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Positive strands to the rescue again: A segmented negative-strand
RNA virus derived from cloned cDNAs
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The very large group of negative-strandRNA viruses* includes
some of the most serious and notorious pathogens of great
medical and economic importance (1). These viruses are
subdivided into those with segmented, negative-strand
genomic RNAs [the Orthomyxoviridae (e.g., influenza virus-
es), Bunyaviridae (.300 viruses, including Bunyamwera), and
Arenaviridae (e.g., Lassa fever)] and those with nonseg-
mented, negative-strand RNA genomes [Rhabdoviridae (e.g.,
vesicular stomatitis virus (VSV) and rabies), Paramyxoviridae
(e.g., measles and respiratory syncytial virus), and Filoviridae
(Marburg and Ebola viruses). The paper by Bridgen and Elliott
(2) in this issue of the Proceedings is an important milestone
because it reports the first complete recovery of a segmented,
negative-strand RNA virus, the Bunyamwera virus, starting
from DNA copies of the genome segments. Interestingly, in
achieving this recovery, the authors applied a methodology
that was developed for the nonsegmented viruses rather than
the helper virus methodology developed for the segmented
influenza virus. This system will now allow detailed molecular
genetic analysis of all aspects of bunyavirus replication and
could prove important in vaccine development as well. The
rescue of Bunyamwera virus from DNA has its roots in a
technical revolution that has occurred in negative-strand RNA
virology over the past several years. Understanding of the
rescue system requires a brief history of the baroque methods
already applied to recovery of other negative-strand RNA
viruses from DNA copies.
Analysis of both positive- and negative-strand RNA viruses

using directed mutagenesis requires that one be able to recover
the virus from a DNA copy of the RNA genome. This
breakthrough came early with positive-strand RNA viruses,
where the genomic RNA itself acts as mRNA and is infectious.
Plasmid DNAs encoding positive-strand RNA genomes of the
bacteriophage Qb or poliovirus yielded RNAs that would
regenerate complete infectious viruses (3, 4), and this has now
been achieved with many other positive-strand RNA viruses.
In contrast, the negative-strand RNA viruses lagged behind
and presented a unique problem, because neither their
genomic RNAs nor their antigenome complements serve as
mRNAs, and neither can be used directly to recover infectious
virus. The minimal infectious unit for these viruses is the RNA
complexed with nucleocapsid and RNA-dependent RNA poly-
merase proteins in a ribonucleoprotein (RNP) complex.
The initial breakthrough came with influenza virus, where

it was shown that single negative-strand RNA segments could
be generated from DNA copies, assembled into RNPs in vitro,
and then transfected into cells already infected with influenza
virus. These transfected RNPs were replicated, and reassor-
tant viruses containing one of the eight influenza RNA
segments derived from the transfected RNP could be obtained
if one had a good selection (see refs. 5–7). This methodology
has proven extremely useful for the analysis of influenza virus,
but was not applicable to the nonsegmented negative-strand
viruses. These viruses have genomes that are extremely large
(11–18 kb), and it has not been possible to assemble their
RNAs into infectious RNPs in vitro.

Before the recovery of complete, infectious negative-strand
RNA viruses from DNA, several laboratories had developed
systems that allowed replication of small defective negative-
strand RNA genomes or RNA minigenomes derived from
DNA copies (8–15). These systems used either wild-type
viruses to supply the nucleocapsid and polymerase proteins or
generated expression of these proteins from plasmids with T7
promoters after infection of cells with vaccinia virus encoding
the bacteriophage T7 RNA polymerase (16). Several labora-
tories had attempted to recover complete, infectious nonseg-
mented negative-strand viruses using these or similar systems,
but none was successful starting with the negative-strand
genome RNA.
Schnell et al. (17) then reported what turned out to be key

to recovery of infectious rabies virus as well as other nonseg-
mented negative-strand RNA viruses from plasmid DNA.
They found that if they used the vacciniayT7 system to
generate the full-length rabies antigenome RNA (positive
strand) in cells along with the mRNAs encoding the nucleo-
capsid and polymerase proteins, then rabies virus could be
recovered, albeit at very low efficiency, with only '1 in 107
transfected cells yielding infectious rabies virus. Because of the
low efficiency, it was not obvious that this would work with
other viruses, but in fact it has now worked with VSV (18, 19),
measles (20), Sendai (21), and respiratory syncytial viruses
(22), all of which have been recovered starting with the
positive-strand antigenome.
We all know that a positive attitude can often be helpful, but

why was the positive strand better than the negative? After all,
the viruses have the negative strand as their genome. In
retrospect it seems obvious. If a naked, negative-strand RNA
genome is produced in the cytoplasm of cells also producing
naked complementary mRNAs encoding viral proteins, the
two can hybridize and prevent the critical assembly of the
genome into the RNP, the template for transcription and
replication. The negative-strand viruses in fact always keep
their genomes in RNP form, probably in part to avoid this
antisense problem. When one starts with the positive-strand
antigenome, this RNA can form an RNP without any inter-
ference from the mRNAs encoding the nucleocapsid and
polymerase proteins. Once in RNP form, the positive strand
can then be replicated to form full-length negative-strand
RNPs that are wrapped into RNPs as nascent RNA chains.
The magnitude of the antisense problem is illustrated in

recent work from a group in Japan. This group reported that
they can actually obtain recoveries even starting with the
negative-strand RNA genome of Sendai virus (23), but at very
low efficiencies. The efficiency with the positive strand was in
the range of one recovery per 104–105 transfected cells, the
highest efficiency yet reported for any nonsegmented negative-
strand virus, but recovery with the negative-strand construct
was 100-fold lower. In this system, the negative-strand genome
was synthesized much better than the positive strand by T7

*Negative-strand RNA viruses have single-stranded genomic RNAs
that are complementary to the viral mRNAs.
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RNA polymerase, so the differential is probably even greater
than 100-fold.
Members of the Bunyaviridae have three negative-strand

genomic RNAs termed L, M, and S. These segments are in
RNP form and often appear circular due to base pairing of
nucleotides at the 59 and 39 ends of the RNPs (24, 25). After
viral entry, these RNPs are transcribed in the cytoplasm by the
viral polymerase to generate naked subgenomic mRNAs en-
coding the polymerase (L), membrane glycoproteins (M), and
nucleocapsid (S) proteins. They are also replicated into full-
length positive-strand RNPs and more full-length negative-
strand RNPs. Budding of the virus occurs at intracellular
membranes (26) and probably involves a direct interaction
between the negative-strand RNPs and cytoplasmic tails of the
glycoproteins.
The complicated system used by Bridgen and Elliott (2) to

recover Bunyamwera virus from DNA is diagrammed in Fig.
1. Six different plasmids are transfected into cells that have
already been infected with vaccinia virus encoding the bacte-
riophage T7 RNA polymerase. The first three plasmids trans-
fected contain T7 promoters driving expression of mRNAs
encoding the Bunyamwera polymerase, membrane glycopro-
teins, and nucleocapsid proteins, as well as two nonstructural
proteins of unknown function. Subsequently, three more plas-
mids encoding each of the three positive-strand bunyavirus
antigenomic RNAs are transfected into the cells. The positive
strands were used to avoid the antisense problem. These
antigenomic RNAs have terminal sequences that extend be-
yond those in the mRNAs, and they cannot be translated

efficiently. The mRNAs must be therefore be supplied sepa-
rately. Also the antigenomic RNAs initially transcribed include
the hepatitis delta virus antigenomic ribozyme (27), which
cleaves itself from the RNA to generate the precise 39 end of
the antigenome. Use of this ribozyme was based on earlier
findings with VSV, which indicated that it was critical to
generate a precise 39 end to obtain RNA replication (11). The
Bunyamwera antigenome segments are presumably wrapped in
nucleocapsid protein to form RNPs and then replicated by the
viral polymerase to generate full-length RNPs containing the
genome segments. Because the glycoproteins are also made in
this system, these RNPs can likely be packaged directly into
virus particles by budding into the Golgi apparatus. Subse-
quent release of infectious particles into the medium com-
pletes the rescue.
Students or postdoctoral associates daring to venture into

negative-strand virus rescue should be well aware of the large
efforts and years of work that were required to set up these
systems before recoveries were obtained. The systems can now
be made to work but often just barely at first; this is molecular
virology on the edge. Bridgen and Elliott (2) point out that
their success (and that of other laboratories) was critically
dependent on developing a good minigenome reporter system
(chloramphenicol acetyltransferase or green fluorescent pro-
tein in their case), so they could have some idea of feasibility
and scale required for the final push back to the virus. It is
likely that this general approach will also work for the Arena-
viridae with two genome segments and perhaps even for the
Orthomyxoviridae with their six to nine genome segments.
We are just beginning to see the applications of recombinant

negative-strand viruses, and surely the best is yet to come. For
example, in the influenza system, numerous mutations have
been introduced into the genome to study protein structure
and function, foreign epitopes have been introduced into
influenza glycoproteins, and attenuating mutations have been
developed (see ref. 7 for review). In the nonsegmented viruses,
results published from our own and two other groups (28–30)
have demonstrated the ease of insertion and expression of
foreign genes due to the modular nature of the genome. Much
to everyone’s surprise, these extra genes are stably maintained
in the recombinants. This contrasts with positive-strand RNA
viruses, where extra genes are typically discarded rapidly,
probably because of strict packaging limits within capsids of
fixed size. The essentially linear nucleocapsids of negative-
strand viruses like VSV can simply grow longer to accomodate
extra genes and have not yet revealed any packaging limits
(31).
It is possible to exchange the VSV glycoprotein gene for that

of another serotype (18), and Bridgen and Elliott (2) accom-
plish the same feat for Bunyamwera virus by substituting one
plasmid to generate a recombinant with the M segment from
another bunyavirus. Recently, our group has reported that
foreign cellular or viral membrane glycoproteins expressed
from extra genes in VSV recombinants are often incorporated
at extremely high levels into the virus particle (31). Because
VSV can be grown to extremely high titers and in very large
amounts, such recombinants could be very useful in develop-
ment of killed or live vaccines or in specific targeting of viruses
to cells. Now that we have direct access to these negative-
strand genomes, the applications seem positively limitless.
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FIG. 1. Recovery of infectious Bunyamwera virus from plasmid
DNAs. The diagram represents the cytoplasm of a cell that has been
transfected with six different plasmids (circles), three encoding the
viral proteins and three encoding the antigenome segments of the
virus. All of the plasmids contain promoters for the bacteriophage T7
RNA polymerase, which is supplied before infection of the cells with
a vaccinia virusyT7 recombinant. The antigenomes are incorporated
into RNPs, replicated to form genomic RNPs, and then bud into the
Golgi apparatus before release from the cell.
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