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Reverse genetics and influenza virus research
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From the times of the first experiments to the stage of a great 
advance, reverse genetics became a highly developed and 
sophisticated method, which enables the formation of a fully 
functional virus particles using cloned plasmid cDNA.

Strategies with a helper virus

System using a helper virus has unique role in the progress 
of reverse genetics as well as in the understanding of biology 
of many viruses including influenza virus. In order to create 
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Abbreviations: HA = hemagglutinin; NES = nuclear export signal; 
NP = nucleoprotein; RNP = ribonucleoprotein

Introduction

Members of the family Orthomyxoviridae contain a sin-
gle-stranded, negative-sense RNA genome organized into 
8 segments that encode viral polymerases (PB1, PB2, PA), 
hemagglutinin (HA), nucleoprotein (NP), neuraminidase 
(NA), matrix proteins 1 and 2 (M1, M2), and non-structural 
proteins (NS1 and NEP) (Fig. 1). RNA of individual seg-
ments is surrounded by the molecules of NP and associated 
with the polymerase proteins forming a ribonucleoprotein 
(RNP) complex. Introduction of the genomic RNA seg-
ments into cytoplasm of permissible cells does not result 
into a formation of the infectious virus as it is true in case 
of the positive-strand RNA viruses (Palese and Shaw, 
2007). Since the negative-strand vRNA does not serve as 
a direct template for proteosynthesis, vRNA is transcribed 
into mRNA by the associated polymerase complex. At the 
same time, vRNA serves as a template for the synthesis of 
complementary RNA (cRNA) during the replication. New 
genomic vRNA is then synthesized from cRNA (Fig. 2). 
Thus, vRNP complexes can be considered as basic functional 
units in the process of viral replication (Fig. 3). These basic 
units have to be delivered into the cell nucleus during the 
production of influenza virions (Neumann and Kawaoka, 
2001). In 1980-ies, the evidence about virion formation led 
to the first creation of recombinant influenza virus and laid 
the background for a new method called reverse genetics. 

Fig. 1

Structure of the influenza virus
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an influenza virion in vitro, it was necessary to modify the 
genome (8 artificial vRNA segments) into functional vRNPs 
and introduce them into cells. While the first experiments 
were focused on the isolation of vRNP from the virions or 
infected cells (Plotch et al., 1981, Beaton and Krug, 1986), 
later experiments carried out independently by Parvin et al. 
(1989) and Honda et al. (1990) led to the in vitro assembly 
of functional vRNP.

Based on these facts, so-called ribonucleoprotein trans-
fection method for the construction of influenza virus was 
developed (Luytjes et al., 1989) and vRNA was derived from 
a cloned cDNA (Fig. 4). This original method consists in the 
assembly of a functional vRNP complex and its transfection 
into eukaryotic cells. To acquire vRNP, cDNA is cloned and 
subsequently, the transcribed vRNA is mixed together with 
the viral polymerase and NP to complete the process of the 
vRNP assembly in vitro. Using one RNA segment is not 

Fig. 2

Replication cycle of the influenza virus

Fig. 3

Ribonucleoprotein complex of 
influenza virus

Fig. 4

Ribonucleoprotein-transfection method of influenza virus  
construction 
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sufficient for the formation of influenza virion and it is nec-
essary to deliver the other 7 segments into transfected cells. 
Donor of the remaining 7 segments is a helper influenza 
virus, which is used to infect cells prior to the transfection 
with in vitro-formed vRNP. There are several limitations to 
this rather complicated system, particularly the use of an in 
vitro transcription, protein purification (of viral polymerase 
and NP), in vitro assembly of RNP, high degree of instabil-
ity, and low efficiency of virus particle formation. A major 
drawback of this method is the necessity of a selection 
system for separation of the recombinant virus from helper 
virus, which dominates in the pool of rescued viruses. 

Using the same system, Enami et al. (1990) constructed an 
influenza virus with mutations introduced into the haemag-
glutinin gene. In vitro-assembled vRNP comprised mutated 
vRNA in complex with polymerase proteins and NP. This 
complex was transfected into eukaryotic cells, which were 
superinfected with a helper influenza virus providing the 
remaining vRNP.

A significant progress in the reverse genetics presented 
the work of Neumann et al. (1994), which allowed to leave 
behind complicated methods used in transcription, purifica-
tion, and assembly of vRNP complexes in vitro. Since cel-
lular synthesis of vRNA is catalyzed by RNA polymerase I, 
this enzyme was used to obtain an influenza virus. Cells were 
transfected with a recombinant plasmid containing cDNA 
(encoding vRNA of influenza virus) under the control of 
RNA polymerase I promoter and terminator (Fig. 5). RNA 
polymerase I is found in the nucleus and is responsible for the 
transcription of precursor ribosomal RNA. RNA polymer-
ase I starts and ends the transcription in non-transcribed 
promoter and terminator regions, respectively. As a result, 
transcripts produced by RNA polymerase I do not contain 
5'- and 3'- added nucleotides. After transfection of the cells 
with recombinant plasmid, the cellular RNA polymerase 
I synthesizes vRNA. Similar to the RNP transfection method 
this method also requires infection of the cells with a helper 
influenza virus to provide the rest of the genetic material. 
Consequently, this method also requires a proper selection 
system to separate recombinant viruses from the progeny 
of helper influenza virus. Several strategies are used for 
this purpose such as host restriction (Subbarao et al., 1993; 
Grassauer et al., 1998), temperature sensitivity (Enami 
and Palese, 1991; Li et al., 1995; Egorov et al., 1998), anti-
body-mediated negative selection (Li et al., 1992; Barclay 
and Palese, 1995), and antibody-mediated virus-trapping 
(Horimoto and Kawaoka, 1994). 

Strategies with plasmid systems

A main disadvantage of these methods was a low effi-
ciency of the recombinant progeny formation in helper vi-
rus-dependent systems and consequently, a new strategy was 
explored to improve the recombinant virus production.

Schnell et al. (1994) were successful in construction of 
the rabies virus (Rhabdoviridae) exclusively from a cloned 
cDNA. Obtained construct encoding antigenomic positive-
strand cRNA used T7 RNA polymerase promoter and hepa-
titis delta ribozyme as a terminator sequence. Transfection 
of plasmid DNA was preceded by the infection of cells with 
a recombinant vaccinia virus that provided the expression of 
T7 RNA polymerase. At the same time, the cells were co-
transfected with protein-expressing plasmids that encoded 
the components of viral transcription complex. 

A milestone in the in vitro assembly of influenza virus 
represents independent studies conducted by Neumann et 
al. (1999) and Fodor et al. (1999). Both systems enable to 
rescue a virus exclusively from the cloned cDNA.

Neumann et al. (1999) developed a system that did not 
involve the superinfection of transfected cells with a helper 
virus and consequently, did not require the use of selection 

Fig. 5

Method using RNA polymerase I and helper virus
P – promoter, T – terminator.
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procedure to rescue a recombinant virus. This approach 
based on utilizing RNA polymerase I places cloned cDNA 
encoding all 8 segments between human RNA polymerase 
I promoter and murine RNA polymerase I terminator. Plas-
mid is then transfected into human embryonic kidney cells 
293T, where RNA polymerase I synthesizes vRNA. Because 
the presence of polymerase complex and NP is required for 
the assembly of influenza virions, the cells have to be co-
transfected with expression plasmids. In first experiments, 
cells were transfected with 9 expression plasmids encoding 
structural proteins PB2, PB1, PA, HA, NP, NA, M1, M2, 
and NEP/NS2, where M1 and M2 proteins were products 
of the alternative splicing of one common segment and 
with 8 transcription plasmids containing complementary 
sequences of all vRNA segments. Altogether 17 plasmids 
were used for transfection. Further experiments showed that 
a transfection with 4 structural protein-encoding plasmids 
was sufficient for the rescue of infectious virus from infected 
cells. These structural proteins included the polymerase 
complex and NP (PB1, PB2, PA, NP) (Fig. 6). Reduction in 
the number of plasmids from 17 to 12 resulted into a higher 
efficiency of transfection that in turn led to an increase of 
the infectious virus titer, e.g. from 1 x 107 to 1 x 108 PFU/ml 
(Neumann and Kawaoka, 2001).

Similar system was presented by Fodor et al. (1999), 
where human RNA polymerase I promoter was used to 

initiate the transcription and to control the expression of 
cloned cDNA encoding each individual vRNA segment. 
Unlike the preceding system, the system by Fodor et al. 
(1999) does not utilize RNA polymerase I terminator, but 
a hepatitis delta virus ribozyme with an autocatalytic activity 
that ensures a splicing of RNA transcript at the correct site. 
Transcription plasmids together with the expression plas-
mids for the polymerase proteins and NP were transfected 
into Vero cells. 

Further improvement of the reverse genetics was made 
by Hoffmann et al. (2000). Transfection of various cell lines 
showed that the limits of RNA polymerase I system were in 
the efficiency of some cell lines. To enhance the transfec-
tion efficiency of cells Hoffmann et al. (2000) developed 
a system employing RNA polymerase I/II (Fig. 7), where 
cDNA encoding vRNA is cloned between RNA polymerase 

Fig. 6

Plasmid system RNA polymerase I
The scheme describes two alternative experiments (see text). In the initial 
experiments all plasmids were utilized, in the advanced system five plasmids 
drawn in dashed rectangle were not included.

Fig. 7

Plasmid system RNA polymerase I/II
PI, TI – promoter and terminator of polymerase I; PII, TII – promoter of 
polymerase II and polyadenylation signal.
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I promoter and terminator. This transcription unit is then 
cloned between human cytomegalovirus RNA polymerase II 
promoter and polyadenylation signal from the bovine growth 
hormone gene. As a result, one cDNA template contains two 
transcription units and a negative-strand vRNA is synthe-
sized in forward direction and a positive-strand mRNA in 
reverse direction (Hoffmann et al., 2000). The synthesis of 
vRNA and mRNA from the same matrix leads to the reduc-
tion of the plasmid number from 12 to 8. A system that does 
not require the transfection of cells with expression plasmids 
enables a fast and easy rescue of reassortant influenza vi-
ruses, which can be subsequently used for preparation of 
vaccines or for pathogenicity studies. 

The aim of further studies was to enhance the transfec-
tion efficiency while decreasing the number of plasmids 
necessary for the influenza virus assembly in MDCK and 
Vero cells. Outstanding results in this problem solving 
achieved Neumann et al. (2005), who were able to obtain 
a recombinant virus after transfection of cells with only one 
plasmid. Such a plasmid consisted of 8 RNA polymerase 
I transcription cassettes and each cassette contained the 
respective cDNA in the negative orientation. Each cDNA 
was flanked by human RNA polymerase I promoter and 
murine RNA polymerase I terminator. Virus formation was 
detected after transfection of 293T cells. The reconstruc-
tion of viruses proceeded not only after the transfection of 
cells with one plasmid, but also after the transfection with 
a combination of 3 plasmids, where one of them contained 
two transcription cassettes encoding HA and NA and the 
second one six cassettes encoding the rest of proteins. The 
third plasmid contained three RNA polymerase II transcrip-
tion cassettes necessary for the expression of polymerase 
complex subunits. Combination of the cassettes resulted 
in a reduction of the plasmid number necessary for virus 
formation and consequently, in a different transfection ef-
ficiency in eukaryotic cells. 

Application of reverse genetics

Many of the results obtained in recent years from the stud-
ies of influenza virus arose from the use of reverse genetics. 
This method allows incorporation of the specific mutations 
into viral genome through a cloned cDNA. The use of re-
combinant viruses enable to elucidate a relationship between 
structure and function of proteins, to explain a nature of viral 
regulatory sequences, pathogenicity of the influenza virus, 
and a tropism of host cell. The reverse genetics has a huge 
potential in the development of live attenuated vaccines. An-
other exciting potential of this system is the use of influenza 
virus as a vector containing foreign genes. Because reverse 
genetics is currently applied into many areas of research, we 
do not intend to bring up all data obtained using this system 

in the field of influenza virus or other viruses. In this paper 
we describe only several illustrative applications that show 
some possibilities of the reverse genetics. 

Methods of the reverse genetics strongly affected research 
of the influenza virus proteins. One example represents 
the study of the essential function of M2 protein as an ion 
channel during virus replication (Watanabe et al., 2001). 
Using the 17-plasmid system, the recombinant viruses with 
a mutation in the ion-forming transmembrane domain of M2 
were constructed. The recombinant virus was able to repli-
cate in the cell culture, but was highly attenuated in mice. 
This outcome confirmed the important role of M2 activity 
as an ion channel in the process of virus replication.

Iwatsuki-Horimoto et al. (2004) employed Neumann's 
system of “RNA polymerase I” in the study of virus proteins. 
They succeed in elucidation of the role of highly conserved 
nuclear export signal (NES) motif of the NEP (NS2) pro-
tein in the export of viral RNP complexes from the nucleus 
mediated by cellular export factor CRM1. To study the 
importance of the NES for efficient export of vRNP during 
virus replication, random mutations were introduced into 
the cDNA in the NES region. It was found that the intact 
NES sequence is not necessary for its own function, but 
some regions of NES play a critical role in the export of the 
protein from cell nucleus. NES motif can be an attractive 
aim for introduction of attenuating mutations in production 
of viruses serving as a live vaccine.

Using the method of reverse genetics employing 12 
plasmids, Conenello et al. (2007) constructed chimeric 
recombinant viruses and proved that protein PB1-F2 
carrying the amino acid substitution N66S was the fac-
tor that increased virulence of the avian influenza virus  
A/Hong Kong/156/97 (H5N1) as well as a recombinant virus 
containing PB1-F2 from the pandemic strain of ‘spanish 
flu' A/Brevig Mission/18. Introduction of reverse mutation 
S66N in PB1-F2 resulted in a markedly decreased virulence 
of both viruses in the mouse model (LD50 was lower by three 
orders of magnitude).

An interesting result was obtained by using the system 
“RNA polymerase I/II” in a study that tested the relation-
ship between NS1 gene and virulence of the avian H5N1 
influenza virus (Li et al., 2006). To carry out this study, 
4 recombinant viruses were constructed, which contained 
1 gene of a non-conserved sequence from a non-pathogenic 
virus (GS/GD/2/96) and the remaining 7 gene segments 
originated from a highly pathogenic virus (GS/GD/1/96). 
It was found that NS1 gene from a non-pathogenic virus 
inhibited the replication of a recombinant pathogenic vi-
rus, while changes in the genes for PA, NP, and M did not 
result in a change of the high pathogenicity of the virus 
GS/GD/1/96. Interestingly, a recombinant of non-pathogenic 
virus containing NS1 gene from the pathogenic virus was 
able to replicate and to cause a disease or death of experi-
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mental animals. These results demonstrated that the gene 
encoding NS1 significantly affects pathogenicity of the 
recombinant virus. 

Currently, the research direction is focused on the prepa-
ration of a universal live attenuated vaccine that would not 
require a selection of currently circulating virus strains and 
at the same time would have a reliable protective effect. To-
day, seasonal vaccines (mostly inactivated) are prepared by 
a reassortment technique that is based on the preparation of 
a reassortant virus using vaccination strain of the influenza 
virus (e.g. A/PR/8/34 (H1N1)) and a currently circulating 
strain. The obtained reassortant virus contains HA and NA 
gene segments from the wild-type seasonal virus and the 
remaining segments are derived from the vaccination strain 
A/PR/8/34. However, the reassortment techniques used for 
the preparation of a vaccine are painstaking and time-con-
suming. In contrast, the method of reverse genetics offers an 
elegant and fast solution for construction of the viruses using 
“pre-made” cloned plasmids containing gene segments of the 
parental virus and plasmids encoding HA and NA derived 
from currently circulating influenza viruses.

A similar approach to improve the live attenuated vac-
cines was employed by Maassab and Bryant (1999), who 
created a live attenuated cold-adapted influenza vaccine. 
The vaccine was based on a construction of two stabile mu-
tants of influenza virus type A and B that were used for the 
preparation of reassortant viruses using currently circulating 
influenza viruses. Next, the resulting reassortant virus was 
assembled from 6 genome segments of “pre-made” mutant 
and 2 segments – HA and NA – of current virus strain.

Suguitan et al. (2006) constructed a virus suitable as 
live attenuated vaccine using the reverse genetics. This 
virus included a gene encoding for a modified H5 HA and 
N1 NA of wild type virus A/H5N1 isolated in Hong Kong 
and Vietnam in 1997, 2003, and 2004. The remaining gene 
segments were derived from the cold-adapted influenza 
A vaccine A/Ann Arbor/6/60 (H2N2). Eight plasmids con-
taining cloned cDNA in the system RNA polymerase I/II 
were transfected into Vero cells by electroporation.

Due to repeated cases of an avian influenza infection 
and ongoing threat of pandemic outbreak, a strategy to 
prepare a vaccine with fast and effective protective effect 
is permanently explored. Song et al. (2007) focused on 
a development of the new generation of modified live at-
tenuated avian influenza viruses, which could be potential 
candidates for a poultry vaccine. Using methods of the 
reverse genetics, the mutation responsible for temperature 
sensitivity was introduced into the genes for PB1 and PB2 
of the avian influenza virus A/Guinea Fowl/Hong Kong/
WF10/99 (H9N2). The resulting recombinant designated 
as WF10 was a background for other genetic modifications 
and for a substitution in the genes NA and HA derived 
from a H7N2 virus.

A fundamentally different and promising possibility of 
the reverse genetics application is the introduction of for-
eign genes into an influenza virus to create a vaccination 
vector.

One of the first studies in this field (Muster et al., 1994) 
presented a chimeric influenza virus, where a conservative 
epitope from the gp41 ectodomain of HIV-1 was inserted into 
antigenic site B in the HA1 region of HA. Later, Ferko et al. 
(2001) constructed a hyperattenuated recombinant influenza 
virus with the 137-aa C-terminal region of HIV-1 protein 
Nef inserted into ORF of NS1 of the influenza virus. Also, 
Sereinig et al. (2006) utilized the insertion of Mycobacterium 
tuberculosis ESAT-6 protein sequence into the influenza 
NS1 segment with the aim to induce a protective immune 
response against M. tuberculosis in mice and guinea pigs.

Influenza virus served as the vector for a foreign gene in 
another important work (Li et al., 2005). Here, a gene for 
the long domain of the protective antigen (PA) of Bacillus 
anthracis was inserted into HA region of the influenza virus 
A and resulting chimeric peptide was expressed in the infec-
tious influenza virus. To create the chimeric infectious virus, 
an RNA expression plasmid was constructed, where PA/HA 
chimeric gene was introduced. The recombinant plasmid was 
transfected into 293T cells together with other plasmids using 
the system described by Neumann et al. (1999). The obtained 
chimeric virus was used as a vector for the induction of an 
immune response against B. anthracis PA protein.

The presented examples of reverse genetics application 
are only a part of the large number of studies that were able 
to answer several basic questions and to demonstrate an enor-
mous potential of the reverse genetics methods. Similar, if 
not more important, is the role of reverse genetics in applied 
research especially in the vaccine development.
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