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Despite the disadvantage of having an
RNA genome, which is more difficult

than DNA to be genetically tinkered, the
reverse genetics of RNA viruses actually
originated at about the same time as the
dawning of the genomic manipulation of
DNA viruses. The first RNA virus to be
genetically modified was Qb phage (1).
Initially, the RNA molecules were chem-
ically modified during RNA replication in
vitro; the procedures were cumbersome
and the range of RNA mutations was
limited. Nevertheless, the potential power
of reverse genetics as a tool for studying
RNA viruses was transparently clear in a
pioneering series of site-specific mutagen-
esis studies from C. Weissmann’s labora-
tory (2, 3). The advent of recombinant
DNA technology in the 1970s prompted
RNA virologists to convert viral RNA
genomes into complementary DNA cop-
ies and replicate them as plasmid inserts in
bacterial hosts for easier genetic manipu-
lation. Amazingly, the plasmid containing
the complete cDNA of the Qb phage
RNA was fully infectious when introduced
into bacterial hosts and was capable of
completing the full viral replication cycle
(4). Presumably, transcription of the viral
RNA was randomly initiated, and the
RNA was processed mysteriously to the
correct viral sequence. Later, this tech-
nique was applied to several other viruses,
including poliovirus (5) and viroids (6).
Infectious poliovirus cDNA constructs re-
mained the staples of poliovirus genetics
for many years after that. Subsequently,
another technique was developed whereby
RNA was made by in vitro transcription of
viral cDNA templates linked to a pro-
moter recognized by Escherichia coli or
phage DNA-dependent RNA poly-
merases (7). When the RNA transcribed
in vitro was transfected into cells, it led to
viral RNA replication (8). The first virus
thus studied was brome mosaic virus, a
relatively small plant virus containing
three RNA segments of 3.2, 2.8, and 2.1
kb. In contrast to the cDNA transfection
approach, the RNA molecules generated
by using the RNA transfection approach
were engineered so that they had well

defined ends that matched the natural
viral RNA sequences. This elegant ap-
proach empowered the virologists work-
ing with viruses containing relatively small
RNA genomes or multiple RNA segments
with the tools of reverse genetics. In all of
these approaches, the size of the viral
RNA was a major limitation. The Qb
phage RNA is 4.5 kb, and the poliovirus
RNA is 7.5 kb. Over time, these ap-
proaches have been refined to enable the
cloning of progressively larger RNAs.
With some exceptions, most viral RNAs
up to 15 kb long can now realistically be
cloned. The report by Almazán et al. in
this issue of PNAS (9) represents a further
quantum leap, i.e., the successful cloning
of a 27-kb long RNA derived from a
coronavirus porcine transmissible gastro-
enteritis virus (TGEV), a task previously
thought to be unachievable. This accom-
plishment is an intellectual and engineer-
ing tour de force. Because coronavirus
contains the longest viral RNA genome by
far (and is probably one of the longest
stable RNAs in nature), this approach
seems to pave the way for the reverse
genetics studies for all RNA viruses.

Long Viral cDNAs: Problems and Solutions.
The large size of some viral RNAs pre-
sented several obstacles to constructing an
infectious cDNA or RNA transcript. First,
long RNA sequences make the synthesis of
a faithful cDNA molecule difficult, because
the fidelity of reverse transcriptase–PCR
(RT-PCR) for the amplification of cDNA
inevitably decreases in proportion to the
RNA length. This difficulty is compounded
by the quasispecies nature of RNA viruses
(i.e., viral RNA consists of multiple RNA
sequences with minor sequence variations).
Second, long RNA sequences are more
likely to contain fortuitous poison se-
quences, which make the cDNA sequence in
plasmids unstable. Third, it is difficult to
find a suitable vector that can accommodate
large foreign cDNA inserts.

The first difficulty has been overcome
largely by the improvement of RT-PCR
procedures. The availability of high-
fidelity RT and polymerases has signifi-

cantly decreased the error rate of RT-
PCR. Even so, laborious procedures usu-
ally are required to correct the cDNA
sequences so that they match the consen-
sus sequence of the viral RNA, because
the PCR products often reflect minor and
defective RNA sequences present in the
virus population. The recent success in the
cloning of infectious hepatitis C virus
RNAs (10, 11) best illustrates the necessity
of this step. The second difficulty, the
presence of poison sequences in the
cDNA, is a particularly irksome problem
in the cloning of viral cDNA or DNA,
probably because bacteria have not been
adapted to such foreign sequences. Bac-
teria also have the capacity to artificially
select particular viral sequences; thus, the
cloned sequences obtained often are non-
randomly biased rather than representa-
tive of the majority RNA sequences (12).
Solutions to the poison sequence prob-
lems have been made previously. For ex-
ample, the cDNA copy of yellow fever
virus RNA could not be cloned in one
piece; therefore, it was cloned in two
segments and then ligated in vitro to make
a full-length cDNA for in vitro transcrip-
tion (13). Thus, the passage of poison
sequences in bacteria was avoided. This
approach has been adapted for the rapid
cloning of flavivirus RNA in general (14).
The third difficulty has been partially
overcome by the use of various vector
systems. Bacterial artificial chromosome
(BAC), which was used successfully for
cloning the 150-kbp herpes simplex virus
DNA (15), is touted in this report (9) as
another versatile cloning vector.

Travails and Triumph of Cloning an Infectious
Coronavirus Genome. Variations of the
cloning methods have made possible the
construction of infectious cDNA or RNA
for most RNA viruses. However, for ob-
vious reasons, one remaining virus that
has so far resisted the onslaught of cloning
attempts is coronavirus. Coronaviruses in-
clude many economically and medically
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important viruses, e.g., porcine TGEV,
mouse hepatitis virus (MHV), avian in-
fectious bronchitis virus (IBV), and hu-
man coronaviruses, the last of these being
responsible for many common colds and,
possibly, gastroenteritis and neurological
illnesses, such as multiple sclerosis (16).
These viruses contain a positive-sense
RNA genome of 27–32 kb, which is more
than twice the size of the largest genomic
RNA of the conventional RNA viruses.
The viral RNA is replicated by an RNA-
dependent RNA polymerase entirely in
the cytoplasm, independently of the nu-
cleus, although recent studies have sug-
gested that nuclear factors are involved in
viral RNA synthesis (17). More than two-
thirds of the viral RNA sequences are
devoted to making gene products involved
in viral RNA synthesis. The enormous size
of the coronaviral RNA defies the theo-
retical predictions of the upper limit of
RNA size, based on the high error fre-
quencies and the lack of proofreading
activities of RNA polymerases (18). The
fact that the 27- to 32-kb long coronavirus
RNA can be stably maintained is thought
to be in part attributable to the high
frequency of RNA recombination (19).
Whatever the reason, the large size of the
coronavirus RNA posed a daunting ob-
stacle to the construction of an infectious
cDNA or RNA for these viruses. Almazán
and colleagues (9) have solved these prob-
lems with two significant innovations, sug-
gesting not only a versatile approach to
cloning long viral cDNAs, but also possi-
ble new ways of overcoming the host’s
restriction on foreign RNA molecules.

The first step described in Almazán and
colleagues’ report is overcoming the ef-
fects of poison sequences. The authors
achieved this by cloning the region con-
taining the poison sequences in the last
cloning step before the whole sequence
was inserted into a BAC, which apparently
can tolerate more exogenous sequences
than other vectors. This simple trick pre-
cluded the possible deleterious effects of
the poison sequences inevitably present in
long cDNA sequences.

The second innovative, and somewhat
surprising, feature of this study is the
resurrection of the old trick of using
cDNA transfection to drive the produc-
tion of viral RNA in situ (Table 1), but
with one notable difference. In previous
cDNA transfection studies, the viral
cDNA was expressed by random initia-
tion of transcription, probably from
within the plasmid sequences; however,
in the studies reported here, the viral
cDNA was placed under a specific pro-
moter (cytomegalovirus immediate-
early promoter), and the ends of viral
RNA were carefully engineered to match
their natural sequences. In any case, the
cDNA transfection approach was intu-

itively thought to be artificial because the
viral RNAs in question (e.g., poliovirus
and coronavirus) naturally replicate only
in the cytoplasm; thus, the production of
viral RNA in the nucleus would intro-
duce additional roadblocks to the repli-
cation of viral RNA in the cytoplasm.
Past examples of the successful use of the
cDNA transfection approach for RNA
viruses mostly involved viruses that nor-
mally replicate in the nucleus, such as
hepatitis delta virus (20), viroids (6),
and, more recently, inf luenza virus (21).
For cytoplasmic viruses (e.g., most of the
negative-strand RNA viruses), an alter-
native cDNA transfection approach was
developed in which viral cDNA (under a
T7 promoter) transfection is coupled
with the expression of T7 polymerase
through a recombinant vaccinia virus,
which replicates in the cytoplasm (refs.
22 and 23; Table 1). Such an approach
ensures that viral RNA is transcribed
directly in the cytoplasm, where it repli-
cates. Nonetheless, the original success
with poliovirus cDNA (5) and the recent
successes with inf luenza virus cDNA
(under a polymerase I promoter) and,
now, coronavirus cDNA (under a pol
II-mediated promoter) will likely chal-
lenge our stereotypic reservations re-
garding the appropriateness of the atopic
expression of viral RNA in a different
subcellular compartment.

The Surprises of Atopic RNA Expression in the
Nucleus. A very surprising finding of this
study is that the coronaviral RNA, which
is normally present only in the cyto-
plasm, is not spliced in the nucleus and is
successfully exported as an intact mole-
cule to the cytoplasm. The occurrence of
viral RNA splicing in this case would
have been the antithesis to the synthesis
of infectious viral RNA. Almazán and
colleagues (9) have shown that the 27-kb
TGEV RNA contains multiple consen-
sus-splicing signals, and yet it was not
significantly spliced in the nucleus.
Whether this finding is the luck of the
draw or a general phenomenon for for-
eign RNAs remains to be seen. In any
case, it raises the hope that perhaps RNA
splicing may not be the stumbling block

to the expression of foreign sequences in
the nucleus as previously feared. Even
more surprising is that the viral RNA is
successfully exported to the cytoplasm
despite the absence of splicing. This find-
ing brings to mind a recent study showing
that RNA splicing and the export of
RNA from the nucleus are coupled (24).
However, the success of the DNA trans-
fection approach for making infectious
coronaviral RNA suggests that such a
coupling may not apply to all foreign
RNA sequences. Perhaps other RNA
motifs govern RNA export.

The efficiency of the generation of in-
fectious virus particles by this approach
was understandably low. This study did
not compare the efficiencies of conven-
tional RNA transfection with the DNA
transfection methods. Is DNA transfec-
tion really necessary? How does it com-
pare with RNA expression directly in the
cytoplasm? RNA expression from the
DNA template in the nucleus may yield a
large amount of RNA; however, it will be
counterbalanced by the quality control
mechanisms (i.e., degradation) imposed
on the nonprocessed foreign RNAs. In
contrast, direct RNA expression in the
cytoplasm (by RNA transfection or tran-
scription by T7 polymerase), although in-
efficient, may cause RNA to accumulate
in the cytoplasm, where it replicates (Ta-
ble 1). Further studies will be required to
determine the relative merits of these
approaches. In any case, the reported suc-
cess of cloning and expressing such a large
cDNA fragment surely will inspire others
to further improve the methodology, per-
haps by developing an efficient cytoplas-
mic expression vehicle with a large cloning
capacity.

Reverse Genetics for All (Almost). The suc-
cessful cloning of an infectious TGEV
cDNA is, of course, an important break-
through for coronavirus research. The
Almazán and colleagues’ (9) study show-
cases the potential power of reverse ge-
netics that has eluded coronavirus re-
searchers until now. The data presented
here clearly show that the spike protein
alone is sufficient to determine the patho-
genicity of the virus, thus explaining the

Table 1. Strategies for making infectious viral RNA or cDNA

Transfectants
Sites of primary
RNA transcripts Successful examples

cDNA in plasmids (no promoters) Nucleus Poliovirus (C), viroids (N)
cDNA under pol I or pol II promoters Nucleus Influenza virus (N), coronavirus (C)
In vitro RNA transcripts Cytoplasm Numerous positive-stranded RNA

viruses (C)
cDNA under phage (T7) promoter 1

vaccinia virus-T7 polymerase
Cytoplasm Numerous negative-stranded RNA

viruses (C)

N, nuclear replication; C, cytoplasmic replication.
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mechanism by which a porcine respiratory
coronavirus emerged from the entero-
tropic TGEV in Europe and the U.S. in
the early 1980s (25, 26). Further insights
into the molecular basis of viral pathogen-
esis will now be possible with the avail-
ability of the infectious cDNA.

Except for a few fellow coronaviruses
that are yet to be conquered (e.g., MHV

with a 32-kb genome), the vista for the
cloning of long viral RNA appears to be
clear, now that the TGEV RNA has been
successfully cloned. This study (9), to-
gether with the previous reports of the
successful cloning of negative-stranded
RNA viruses (22) and segmented RNA
viruses (21), essentially establishes the ex-
perimental paradigms for the cloning of

the genomes of all classes of single-
stranded RNA viruses. Double-stranded
RNA viruses may not be that far behind.
It is now high time to exploit the reverse
genetics of all RNA viruses, an under-
taking once thought impossible. This
same cloning approach also may be ap-
plicable to the expression of long cellular
RNAs.
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