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Reverse genetics of rotavirus
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The genetics of viruses are determined by mutations
of their nucleic acid. Mutations can occur spontane-
ously or be produced by physical or chemical means:
for example, the application of different temperatures
or mutagens (such as hydroxylamine, nitrous acid, or
alkylating agents) that alter the nucleic acid. The clas-
sic way to study virus mutants is to identify a change in
phenotype compared with the wild-type and to corre-
late this with the mutant genotype (“forward genet-
ics”). Mutants can be studied by complementation,
recombination, or reassortment analyses. These ap-
proaches, although very useful, are cumbersome and
prone to problems by often finding several mutations
in a genome that are difficult to correlate with a change
in phenotype. With the availability of the nucleotide
sequences of most viral genomes and of the tools of
genetic engineering, this stratagem has drastically
changed. One can now start with rationally engineering
particular mutations in individual viral genes, followed
by production of infectious viral particles and explora-
tion of the phenotype (“reverse genetics”). Whereas
forward genetics investigates the genetics underlying
a phenotype, reverse genetics observes the phenotypic
changes arising from genetic changes that were
“made to order.”

Reverse genetics is a relatively straightforward task
with DNA viruses because virtually all viral DNA ge-
nomes, which can be mutated in vitro, are infectious
upon transfection. Reverse genetics of RNA viruses
involves the manipulation of their genomes at the cDNA
level, followed by procedures to produce live infectious
progeny virus (wild-type or mutated) after transfection
of cDNAs into cells. To achieve this end, co- or
superinfection with a helper virus has been used in
initial attempts. However, because virus particles
carrying the engineered genome may be very difficult
to separate from helper virus, the final aim is to create
helper virus-free, plasmid-only– or RNA-only–based
systems. A tractable, helper virus-free reverse genetics
system is a powerful tool, because it allows precise
assignment of phenotypic changes to engineered mu-
tations in comparison with the wild-type phenotype
and genome. Reverse genetics techniques can help

clarify structure/function relationships of viral genes
and their protein products and also elucidate complex
phenotypes, such as host restriction, pathogenicity,
and immunogenicity.

Kanai et al. (1) have now developed a reverse ge-
netics system for rotaviruses (RVs), which are a major
cause of acute gastroenteritis in infants and young chil-
dren and in many mammalian and avian species. World-
wide RV-associated disease still leads to the death of
over 200,000 children of <5 y of age per annum (2)
and thus represents a major public health problem.

The work by Kanai et al. (1) is the most recent ad-
dition to a long list of plasmid-only–based reverse ge-
netics systems of RNA viruses, a selection of which is
presented in Table 1 (3–13). A potent reverse genetics
system for RVs (1) represents a long-awaited break-
through and is a major technological advance over
the most-sophisticated helper virus-dependent re-
verse genetics procedures recently developed for
RVs (14, 15).

Using a previously validated approach (12), Kanai
et al. (1) constructed plasmids, each containing the
cDNA of 1 of the 11 RV RNA segments (SA11 strain),
inserted between a T7 RNA polymerase (T7Pol) pro-
moter (5′end) and the antigenomic hepatitis δ-virus
ribozyme (3′end), from which, upon cotransfection in-
to BHK cells constitutively expressing T7Pol, authentic
full-length viral ss(+)RNA transcripts would be synthe-
sized. Although this procedure or a modification using
ss(+)RNAs transcribed from cDNA clones in vitro was
successful in “rescuing” infectious reovirus (12) or
bluetongue virus (13) particles, it did not lead to the
recovery of infectious RV progeny (1, 16). Based on
previous findings that fusion-associated small trans-
membrane (FAST) proteins (encoded by Aquareovirus
and some Orthoreovirus species) increased the yield
of heterologous mammalian orthoreovirus substan-
tially (1, 17), RV replication was found to be signifi-
cantly increased in infected cells when a reovirus
FAST protein was expressed from a transfected plas-
mid (1). Furthermore, the overexpression of the vac-
cinia virus-capping enzyme increased translatability of
reovirus (+)ssRNAs, and coexpression of both greatly
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improved mammalian orthoreovirus rescue in established reverse
genetics systems (1, 12). Following these leads, the 11 RV cDNA-
containing plasmids were cotransfected into cells constitutively
expressing T7Pol (BHK-T7) together with plasmids expressing a
reovirus FAST protein and the two subunits of the vaccinia virus-
capping enzyme. Following passage of lysates of transfected cells
in MA104 cells, infectious RV was recovered (1). The introduction
of genetic markers (restriction enzyme recognition sites) into the
cDNAs of several RV genes confirmed that the RV rescue was
genuine and not due to contamination (1). The rescued RVs had
replication kinetics and peak titers that were indistinguishable
from those of the native parent virus.

This reverse genetics system permitted the recovery of RVs
with genes reassorted “to order,” as demonstrated with one ex-
ample as proof-of-principle (1). Furthermore, the system was able
to explore the functions of a RV-encoded protein. A deletion
mutant truncated of the nucleotides encoding the 108 C-terminal
amino acids of RV NSP1 (nonstructural protein 1) was created by
reverse genetics: as expected, the phenotype revealed a de-
crease of replication in different cell lines, and the molecular
mechanisms were elucidated by experiments probing for compo-
nents of the intracellular pathway with which NSP1 interacts (1).
Moreover, using the split GFP system for fluorescent signaling
(18), one of the two GFP subunit genes was fused to the RV
NSP1 gene (downstream of nucleotides encoding the C terminus
of the NSP1 ORF), and the other one was expressed from a trans-
fected plasmid; viable recombinant RV was rescued, and both
GFP subunits were functionally active by complementing each

other. Based on previous findings of the nonessential role of
NSP1 for RV replication in vitro, a construct was made expressing
a foreign gene (encoding a luciferase) from an NSP1-based fusion
gene: a rescued RV recombinant carrying this transduced gene
produced a bioluminescence signal and was shown to be useful
for dose-dependent screening of antivirals (here: ribavirin) (1).

The plasmid-only–based reverse genetics system for RVs is
thoroughly convincing and very versatile. There will be many ap-
plications, and questions of the basic molecular biology of RVs can
be addressed, which include the identification of the packaging
signals of the RV RNAs, the discovery of sequences of individual
RNA segments determining the assortment process, and the explo-
ration of the components of complex biological phenotypes, such
as host-range restriction, virulence, and attenuation. Rotaviruses
prominently exposing highly cross-reactive epitopes (inducing
cross-protective immunity) may lead to a universal rotavirus vaccine.

As a rule, reverse genetics systems of RNA viruses have been
substantially improved after their first description: for example, by
locating the cDNAs of several or all RNA segments on one
plasmid, thus reducing the number of plasmids to be cotrans-
fected (19, 20). Some of the difficulties and challenges, but also
the enormous potential of effective reverse genetics systems for
different RNA viruses, have been reviewed recently (21).

The work by Kanai et al. (1) represents a key achievement in RV
research; it is very exciting and will move the field forward in many
laboratories as reverse genetics systems for many other RNA
viruses (influenza virus, bunyavirus, measles virus, lyssa virus, po-
liovirus, reovirus... to name a few) have done.

1 Kanai Y, et al. (2017) Entirely plasmid-based reverse genetics system for rotaviruses. Proc Natl Acad Sci USA 114:2349–2354.
2 Tate JE, Burton AH, Boschi-Pinto C, Parashar UD; World Health Organization–Coordinated Global Rotavirus Surveillance Network (2016) Global, regional, and
national estimates of rotavirus mortality in children <5 years of age, 2000-2013. Clin Infect Dis 62(Suppl 2):S96–S105.

3 Racaniello VR, Baltimore D (1981) Cloned poliovirus complementary DNA is infectious in mammalian cells. Science 214(4523):916–919.
4 Geigenmüller U, Ginzton NH, Matsui SM (1997) Construction of a genome-length cDNA clone for human astrovirus serotype 1 and synthesis of infectious RNA
transcripts. J Virol 71(2):1713–1717.

5 Chaudhry Y, Skinner MA, Goodfellow IG (2007) Recovery of genetically defined murine norovirus in tissue culture by using a fowlpox virus expressing T7 RNA
polymerase. J Gen Virol 88(Pt 8):2091–2100.

6 Sadaie MR, et al. (1988) Missense mutations in an infectious human immunodeficiency viral genome: Functional mapping of tat and identification of the rev splice
acceptor. Proc Natl Acad Sci USA 85(23):9224–9228.

7 Wakita T, et al. (2005) Production of infectious hepatitis C virus in tissue culture from a cloned viral genome. Nat Med 11(7):791–796.
8 Fodor E, et al. (1999) Rescue of influenza A virus from recombinant DNA. J Virol 73(11):9679–9682.
9 Neumann G, et al. (1999) Generation of influenza A viruses entirely from cloned cDNAs. Proc Natl Acad Sci USA 96(16):9345–9350.

10 Bridgen A, Elliott RM (1996) Rescue of a segmented negative-strand RNA virus entirely from cloned complementary DNAs. Proc Natl Acad Sci USA 93(26):
15400–15404.

11 Mundt E, Vakharia VN (1996) Synthetic transcripts of double-stranded Birnavirus genome are infectious. Proc Natl Acad Sci USA 93(20):11131–11136.
12 Kobayashi T, et al. (2007) A plasmid-based reverse genetics system for animal double-stranded RNA viruses. Cell Host Microbe 1(2):147–157.

Table 1. Plasmid-only based reverse genetics systems of selected RNA viruses

Virus Genomic RNA Virus family Lead publication

Poliovirus ss(+)RNA Picornaviridae Racaniello and Baltimore (3)
Astrovirus ss(+)RNA Astroviridae Geigenmueller et al. (4)
Mouse norovirus ss(+)RNA Caliciviridae Chaudhry et al. (5)
HIV ss(+)RNA dim rev tr Retroviridae Sadaie et al. (6)
HCV ss(+)RNA Flaviviridae Wakita et al. (7)
Influenza A virus ss(−)RNA 8 seg Orthomyxoviridae Fodor et al. (8); Neumann et al. (9)
Bunyavirus ss(−/+)RNA 3 seg Bunyaviridae Bridgen and Elliott (10)
IBDV dsRNA 2 seg Birnaviridae Mundt and Vakharia (11)
Reovirus dsRNA 10 seg Reoviridae Kobayashi et al. (12)
BTV dsRNA 10 seg Reoviridae Boyce et al. (13)
Rotavirus dsRNA 11 seg Reoviridae Kanai et al. (1)

A more comprehensive list (up to 2005) is presented in table S1 of Kobayashi et al. (12). BTV, bluetongue virus; dim
rev tr, dimeric reverse transcribing; ds, double stranded; HCV, hepatitis C virus; HIV, human immunodeficiency virus;
IBDV, infectious bursal disease virus; seg, number of segments; ss, single-stranded; +/−, of positive or negative sense.

Desselberger PNAS | February 28, 2017 | vol. 114 | no. 9 | 2107



13 Boyce M, Celma CC, Roy P (2008) Development of reverse genetics systems for bluetongue virus: Recovery of infectious virus from synthetic RNA transcripts.
J Virol 82(17):8339–8348.

14 Trask SD, Taraporewala ZF, Boehme KW, Dermody TS, Patton JT (2010) Dual selection mechanisms drive efficient single-gene reverse genetics for rotavirus. Proc
Natl Acad Sci USA 107(43):18652–18657.

15 Navarro A, Trask SD, Patton JT (2013) Generation of genetically stable recombinant rotaviruses containing novel genome rearrangements and heterologous
sequences by reverse genetics. J Virol 87(11):6211–6220.

16 Richards JE, Desselberger U, Lever AM (2013) Experimental pathways towards developing a rotavirus reverse genetics system: Synthetic full length rotavirus
ssRNAs are neither infectious nor translated in permissive cells. PLoS One 8(9):e74328.

17 Ciechonska M, Duncan R (2014) Reovirus FAST proteins: Virus-encoded cellular fusogens. Trends Microbiol 22(12):715–724.
18 Cabantous S, Terwilliger TC, Waldo GS (2005) Protein tagging and detection with engineered self-assembling fragments of green fluorescent protein. Nat

Biotechnol 23(1):102–107.
19 Kobayashi T, Ooms LS, Ikizler M, Chappell JD, Dermody TS (2010) An improved reverse genetics system for mammalian orthoreoviruses. Virology 398(2):194–200.
20 Zhang X, Curtiss R, 3rd (2015) Efficient generation of influenza virus with a mouse RNA polymerase I-driven all-in-one plasmid. Virol J 12:95.
21 Bridgen A, ed (2012) Reverse Genetics of RNA Viruses. Applications and Perspectives (Wiley Blackwell, Hoboken, NJ).

2108 | www.pnas.org/cgi/doi/10.1073/pnas.1700738114 Desselberger

www.pnas.org/cgi/doi/10.1073/pnas.1700738114

