-driven expression plasmid. The 
MG system is mainly comprised of two expression plasmids 
to encode RdRp and N, and one transcription plasmid to 

express virus-like genome or antigenome RNA (as shown in 
Figure  3A). For the iVLP system, the expression plasmid 
encoding glycoprotein Gn/Gc is added to generate iVLPs based 
on the MG system (as shown in Figure  3B). For the IFLC 
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system, expression plasmids encoding viral RdRp, NP, and 
sometimes Gn/Gc are also included, and transcription plasmids 
to express viral genomic or antigenomic L, M, and S are 
co-transfected into targeted cells to generate infectious 
recombinant viruses (as shown in Figure  3C). However, in 
BSR-T7/5 cells, the recombinant BUNV can be  generated by 
transfecting just three antigenomic plasmids under the control 
of the T7 promoter, though these antigenomic plasmids provide 
low levels of supporting proteins (Lowen et  al., 2004).

The segmented nature of the bunyavirus genome potentially 
contributes to easy reassortment between two genetically related 
viruses when they co-infect the same host cell (Briese et  al., 
2013). To evaluate the genome reassortment potential and 
model the evolutionary process between closely related 
bunyaviruses, the so-called combinatory MG and iVLP systems 
based on traditional MG and iVLP systems have been developed 
for several important bunyaviruses, such as severe fever with 
thrombocytopenia syndrome virus (SFTSV), Heartland virus 
(HRTV; Rezelj et  al., 2019; Ren et  al., 2020), Oropouche virus 
(OROV), Schmallenberg virus (SBV; Tilston-Lunel et al., 2017), 
Cache Valley virus (CVV), and Kairi virus (KRIV; Dunlop 
et al., 2018). The combinatorial MG or iVLP system is generally 
comprised of the RdRp and N from the same virus (virus A 
for instance), the vRNA/cRNA-MG from a closely related virus 
(virus B for instance), and the glycoprotein (omitted from the 
MG system) from virus A or B. Results of our previous studies 
have revealed that the RdRp and N of SFTSV and HRTV 
cannot cross-recognize each other in a murine pol-I-driven 
MG system though the NP of SFTSV and another novel 
Banyangvirus Guertu virus (GTV) can efficiently substitute for 
each other to form functional RNP complex (Shen et al., 2018). 
However, Dunn et  al. have reported that the BUNV RdRp 
can also transcribe the MG-RNA in concert with the N proteins 
of closely related bunyaviruses, such as Batai virus, CVV, 
Maguari virus, Main Drain virus, and Northway virus, which 
prove that bunyavirus RdRp sometimes can also interact with 
the N from another virus.

DEVELOPMENT AND APPLICATION OF 
REVERSE GENETIC SYSTEMS FOR 
BUNYAVIRUSES

Minigenome Reporter Systems
MGs or minireplicons are virus-like genome segments (or 
genome analogs) that contain the cis-acting elements required 
for replication and transcription, but in which some or all of 
the viral protein-coding regions have been replaced with genes 
encoding reporter proteins, such as enhanced green fluorescent 
protein (EGFP), chloramphenicol acetyltransferase, or luciferase. 
Viral proteins, such as RdRp and N, required for the replication 
and transcription of MG, are provided in trans form to drive 
expression of the encoded reporter protein, and viral proteins 
can be  provided via either a co-infecting helper virus or by 
expression plasmids. MG systems are generally used as model 
systems for virus genome transcription and replication, and 

are frequently, although not always, generated as precursors 
to the development of IFLC systems.

It is incontestable that a breakthrough came when Palese 
et  al. established the first MG system for the modification of 
a negative-sense segmented RNA virus, influenza A virus, in 
1989 (Luytjes et  al., 1989). However, the reliance on helper 
virus infection restricted its applications. For negative-sense 
RNA viruses, the first established plasmid-based MG system 
was pioneered by Pattnaik and Wertz et  al., who established 
a replication system to study the structure–function relationships 
between viral proteins and RNA replication (Pattnaik and Wertz, 
1990, 1991). For bunyaviruses, the first established MG system 
based on the T7 promoter and BUNV S segment was established 
by Dunn et  al. (1995); thereafter, MG systems have been 
advancing rapidly and widely applied by researchers to investigate 
the transcription, replication, and pathogenesis of bunyaviruses.

The MG system has been mainly used to examine the 
cis- and trans-acting factors involved in bunyavirus replication 
and transcription (Barr et  al., 2003; Ikegami et  al., 2005), 
defining the minimal cis- and trans-acting factors required 
for viral replication (Barr et  al., 2003), mapping critical 
residues of the viral promoter (Flick et  al., 2004; Zhao et  al., 
2013), exploring the packaging (Kohl et  al., 2006), revealing 
the pathogenic mechanism (Ruiz-Jarabo et  al., 2003; Shao 
et  al., 2018), and identifying novel antiviral compounds 
(Rathbun et al., 2015) without requiring the use of live forms 
of bunyaviruses. For example, Flick et  al. created the first 
pol-I-driven MG system of HTNV (Hantaviridae) in 2003, 
which provided powerful tools for studying the functions 
of essential genes or proteins of hantavirus (Flick et  al., 
2003). The first pol-I promoter-based cRNA and vRNA MG 
systems of CCHFV (family Nairoviridae) were constructed 
with a helper virus in 2003, and this is also the first reported 
reverse genetics system for nairoviruses. Then, Bergeron et al. 
developed a more efficient CCHFV helper virus-independent 
MG system based on S, M, and L segments for the analysis 
of virus RNA and protein features involved in CCHFV 
replication. Using these systems, they revealed that UTRs of 
CCHFV L, M, and S were similar in support of replication 
of the respective MGs, and the ovarian tumor protease activity 
from the L protein was dispensable for virus RNA replication 
(Bergeron et  al., 2010). The first reported MG system of the 
prototype bunyavirus BUNV (Peribunyaviridae) was pioneered 
by Dunn et  al. in 1995, and they performed a wide-scale 
mutagenic analysis of viral N to examine the effects of 
different N mutants on viral RNA transcription and replication 
using the T7-driven MG system (Dunn et  al., 1995). Over 
the next several years, T7-driven MG systems have been 
developed for many other viruses from the genus 
Peribunyaviridae, such as Shuni virus (SHUV), AKAV, LACV, 
SBV, CVV, KRIV, and OROV (as shown in Table  1), and 
these systems have been widely used to study the viral 
replication cycle. For viruses from the genus Phenuiviridae, 
the first successfully constructed MG system was reported 
in 1995 for RVFV based on the classical T7-vaccinia virus 
(T7-VV) system, where it was proven that viral N and L 
are absolutely required and sufficient to reconstitute the 
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transcriptase activity (Lopez et al., 1995). Thereafter, T7- and/
or pol-I-driven MG systems have been successively developed 
for UUKV, SFTSV, and HRTV (see Table  1).

Infectious Virus-Like Particle System
MG system has been used to model the replication and 
transcription process of the viral life cycle, but it cannot mimic 
other steps, such as virus entry, budding, and packaging. 
Therefore, the iVLP or trVLP system has been developed to 
generate single-cycle infection particles. As this system can 
model a complete single infectious cycle of bunyavirus, it has 
become a very effective tool to further our understanding of 
every aspect of the virus life cycle.

Currently, a variety of iVLP systems have been developed 
for bunyaviruses, such as BUNV, RVFV, UUKV, CCHFV, and 
SFTSV, which belong to Peribunyaviridae, Nairoviridae, and 
Phenuiviridae, respectively. The first iVLP system was successfully 
constructed for BUNV (Orthobunyavirus) by Shi et  al., (2006), 
which was used to investigate the role of the nonstructural 
protein NSm in virus assembly and morphogenesis (Shi et  al., 
2006). Using an iVLP assay, Feng et al. revealed that interferon-
stimulated genes 20 (ISG20) can strongly inhibit gene expression 
from all three viral segments of BUNV in a recent study 
(Feng et  al., 2018). An iVLP system for UUKV (Phlebovirus) 
was also constructed in 2006, and the authors reported that 
the RNP complexes are incorporated into iVLPs but are not 
required for the generation of particles. Morphological analysis 
of these particles by electron microscopy revealed that iVLPs, 
either with or without MGs, display a surface morphology 
indistinguishable from that of the authentic UUKV and that 
they bud into Golgi vesicles in the same way as UUKV does 
(Overby et al., 2006). In the case of RVFV (Phlebovirus), Habjan 
et  al. developed an iVLP system and revealed that a human 
interferon-induced protein, MxA, inhibits both primary and 
secondary transcriptions of RVFV (Habjan et  al., 2009). Based 
on the previous results, the authors further evaluated the 
potential of RVFV iVLPs being developed as a vaccine candidate 
and found that the RVFV iVLPs were highly immunogenic 
and conferred protection against RVFV infection in mice without 
exhibiting any side effects (Naslund et  al., 2009). For CCHFV 
(Orthonairovirus), a so-called transcription and entry-competent 
virus-like particle (tc-VLP) system first developed in 2014, the 
authors revealed that the endonuclease domain of CCHFV L 
protein is located around amino acid D693 using this system 
(Devignot et  al., 2015). Furthermore, the immunogenicity and 
protection were also investigated using the CCHFV tc-VLP 
as a vaccine candidate in an interferon alpha receptor knockout 
mouse model, and the results showed that mice vaccinated 
with a specific DNA vaccine combined with the tc-VLP were 
fully protected (Hinkula et  al., 2017). In a recent study, the 
authors revealed the important role of CCHFV GP38 and NSm 
on CCHFV particle production and infectivity using the tc-VLP 
system (Freitas et  al., 2020). An iVLP system of SFTSV 
(Bandavirus) based on the M segment was developed by Rezelj 
et al. in 2019 and revealed the reassortment potential of SFTSV 
and the closely related bandaviruses and phleboviruses (Rezelj 
et  al., 2019).

Besides the classical reverse genetics systems, the so-called 
combinatorial MG and iVLP systems that contain viral 
components derived from closely related viruses were also 
established. Recently, Rezelj and Ren et al., respectively, developed 
T7- and pol-I-driven combinatorial MG and iVLP systems to 
study the Bandavirus (SFTSV, HRTV, and GTV) and Phlebovirus 
(RVFV and UUKV) genome reassortment potential (Rezelj 
et  al., 2019; Ren et  al., 2020). Similarly, other studies have also 
investigated the genome reassortment among orthobunyaviruses 
using combinatorial MG and iVLP systems, such as for OROV, 
SBV, and others within the Simbu serogroup (Tilston-Lunel 
et  al., 2017). Since then, the reassortment potential of CVV 
and KRIV has also been evaluated (Dunlop et  al., 2018). These 
combinatorial systems are excellent tools for researchers to 
assess the viral genome reassortment potential through evaluating 
the compatibility of viral components coming from closely 
related bunyaviruses without too much emphasis on the biosafety 
risk caused by co-infection. Meanwhile, they also have been 
used to identify the factors that affect the genome reassortment 
potential between different members of Bunyavirales.

Infectious Full-Length Clone System
The IFLC system generally consists of expression plasmids 
encoding RdRp and N, and transcription plasmids based on 
cellular pol-I or T7 promoter expressing all viral genome 
segments; this system has always been used to generate infectious 
wild type or recombinant viruses and has tremendous potential 
in studying the virus replication cycle in its entirety. Today, 
IFLC systems for many members in the families of Arenaviridae, 
Hantaviridae, Nairoviridae, Peribunyaviridae, and Phenuiviridae 
have been successfully developed and widely applied to study 
various aspects of bunyaviruses.

Bridgen and Elliott made an important breakthrough in 
1996 by successfully rescuing infectious BUNV entirely from 
cloned cDNAs under the control of T7 promoter. However, 
the procedure, including infection with a recombinant virus 
that expresses T7 RNA polymerase, transfection with three 
helper plasmids to express all of the BUNV proteins, and a 
second transfection with a mixture of plasmids to generate 
full-length antigenome viral RNAs, was cumbersome and the 
efficiency of generating infectious viruses was rather low 
(Bridgen and Elliott, 1996). With the IFLC system, they 
generated mutant BUNV without expressing NSs (nonstructural 
protein) and then revealed that although the NSs of BUNV 
are not essential for virus growth in tissue culture or mice, 
it has several functions in the virus life cycle and contributes 
to viral pathogenesis (Bridgen et al., 2001). As the complicated 
procedure and low rescue efficiency limit its application, Lowen 
et  al. then improved the IFLC system of BUNV by replacing 
the recombinant virus with BSR-T7/5 cell lines to express T7 
RNA polymerase. Then, the recombinant BUNV can be efficiently 
recovered following transfection with a mixture of plasmids, 
including two helper-protein (RdRp and N) expression plasmids 
and three ribozyme plasmids expressing L, M, and S antigenome 
RNAs. Interestingly, the BUNV can also be recovered following 
transfection with just three ribozyme plasmids without the 
need for separate helper-protein expression plasmids, which 
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may be  ascribed to the positive-sense transcripts generated 
by T7 RNA polymerase appearing to act as both messenger 
and antigenome RNA (Lowen et  al., 2004). From then on, 
the five or three plasmids rescue system based on promoter 
T7 or pol-I has been widely used to generate wild type and 
recombinant bunyaviruses (see Table  1).

The IFLC system has been applied to facilitate the development 
of novel recombinant viruses for many pathogenic members 
of the families Arenaviridae, Hantaviridae, Nairoviridae, 
Peribunyaviridae, and Phenuiviridae, and the recombinant virus 
has been used to study the viral life cycle and develop vaccine 
candidates. A variety of approaches based on reverse genetics 
has been undertaken to use recombinant viruses to rapidly 
generate live-attenuated vaccine candidates and the strategies 
have been reviewed elsewhere (Tercero and Makino, 2020). 
Therefore, here, we  just highlight the applications of IFLC 
systems by providing several representative examples. For the 
prototypic arenavirus LCMV, a live-attenuated vaccine candidate 
was developed in 2015 based on the presence of the noncoding 
intergenic region of the S genome segment in both L and S 
segments using IFLC systems (Iwasaki et  al., 2015). The same 
strategy was recently utilized by others to develop a safe and 
effective recombinant virus vaccine candidate for LASV, which 
is a pathogenic arenavirus that causes Lassa fever with high 
morbidity and lethality, and there is no approved LASV vaccine 
currently available (Cai et  al., 2020a). Based on the reverse 
genetics systems, Cai et  al. also generated a recombinant LASV 
expressing a codon-deoptimized GP gene, which also has the 
potential to be developed as an excellent live-attenuated vaccine 
candidate (Cai et  al., 2020b). For another high-pathogenic 
bunyavirus RVFV (genus Phlebovirus, family Phenuiviridae), the 
classical live-attenuated vaccine candidates, including recombinant 
virus with genome segment rearrangement (Wichgers Schreur 
et  al., 2014) and single-cycle replicable virus (Murakami et  al., 
2014), were also successfully generated based on the IFLC 
system. These studies suggest that the IFLC systems can be used 
as excellent tools to rapidly develop vaccine candidates for 
emerging bunyaviruses, as long as a proper strategy is adopted.

Meanwhile, the rescued recombinant bunyaviruses with 
reporters can also be  used as powerful tools to allow high-
throughput screening for host factors affecting virus replication 
and antiviral drugs. Taking the prototype bunyavirus BUNV 
as an example, using a recombinant BUNV with expressing 
EGFP, the authors screened a library of more than 350 human 
ISGs for the effects on virus replication, and IFITM3 and 
IRF1 were identified as modest inhibitors of BUNV replication 
(Schoggins et  al., 2014). Then, they increased the library size 
to 488 unique ISGs and found that the antiviral exonuclease 
ISG20 had broad-spectrum antiviral activity against multiple 
bunyaviruses, including BUNV, HRTV, SFTSV, and SBV (Feng 
et  al., 2018). For most bunyaviruses, nonstructural proteins 
generally act as pathogenicity and virulence factors and a lot 
of IFLC systems have also been used to study the NSs or 
NSm of bunyaviruses, such as BUNV (Bridgen et  al., 2001; 
Weber et al., 2002), UUKV (Rezelj et al., 2015), SFTSV (Brennan 
et  al., 2017), RVFV (Bird et  al., 2008, 2011), and SHUV 
(Oymans et  al., 2020).

CURRENT LIMITATIONS AND FUTURE 
PERSPECTIVES

It is undisputed that the above studies on MG, iVLP, and 
IFLC systems highlight the importance of reverse genetics in 
improving our understanding of negative RNA viruses at the 
molecular level. Indeed, the established reverse genetics systems 
for bunyaviruses have been powerful tools for researchers to 
study bunyaviruses and develop antiviral countermeasures. 
However, in many situations, cautionary notes need to 
be  introduced in interpreting the data obtained using reverse 
genetics approaches since there are many differences between 
modeling systems and the authentic viral replication cycle.

The reverse genetics systems based on plasmid transfection 
express the naked MG/viral RNA via T7 or cellular pol-I promoter 
and the naked RNAs must undergo artificial encapsidation by 
N that is also expressed by transfected plasmid. As there is no 
strictly equivalent process during virus infection, there may 
be  many factors affecting the activity of reverse genetics systems 
rather than virus replication. For example, it has been reported 
previously that the NSs protein of both BUNV and RVFV decrease 
MG-encoded activity through inhibiting the viral polymerase 
(Weber et  al., 2001; Brennan et  al., 2011). In contrast, other 
studies have shown that expression of the RVFV NSs protein 
in a MG system enhances RNA replication and transcription, 
as measured by an increase in reporter gene activity (Ikegami 
et  al., 2005). Interestingly, the NSs proteins of both BUNV and 
RVFV have been reported to be able to promote virus replication 
through counteracting the host antiviral responses during infection 
(Weber et  al., 2002; Billecocq et  al., 2004). These results suggest 
that conflicting data may be produced using different experimental 
systems, especially when the MG or iVLP system is used to 
conduct similar studies. When dealing with these problems, the 
different details between plasmid transfection-based reverse genetics 
systems and authentic virus infection should be taken into account. 
The IFLC systems based on transfection can be used to generate 
nascent wild type or recombinant viruses that can perform all 
the basic steps of the authentic viral replication cycle. It seems 
that there are very few limitations when dissecting the virus 
life cycle with the IFLC systems, as long as mutations introduced 
into the virus genome do not render the virus replicative 
incompetent. However, if the recombinant virus cannot 
be  generated because of introduced mutations, it will be  hard 
to determine which specific step of the viral replication cycle 
was interrupted without using the MG or iVLP system.

Although the reverse genetics systems have been successfully 
constructed for an increasing number of emerging bunyaviruses 
and have been used to dissect the viral life cycle, many 
questions remain to be  answered in the future. For the MG 
and iVLP systems, it remains uncertain how the viral N 
selectively recognizes the foreign part of the MG RNAs despite 
there being huge differences between viral and reporter genes. 
It has been demonstrated that RdRp and N can recognize 
the heterologous MG RNAs to form functional RNP complexes 
and these combinatory RNPs can also be  packaged by 
heterologous glycoprotein (Rezelj et  al., 2019; Ren et  al., 
2020), of which the molecular mechanisms also wait to 
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be revealed through utilizing reverse genetics systems. Moreover, 
in the case of bunyavirus packaging, it also remains to 
be  elucidated whether the progeny virions package viral 
segments intricately in a selective manner or in a random 
packaging manner. Based on better understanding of the 
common characteristics of bunyaviruses, the bivalent or 
polyvalent vaccines against closely related emerging 
bunyaviruses may be  rapidly generated in future, which will 
provide us with timely and effective protection when faced 
with an outbreak of a pathogenic bunyavirus.

CONCLUSION

The advent of reverse genetics technology has greatly facilitated 
our understanding of the life cycle of negative viruses, including 
the largest group of RNA viruses, bunyaviruses. This review 
focused mainly on members of the families Arenaviridae, 
Hantaviridae, Nairoviridae, Peribunyaviridae, and Phenuiviridae, 
which are comprised of a large group of important pathogens 
infecting humans and animals and posing a threat to global 
health, food, and economy. The majority of the bunyaviruses 
is restricted to be  handled in containment conditions, which 
has stunted the better understanding of the viral life cycle 
and the development of antivirals.

The reverse genetics system provides a powerful platform, 
allowing researchers to work with highly pathogenic viruses 
at a lower biocontainment level than normally required. Here, 
we not only summarized the already developed reverse genetics 
systems, including MG, iVLP, and IFLC, for important 
bunyaviruses but also provided a brief overview of the wide 
applications of these systems and future perspectives. These 
exciting research results can provide a foundation to fully 

exploit the potential of these reverse genetics systems and 
develop reverse genetics systems for other novel segmented 
negative-stranded RNA viruses.

AUTHOR CONTRIBUTIONS

FD, D-YZ, HW, Y-JN, CH, and FR conceived and designed 
the review and wrote the manuscript. QW and GW assisted 
with reference collection. FR and SS wrote and proofread the 
original manuscript. All authors contributed to the article and 
approved the submitted version.

FUNDING

This work was funded by the National Major Scientific and 
Technological Special Project for “Significant New Drugs 
Development” (2020ZX09201-001), the National Natural Science 
Foundation of China (U20A20135), the National Program on 
Key Research Project of China (2018YFE0200402), the Innovation 
Team Project of Hubei Provincial Health Commission 
(WJ2019C003), the Special Project of Hubei Science and Technology 
Innovation Platform (2020DFE018), and the Biological Resources 
Programme, Chinese Academy of Sciences (KFJ-BRP-017-74).

ACKNOWLEDGMENTS

We extend our greatest thanks to the core facility and technical 
support of Wuhan Institute of Virology and the financial support 
of the Research Center for Translational Medicine, Wuhan 
Jinyintan Hospital.

 

REFERENCES

Abudurexiti, A., Adkins, S., Alioto, D., Alkhovsky, S. V., Avsic-Zupanc, T., 
Ballinger, M. J., et al. (2019). Taxonomy of the order Bunyavirales: update 
2019. Arch. Virol. 164, 1949–1965. doi: 10.1007/s00705-019-04253-6

Barr, J. N., Elliott, R. M., Dunn, E. F., and Wertz, G. W. (2003). Segment-
specific terminal sequences of Bunyamwera bunyavirus regulate genome 
replication. Virology 311, 326–338. doi: 10.1016/s0042-6822(03)00130-2

Bergeron, E., Albarino, C. G., Khristova, M. L., and Nichol, S. T. (2010). 
Crimean-Congo hemorrhagic fever virus-encoded ovarian tumor protease 
activity is dispensable for virus RNA polymerase function. J. Virol. 84, 
216–226. doi: 10.1128/JVI.01859-09

Bergeron, E., Chakrabarti, A. K., Bird, B. H., Dodd, K. A., McMullan, L. K., 
Spiropoulou, C. F., et al. (2012). Reverse genetics recovery of Lujo virus 
and role of virus RNA secondary structures in efficient virus growth.  
J. Virol. 86, 10759–10765. doi: 10.1128/JVI.01144-12

Bergeron, E., Zivcec, M., Chakrabarti, A. K., Nichol, S. T., Albarino, C. G., 
and Spiropoulou, C. F. (2015). Recovery of recombinant Crimean Congo 
hemorrhagic fever virus reveals a function for non-structural glycoproteins 
cleavage by Furin. PLoS Pathog. 11:e1004879. doi: 10.1371/journal.ppat.1004879

Billecocq, A., Spiegel, M., Vialat, P., Kohl, A., Weber, F., Bouloy, M., et al. 
(2004). NSs protein of Rift Valley fever virus blocks interferon production 
by inhibiting host gene transcription. J. Virol. 78, 9798–9806. doi: 10.1128/
JVI.78.18.9798-9806.2004

Bird, B. H., Albarino, C. G., Hartman, A. L., Erickson, B. R., Ksiazek, T. G., 
and Nichol, S. T. (2008). Rift valley fever virus lacking the NSs and NSm 

genes is highly attenuated, confers protective immunity from virulent virus 
challenge, and allows for differential identification of infected and vaccinated 
animals. J. Virol. 82, 2681–2691. doi: 10.1128/Jvi.02501-07

Bird, B. H., Maartens, L. H., Campbell, S., Erasmus, B. J., Erickson, B. R., 
Dodd, K. A., et al. (2011). Rift Valley fever virus vaccine lacking the NSs 
and NSm genes is safe, Nonteratogenic, and confers protection from Viremia, 
pyrexia, and abortion following challenge in adult and pregnant sheep.  
J. Virol. 85, 12901–12909. doi: 10.1128/Jvi.06046-11

Blakqori, G., and Weber, F. (2005). Efficient cDNA-based rescue of La Crosse 
bunyaviruses expressing or lacking the nonstructural protein NSs. J. Virol. 
79, 10420–10428. doi: 10.1128/JVI.79.16.10420-10428.2005

Brennan, B., Li, P., and Elliott, R. M. (2011). Generation and characterization 
of a recombinant Rift Valley fever virus expressing a V5 epitope-tagged 
RNA-dependent RNA polymerase. J. Gen. Virol. 92, 2906–2913. doi: 10.1099/
vir.0.036749-0

Brennan, B., Li, P., Zhang, S., Li, A., Liang, M., Li, D., et al. (2015). Reverse 
genetics system for severe fever with thrombocytopenia syndrome virus.  
J. Virol. 89, 3026–3037. doi: 10.1128/JVI.03432-14

Brennan, B., Rezelj, V. V., and Elliott, R. M. (2017). Mapping of transcription 
termination within the S segment of SFTS Phlebovirus facilitated  
generation of NSs Deletant viruses. J. Virol. 91:e00743-17. doi: 10.1128/
JVI.00743-17

Bridgen, A., and Elliott, R. M. (1996). Rescue of a segmented negative-strand 
RNA virus entirely from cloned complementary DNAs. Proc. Natl. Acad. 
Sci. U. S. A. 93, 15400–15404. doi: 10.1073/pnas.93.26.15400

Bridgen, A., Weber, F., Fazakerley, J. K., and Elliott, R. M. (2001). Bunyamwera 
bunyavirus nonstructural protein NSs is a nonessential gene product that 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1007/s00705-019-04253-6
https://doi.org/10.1016/s0042-6822(03)00130-2
https://doi.org/10.1128/JVI.01859-09
https://doi.org/10.1128/JVI.01144-12
https://doi.org/10.1371/journal.ppat.1004879
https://doi.org/10.1128/JVI.78.18.9798-9806.2004
https://doi.org/10.1128/JVI.78.18.9798-9806.2004
https://doi.org/10.1128/Jvi.02501-07
https://doi.org/10.1128/Jvi.06046-11
https://doi.org/10.1128/JVI.79.16.10420-10428.2005
https://doi.org/10.1099/vir.0.036749-0
https://doi.org/10.1099/vir.0.036749-0
https://doi.org/10.1128/JVI.03432-14
https://doi.org/10.1128/JVI.00743-17
https://doi.org/10.1128/JVI.00743-17
https://doi.org/10.1073/pnas.93.26.15400


Ren et al. Reverse Genetics Systems of Bunyavirus

Frontiers in Microbiology | www.frontiersin.org 11 December 2021 | Volume 12 | Article 771934

contributes to viral pathogenesis. Proc. Natl. Acad. Sci. U. S. A. 98, 664–669. 
doi: 10.1073/pnas.98.2.664

Briese, T., Calisher, C. H., and Higgs, S. (2013). Viruses of the family Bunyaviridae: 
are all available isolates reassortants? Virology 446, 207–216. doi: 10.1016/j.
virol.2013.07.030

Brocato, R. L., and Hooper, J. W. (2019). Progress on the prevention and 
treatment of hantavirus disease. Viruses 11, 610. doi: 10.3390/v11070610

Brown, K. S., Ebihara, H., and Feldmann, H. (2012). Development of a 
minigenome system for Andes virus, a New World hantavirus. Arch. Virol. 
157, 2227–2233. doi: 10.1007/s00705-012-1401-0

Cai, Y. Y., Iwasaki, M., Beitzel, B. F., Yu, S. Q., Postnikova, E. N., Cubitt, B., 
et al. (2018). Recombinant Lassa virus expressing green fluorescent protein 
as a tool for high-throughput drug screens and neutralizing antibody assays. 
Viruses 10:655. doi: 10.3390/v10110655

Cai, Y., Iwasaki, M., Motooka, D., Liu, D. X., Yu, S., Cooper, K., et al. (2020a). 
A Lassa virus live-attenuated vaccine candidate based on rearrangement of 
the Intergenic region. mBio 11:e00186-20. doi: 10.1128/mBio.00186-20

Cai, Y., Ye, C., Cheng, B., Nogales, A., Iwasaki, M., Yu, S., et al. (2020b). 
A Lassa fever live-attenuated vaccine based on codon Deoptimization 
of the viral glycoprotein gene. mBio 11:e00039-20. doi: 10.1128/
mBio.00039-20

Cheng, B. Y., Ortiz-Riano, E., de la Torre, J. C., and Martinez-Sobrido, L. 
(2015). Arenavirus genome rearrangement for the development of live 
attenuated vaccines. J. Virol. 89, 7373–7384. doi: 10.1128/JVI.00307-15

Devignot, S., Bergeron, E., Nichol, S., Mirazimi, A., and Weber, F. (2015). A 
virus-like particle system identifies the endonuclease domain of Crimean-
Congo hemorrhagic fever virus. J. Virol. 89, 5957–5967. doi: 10.1128/JVI.03691-14

Dunlop, J. I., Szemiel, A. M., Navarro, A., Wilkie, G. S., Tong, L., Modha, S., 
et al. (2018). Development of reverse genetics systems and investigation of 
host response antagonism and reassortment potential for Cache Valley and 
Kairi viruses, two emerging orthobunyaviruses of the Americas. PLoS Negl. 
Trop. Dis. 12:e0006884. doi: 10.1371/journal.pntd.0006884

Dunn, E. F., Pritlove, D. C., Jin, H., and Elliott, R. M. (1995). Transcription 
of a recombinant bunyavirus RNA template by transiently expressed bunyavirus 
proteins. Virology 211, 133–143. doi: 10.1006/viro.1995.1386

Dutuze, M. F., Nzayirambaho, M., Mores, C. N., and Christofferson, R. C. 
(2018). A review of Bunyamwera, Batai, and Ngari viruses: understudied 
Orthobunyaviruses With potential one health implications. Front. Vet. Sci. 
5:69. doi: 10.3389/fvets.2018.00069

Elliott, R. M., Blakqori, G., van Knippenberg, I. C., Koudriakova, E., Li, P., 
McLees, A., et al. (2013). Establishment of a reverse genetics system for 
Schmallenberg virus, a newly emerged orthobunyavirus in Europe. J. Gen. 
Virol. 94, 851–859. doi: 10.1099/vir.0.049981-0

Emonet, S. F., Seregin, A. V., Yun, N. E., Poussard, A. L., Walker, A. G., de 
la Torre, J. C., et al. (2011). Rescue from cloned cDNAs and in  vivo 
characterization of recombinant pathogenic Romero and live-attenuated 
candid #1 strains of Junin virus, the causative agent of argentine hemorrhagic 
fever disease. J. Virol. 85, 1473–1483. doi: 10.1128/JVI.02102-10

Feng, J., Wickenhagen, A., Turnbull, M. L., Rezelj, V. V., Kreher, F., 
Tilston-Lunel, N. L., et al. (2018). Interferon-stimulated gene (ISG)-expression 
screening reveals the specific Antibunyaviral activity of ISG20. J. Virol. 92, 
e02140–e02117. doi: 10.1128/JVI.02140-17

Ferron, F., Weber, F., de la Torre, J. C., and Reguera, J. (2017). Transcription 
and replication mechanisms of Bunyaviridae and Arenaviridae L proteins. 
Virus Res. 234, 118–134. doi: 10.1016/j.virusres.2017.01.018

Flatz, L., Bergthaler, A., de la Torre, J. C., and Pinschewer, D. D. (2006). 
Recovery of an arenavirus entirely from RNA polymerase I/II-driven cDNA. 
Proc. Natl. Acad. Sci. U. S. A. 103, 4663–4668. doi: 10.1073/pnas.0600652103

Flick, K., Hooper, J. W., Schmaljohn, C. S., Pettersson, R. F., Feldmann, H., 
and Flick, R. (2003). Rescue of Hantaan virus minigenomes. Virology 306, 
219–224. doi: 10.1016/s0042-6822(02)00070-3

Flick, K., Katz, A., Overby, A., Feldmann, H., Pettersson, R. F., and Flick, R. 
(2004). Functional analysis of the noncoding regions of the Uukuniemi 
virus (Bunyaviridae) RNA segments. J. Virol. 78, 11726–11738. doi: 10.1128/
JVI.78.21.11726-11738.2004

Flick, R., and Pettersson, R. F. (2001). Reverse genetics system for Uukuniemi 
virus (Bunyaviridae): RNA polymerase I-catalyzed expression of chimeric 
viral RNAs. J. Virol. 75, 1643–1655. doi: 10.1128/JVI.75.4.1643-1655.2001

Freitas, N., Enguehard, M., Denolly, S., Levy, C., Neveu, G., Lerolle, S., et al. 
(2020). The interplays between Crimean-Congo hemorrhagic fever virus 
(CCHFV) M segment-encoded accessory proteins and structural proteins 
promote virus assembly and infectivity. PLoS Pathog. 16:e1008850. doi: 
10.1371/journal.ppat.1008850

Fuller, J., Surtees, R. A., Slack, G. S., Mankouri, J., Hewson, R., and Barr, J. N. 
(2019). Rescue of Infectious Recombinant Hazara Nairovirus from cDNA 
reveals the Nucleocapsid protein DQVD Caspase cleavage motif performs 
an essential role other than cleavage. J. Virol. 93:e00616-19. doi: 10.1128/
JVI.00616-19

Guardado-Calvo, P., and Rey, F. A. (2017). The envelope proteins of the 
Bunyavirales. Adv. Virus Res. 98, 83–118. doi: 10.1016/bs.aivir.2017.02.002

Guu, T. S., Zheng, W., and Tao, Y. J. (2012). Bunyavirus: structure and replication. 
Adv. Exp. Med. Biol. 726, 245–266. doi: 10.1007/978-1-4614-0980-9_11

Habjan, M., Penski, N., Spiegel, M., and Weber, F. (2008). T7 RNA polymerase-
dependent and -independent systems for cDNA-based rescue of Rift Valley 
fever virus. J. Gen. Virol. 89, 2157–2166. doi: 10.1099/vir.0.2008/002097-0

Habjan, M., Penski, N., Wagner, V., Spiegel, M., Overby, A. K., Kochs, G., 
et al. (2009). Efficient production of Rift Valley fever virus-like particles: 
The antiviral protein MxA can inhibit primary transcription of bunyaviruses. 
Virology 385, 400–408. doi: 10.1016/j.virol.2008.12.011

Hallam, H. J., Lokugamage, N., and Ikegami, T. (2019). Rescue of infectious 
Arumowot virus from cloned cDNA: posttranslational degradation of Arumowot 
virus NSs protein in human cells. PLoS Negl. Trop. Dis. 13:e0007904. doi: 
10.1371/journal.pntd.0007904

Hinkula, J., Devignot, S., Akerstrom, S., Karlberg, H., Wattrang, E., Bereczky, S., 
et al. (2017). Immunization with DNA plasmids coding for Crimean-Congo 
hemorrhagic fever virus capsid and envelope proteins and/or virus-Like 
particles induces protection and survival in challenged mice. J. Virol. 
91:e02076-16. doi: 10.1128/JVI.02076-16

Hoenen, T., Groseth, A., de Kok-Mercado, F., Kuhn, J. H., and Wahl-Jensen, V. 
(2011). Minigenomes, transcription and replication competent virus-like 
particles and beyond: reverse genetics systems for filoviruses and other 
negative stranded hemorrhagic fever viruses. Antivir. Res. 91, 195–208. doi: 
10.1016/j.antiviral.2011.06.003

Hornung, V., Ellegast, J., Kim, S., Brzozka, K., Jung, A., Kato, H., et al. (2006). 
5′-triphosphate RNA is the ligand for RIG-I. Science 314, 994–997. doi: 
10.1126/science.1132505

Ikegami, T., Peters, C. J., and Makino, S. (2005). Rift Valley fever virus 
nonstructural protein NSs promotes viral RNA replication and transcription 
in a minigenome system. J. Virol. 79, 5606–5615. doi: 10.1128/
Jvi.79.9.5606-5615.2005

Ikegami, T., Won, S., Peters, C. J., and Makino, S. (2006). Rescue of infectious 
rift valley fever virus entirely from cDNA, analysis of virus lacking the 
NSs gene, and expression of a foreign gene. J. Virol. 80, 2933–2940. doi: 
10.1128/JVI.80.6.2933-2940.2006

Ishibashi, K., Matsumoto-Yokoyama, E., and Ishikawa, M. (2017). A tomato 
spotted wilt virus S RNA-based replicon system in yeast. Sci. Rep. 7, 12647. 
doi: 10.1038/s41598-017-12687-8

Iwasaki, M., Ngo, N., Cubitt, B., Teijaro, J. R., and de la Torre, J. C. (2015). 
General molecular strategy for development of Arenavirus live-attenuated 
vaccines. J. Virol. 89, 12166–12177. doi: 10.1128/JVI.02075-15

Jerome, H., Rudolf, M., Lelke, M., Pahlmann, M., Busch, C., Bockholt, S., 
et al. (2019). Rift Valley fever virus minigenome system for investigating 
the role of L protein residues in viral transcription and replication. J. Gen. 
Virol. 100, 1093–1098. doi: 10.1099/jgv.0.001281

Klemm, C., Reguera, J., Cusack, S., Zielecki, F., Kochs, G., and Weber, F. 
(2013). Systems to establish bunyavirus genome replication in the absence 
of transcription. J. Virol. 87, 8205–8212. doi: 10.1128/JVI.00371-13

Kohl, A., Lowen, A. C., Leonard, V. H. J., and Elliott, R. M. (2006). Genetic 
elements regulating packaging of the Bunyamwera orthobunyavirus genome. 
J. Gen. Virol. 87, 177–187. doi: 10.1099/vir.0.81227-0

Kuhn, J. H., Adkins, S., Alioto, D., Alkhovsky, S. V., Amarasinghe, G. K., 
Anthony, S. J., et al. (2020). 2020 taxonomic update for phylum 
Negarnaviricota (Riboviria: Orthornavirae), including the large orders 
Bunyavirales and Mononegavirales. Arch. Virol. 165, 3023–3072. doi: 10.1007/
s00705-020-04731-2

Lan, S., McLay Schelde, L., Wang, J., Kumar, N., Ly, H., and Liang, Y. (2009). 
Development of infectious clones for virulent and avirulent pichinde viruses: 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1073/pnas.98.2.664
https://doi.org/10.1016/j.virol.2013.07.030
https://doi.org/10.1016/j.virol.2013.07.030
https://doi.org/10.3390/v11070610
https://doi.org/10.1007/s00705-012-1401-0
https://doi.org/10.3390/v10110655
https://doi.org/10.1128/mBio.00186-20
https://doi.org/10.1128/mBio.00039-20
https://doi.org/10.1128/mBio.00039-20
https://doi.org/10.1128/JVI.00307-15
https://doi.org/10.1128/JVI.03691-14
https://doi.org/10.1371/journal.pntd.0006884
https://doi.org/10.1006/viro.1995.1386
https://doi.org/10.3389/fvets.2018.00069
https://doi.org/10.1099/vir.0.049981-0
https://doi.org/10.1128/JVI.02102-10
https://doi.org/10.1128/JVI.02140-17
https://doi.org/10.1016/j.virusres.2017.01.018
https://doi.org/10.1073/pnas.0600652103
https://doi.org/10.1016/s0042-6822(02)00070-3
https://doi.org/10.1128/JVI.78.21.11726-11738.2004
https://doi.org/10.1128/JVI.78.21.11726-11738.2004
https://doi.org/10.1128/JVI.75.4.1643-1655.2001
https://doi.org/10.1371/journal.ppat.1008850
https://doi.org/10.1128/JVI.00616-19
https://doi.org/10.1128/JVI.00616-19
https://doi.org/10.1016/bs.aivir.2017.02.002
https://doi.org/10.1007/978-1-4614-0980-9_11
https://doi.org/10.1099/vir.0.2008/002097-0
https://doi.org/10.1016/j.virol.2008.12.011
https://doi.org/10.1371/journal.pntd.0007904
https://doi.org/10.1128/JVI.02076-16
https://doi.org/10.1016/j.antiviral.2011.06.003
https://doi.org/10.1126/science.1132505
https://doi.org/10.1128/Jvi.79.9.5606-5615.2005
https://doi.org/10.1128/Jvi.79.9.5606-5615.2005
https://doi.org/10.1128/JVI.80.6.2933-2940.2006
https://doi.org/10.1038/s41598-017-12687-8
https://doi.org/10.1128/JVI.02075-15
https://doi.org/10.1099/jgv.0.001281
https://doi.org/10.1128/JVI.00371-13
https://doi.org/10.1099/vir.0.81227-0
https://doi.org/10.1007/s00705-020-04731-2
https://doi.org/10.1007/s00705-020-04731-2


Ren et al. Reverse Genetics Systems of Bunyavirus

Frontiers in Microbiology | www.frontiersin.org 12 December 2021 | Volume 12 | Article 771934

a model virus to study arenavirus-induced hemorrhagic fevers. J. Virol. 83, 
6357–6362. doi: 10.1128/JVI.00019-09

Lee, K. J., Novella, I. S., Teng, M. N., Oldstone, M. B., and de La Torre, J. C. 
(2000). NP and L proteins of lymphocytic choriomeningitis virus (LCMV) 
are sufficient for efficient transcription and replication of LCMV genomic 
RNA analogs. J. Virol. 74, 3470–3477. doi: 10.1128/jvi.74.8.3470-3477.2000

Lopez, N., Muller, R., Prehaud, C., and Bouloy, M. (1995). The L-protein of 
Rift-Valley fever virus can rescue viral Ribonucleoproteins and transcribe 
synthetic genome-Like Rna molecules. J. Virol. 69, 3972–3979. doi: 10.1128/
Jvi.69.7.3972-3979.1995

Lowen, A. C., Noonan, C., McLees, A., and Elliott, R. M. (2004). Efficient bunyavirus 
rescue from cloned cDNA. Virology 330, 493–500. doi: 10.1016/j.virol.2004.10.009

Luytjes, W., Krystal, M., Enami, M., Parvin, J. D., and Palese, P. (1989). 
Amplification, expression, and packaging of foreign gene by influenza virus. 
Cell 59, 1107–1113. doi: 10.1016/0092-8674(89)90766-6

Matsumoto, Y., Ohta, K., Kolakofsky, D., and Nishio, M. (2019). A Minigenome 
study of Hazara Nairovirus genomic promoters. J. Virol. 93, e02118–e02118. 
doi: 10.1128/JVI.02118-18

Mazel-Sanchez, B., and Elliott, R. M. (2012). Attenuation of bunyamwera 
orthobunyavirus replication by targeted mutagenesis of genomic untranslated 
regions and creation of viable viruses with minimal genome segments.  
J. Virol. 86, 13672–13678. doi: 10.1128/JVI.02253-12

Murakami, S., Terasaki, K., Ramirez, S. I., Morrill, J. C., and Makino, S. (2014). 
Development of a novel, single-cycle replicable rift valley fever vaccine. 
PLoS Negl. Trop. Dis. 8:e2746. doi: 10.1371/journal.pntd.0002746

Naslund, J., Lagerqvist, N., Habjan, M., Lundkvist, A., Evander, M., Ahlm, C., 
et al. (2009). Vaccination with virus-like particles protects mice from lethal 
infection of Rift Valley fever virus. Virology 385, 409–415. doi: 10.1016/j.
virol.2008.12.012

Noronha, L. E., and Wilson, W. C. (2017). Comparison of two zoonotic viruses 
from the order Bunyavirales. Curr. Opin. Virol. 27, 36–41. doi: 10.1016/j.
coviro.2017.10.007

Overby, A. K., Popov, V., Neve, E. P., and Pettersson, R. F. (2006). Generation 
and analysis of infectious virus-like particles of uukuniemi virus (bunyaviridae): 
a useful system for studying bunyaviral packaging and budding. J. Virol. 
80, 10428–10435. doi: 10.1128/JVI.01362-06

Oymans, J., Wichgers Schreur, P. J., van Oort, S., Vloet, R., Venter, M., 
Pijlman, G. P., et al. (2020). Reverse genetics system for Shuni virus, an 
emerging Orthobunyavirus with zoonotic potential. Viruses 12, 455. doi: 
10.3390/v12040455

Patterson, M., Seregin, A., Huang, C., Kolokoltsova, O., Smith, J., Miller, M., 
et al. (2014). Rescue of a recombinant Machupo virus from cloned cDNAs 
and in vivo characterization in interferon (alphabeta/gamma) receptor double 
knockout mice. J. Virol. 88, 1914–1923. doi: 10.1128/JVI.02925-13

Pattnaik, A. K., and Wertz, G. W. (1990). Replication and amplification of 
defective interfering particle RNAs of vesicular stomatitis virus in cells 
expressing viral proteins from vectors containing cloned cDNAs. J. Virol. 
64, 2948–2957. doi: 10.1128/JVI.64.6.2948-2957.1990

Pattnaik, A. K., and Wertz, G. W. (1991). Cells that express all five proteins 
of vesicular stomatitis virus from cloned cDNAs support replication, assembly, 
and budding of defective interfering particles. Proc. Natl. Acad. Sci. U. S. 
A. 88, 1379–1383. doi: 10.1073/pnas.88.4.1379

Paweska, J. T. (2015). Rift Valley fever. Rev. Sci. Tech. 34, 375–389. doi: 10.20506/
rst.34.2.2364

Perez, M., Craven, R. C., and de la Torre, J. C. (2003). The small RING 
finger protein Z drives arenavirus budding: implications for antiviral 
strategies. Proc. Natl. Acad. Sci. U. S. A. 100, 12978–12983. doi: 10.1073/
pnas.2133782100

Pontremoli, C., Forni, D., and Sironi, M. (2019). Arenavirus genomics: novel 
insights into viral diversity, origin, and evolution. Curr. Opin. Virol. 34, 
18–28. doi: 10.1016/j.coviro.2018.11.001

Rathbun, J. Y., Droniou, M. E., Damoiseaux, R., Haworth, K. G., Henley, J. E., 
Exline, C. M., et al. (2015). Novel Arenavirus entry inhibitors discovered 
by using a Minigenome rescue system for high-throughput drug screening. 
J. Virol. 89, 8428–8443. doi: 10.1128/Jvi.00997-15

Ren, F., Zhou, M., Deng, F., Wang, H., and Ning, Y. J. (2020). Combinatorial 
Minigenome Systems for Emerging Banyangviruses Reveal Viral Reassortment 
Potential and Importance of a protruding nucleotide in genome "panhandle" 

for promoter activity and Reassortment. Front. Microbiol. 11:599. doi: 10.3389/
fmicb.2020.00599

Rezelj, V. V., Mottram, T. J., Hughes, J., Elliott, R. M., Kohl, A., and Brennan, B. 
(2019). M segment-based Minigenomes and virus-Like particle assays as 
an approach to assess the potential of tick-borne Phlebovirus genome 
Reassortment. J. Virol. 93:e02068-18. doi: 10.1128/JVI.02068-18

Rezelj, V. V., Overby, A. K., and Elliott, R. M. (2015). Generation of mutant 
Uukuniemi viruses lacking the nonstructural protein NSs by reverse genetics 
indicates that NSs is a weak interferon antagonist. J. Virol. 89, 4849–4856. 
doi: 10.1128/JVI.03511-14

Ruiz-Jarabo, C. M., Ly, C., Domingo, E., and de la Torre, J. C. (2003). Lethal 
mutagenesis of the prototypic arenavirus lymphocytic choriomeningitis virus 
(LCMV). Virology 308, 37–47. doi: 10.1016/s0042-6822(02)00046-6

Sanchez, A. B., and de la Torre, J. C. (2006). Rescue of the prototypic Arenavirus 
LCMV entirely from plasmid. Virology 350, 370–380. doi: 10.1016/j.
virol.2006.01.012

Schoggins, J. W., MacDuff, D. A., Imanaka, N., Gainey, M. D., Shrestha, B., 
Eitson, J. L., et al. (2014). Pan-viral specificity of IFN-induced genes reveals 
new roles for cGAS in innate immunity. Nature 505, 691–695. doi: 10.1038/
nature12862

Serretiello, E., Astorri, R., Chianese, A., Stelitano, D., Zannella, C., Folliero, V., 
et al. (2020). The emerging tick-borne Crimean-Congo haemorrhagic fever 
virus: A narrative review. Travel Med. Infect. Dis. 37:101871. doi: 10.1016/j.
tmaid.2020.101871

Shao, J., Liang, Y., and Ly, H. (2018). Roles of Arenavirus Z protein in mediating 
Virion budding, viral transcription-inhibition and interferon-Beta suppression. 
Methods Mol. Biol. 1604, 217–227. doi: 10.1007/978-1-4939-6981-4_16

Shen, S., Duan, X., Wang, B., Zhu, L., Zhang, Y., Zhang, J., et al. (2018). A 
novel tick-borne phlebovirus, closely related to severe fever with 
thrombocytopenia syndrome virus and heartland virus, is a potential pathogen. 
Emerg. Microbes Infect. 7:95. doi: 10.1038/s41426-018-0093-2

Shi, X., Kohl, A., Leonard, V. H., Li, P., McLees, A., and Elliott, R. M. (2006). 
Requirement of the N-terminal region of orthobunyavirus nonstructural 
protein NSm for virus assembly and morphogenesis. J. Virol. 80, 8089–8099. 
doi: 10.1128/JVI.00579-06

Simons, J. F., and Pettersson, R. F. (1991). Host-derived 5′ ends and overlapping 
complementary 3′ ends of the two mRNAs transcribed from the ambisense 
S segment of Uukuniemi virus. J. Virol. 65, 4741–4748. doi: 10.1128/
JVI.65.9.4741-4748.1991

Smith, D. R., Johnston, S. C., Piper, A., Botto, M., Donnelly, G., Shamblin, J., 
et al. (2018). Attenuation and efficacy of live-attenuated Rift Valley fever 
virus vaccine candidates in non-human primates. PLoS Negl. Trop. Dis. 
12:e0006474. doi: 10.1371/journal.pntd.0006474

Sun, Y., Li, J., Gao, G. F., Tien, P., and Liu, W. (2018). Bunyavirales 
ribonucleoproteins: the viral replication and transcription machinery. Crit. 
Rev. Microbiol. 44, 522–540. doi: 10.1080/1040841X.2018.1446901

Takenaka-Uema, A., Murata, Y., Gen, F., Ishihara-Saeki, Y., Watanabe, K., 
Uchida, K., et al. (2015). Generation of a recombinant Akabane virus 
expressing enhanced green fluorescent protein. J. Virol. 89, 9477–9484. doi: 
10.1128/JVI.00681-15

Takenaka-Uema, A., Sugiura, K., Bangphoomi, N., Shioda, C., Uchida, K., 
Kato, K., et al. (2016). Development of an improved reverse genetics system 
for Akabane bunyavirus. J. Virol. Methods 232, 16–20. doi: 10.1016/j.
jviromet.2015.12.014

Tercero, B., and Makino, S. (2020). Reverse genetics approaches for the development 
of bunyavirus vaccines. Curr. Opin. Virol. 44, 16–25. doi: 10.1016/j.
coviro.2020.05.004

Tilston-Lunel, N. L., Acrani, G. O., Randall, R. E., and Elliott, R. M. 
(2015). Generation of recombinant Oropouche viruses lacking the 
nonstructural protein NSm or NSs. J. Virol. 90, 2616–2627. doi: 10.1128/
JVI.02849-15

Tilston-Lunel, N. L., Shi, X. H., Elliott, R. M., and Acrani, G. O. (2017). The 
potential for Reassortment between Oropouche and Schmallenberg 
Orthobunyaviruses. Viruses 9:220. doi: 10.3390/v9080220

Varela, M., Schnettler, E., Caporale, M., Murgia, C., Barry, G., McFarlane, M., 
et al. (2013). Schmallenberg virus pathogenesis, tropism and interaction 
with the innate immune system of the host. PLoS Pathog. 9:e1003133. doi: 
10.1371/journal.ppat.1003133

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/JVI.00019-09
https://doi.org/10.1128/jvi.74.8.3470-3477.2000
https://doi.org/10.1128/Jvi.69.7.3972-3979.1995
https://doi.org/10.1128/Jvi.69.7.3972-3979.1995
https://doi.org/10.1016/j.virol.2004.10.009
https://doi.org/10.1016/0092-8674(89)90766-6
https://doi.org/10.1128/JVI.02118-18
https://doi.org/10.1128/JVI.02253-12
https://doi.org/10.1371/journal.pntd.0002746
https://doi.org/10.1016/j.virol.2008.12.012
https://doi.org/10.1016/j.virol.2008.12.012
https://doi.org/10.1016/j.coviro.2017.10.007
https://doi.org/10.1016/j.coviro.2017.10.007
https://doi.org/10.1128/JVI.01362-06
https://doi.org/10.3390/v12040455
https://doi.org/10.1128/JVI.02925-13
https://doi.org/10.1128/JVI.64.6.2948-2957.1990
https://doi.org/10.1073/pnas.88.4.1379
https://doi.org/10.20506/rst.34.2.2364
https://doi.org/10.20506/rst.34.2.2364
https://doi.org/10.1073/pnas.2133782100
https://doi.org/10.1073/pnas.2133782100
https://doi.org/10.1016/j.coviro.2018.11.001
https://doi.org/10.1128/Jvi.00997-15
https://doi.org/10.3389/fmicb.2020.00599
https://doi.org/10.3389/fmicb.2020.00599
https://doi.org/10.1128/JVI.02068-18
https://doi.org/10.1128/JVI.03511-14
https://doi.org/10.1016/s0042-6822(02)00046-6
https://doi.org/10.1016/j.virol.2006.01.012
https://doi.org/10.1016/j.virol.2006.01.012
https://doi.org/10.1038/nature12862
https://doi.org/10.1038/nature12862
https://doi.org/10.1016/j.tmaid.2020.101871
https://doi.org/10.1016/j.tmaid.2020.101871
https://doi.org/10.1007/978-1-4939-6981-4_16
https://doi.org/10.1038/s41426-018-0093-2
https://doi.org/10.1128/JVI.00579-06
https://doi.org/10.1128/JVI.65.9.4741-4748.1991
https://doi.org/10.1128/JVI.65.9.4741-4748.1991
https://doi.org/10.1371/journal.pntd.0006474
https://doi.org/10.1080/1040841X.2018.1446901
https://doi.org/10.1128/JVI.00681-15
https://doi.org/10.1016/j.jviromet.2015.12.014
https://doi.org/10.1016/j.jviromet.2015.12.014
https://doi.org/10.1016/j.coviro.2020.05.004
https://doi.org/10.1016/j.coviro.2020.05.004
https://doi.org/10.1128/JVI.02849-15
https://doi.org/10.1128/JVI.02849-15
https://doi.org/10.3390/v9080220
https://doi.org/10.1371/journal.ppat.1003133


Ren et al. Reverse Genetics Systems of Bunyavirus

Frontiers in Microbiology | www.frontiersin.org 13 December 2021 | Volume 12 | Article 771934

Walpita, P., and Flick, R. (2005). Reverse genetics of negative-stranded RNA 
viruses: a global perspective. FEMS Microbiol. Lett. 244, 9–18. doi: 10.1016/j.
femsle.2005.01.046

Weber, F., Bridgen, A., Fazakerley, J. K., Streitenfeld, H., Kessler, N., Randall, R. E., 
et al. (2002). Bunyamwera bunyavirus nonstructural protein NSs counteracts 
the induction of alpha/beta interferon. J. Virol. 76, 7949–7955. doi: 10.1128/
Jvi.76.16.7949-7955.2002

Weber, F., Dunn, E. F., Bridgen, A., and Elliott, R. M. (2001). The Bunyamwera 
virus nonstructural protein NSs inhibits viral RNA synthesis in a minireplicon 
system. Virology 281, 67–74. doi: 10.1006/viro.2000.0774

Welch, S. R., Scholte, F. E. M., Spengler, J. R., Ritter, J. M., Coleman-
McCray, J. D., Harmon, J. R., et al. (2020). The Crimean-Congo hemorrhagic 
fever virus NSm protein is dispensable for growth In vitro and disease 
in Ifnar(−/−) mice. Microorganisms 8:775. doi: 10.3390/
microorganisms8050775

Wichgers Schreur, P. J., Oreshkova, N., Moormann, R. J., and Kortekaas, J. 
(2014). Creation of Rift Valley fever viruses with four-segmented genomes 
reveals flexibility in bunyavirus genome packaging. J. Virol. 88, 10883–10893. 
doi: 10.1128/JVI.00961-14

Ye, C., de la Torre, J. C., and Martinez-Sobrido, L. (2020). Development of 
reverse genetics for the prototype New World Mammarenavirus Tacaribe 
virus. J. Virol. 94:e01014-20. doi: 10.1128/JVI.01014-20

Zhang, Y., Li, X. H., Jiang, H., Huang, C. X., Wang, P. Z., Mou, D. L., et al. 
(2008). Expression of L protein of Hantaan virus 84FLi strain and its 

application for recovery of minigenomes. APMIS 116, 1089–1090. doi: 
10.1111/j.1600-0463.2008.01011.x

Zhao, J. R., Xia, H., Zhang, Y. J., Yin, S. Y., Zhang, Z., Tang, S., et al. (2013). 
Mini-genome rescue of Crimean-Congo hemorrhagic fever virus and research 
into the evolutionary patterns of its untranslated regions. Virus Res. 177, 
22–34. doi: 10.1016/j.virusres.2013.07.005

Conflict of Interest: The authors declare that the review was conducted in the 
absence of any commercial or financial relationships that could be  construed as 
a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Ren, Shen, Wang, Wei, Huang, Wang, Ning, Zhang and Deng. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.femsle.2005.01.046
https://doi.org/10.1016/j.femsle.2005.01.046
https://doi.org/10.1128/Jvi.76.16.7949-7955.2002
https://doi.org/10.1128/Jvi.76.16.7949-7955.2002
https://doi.org/10.1006/viro.2000.0774
https://doi.org/10.3390/microorganisms8050775
https://doi.org/10.3390/microorganisms8050775
https://doi.org/10.1128/JVI.00961-14
https://doi.org/10.1128/JVI.01014-20
https://doi.org/10.1111/j.1600-0463.2008.01011.x
https://doi.org/10.1016/j.virusres.2013.07.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Recent Advances in Bunyavirus Reverse Genetics Research: Systems Development, Applications, and Future Perspectives
	Introduction
	Classification and Genome Organization of Bunyavirales 
	Viral Replication Cycle and Reverse Genetics Systems of Bunyaviruses
	Current Status of Reverse Genetics Research on Bunyaviruses
	Development and Application of Reverse Genetic Systems for Bunyaviruses
	Minigenome Reporter Systems
	Infectious Virus-Like Particle System
	Infectious Full-Length Clone System

	Current Limitations and Future Perspectives
	Conclusion
	Author Contributions

	References

