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Recombinant DNA technology makes it possible to

Y .
analyze and modify genomes at the molecular level

and thus gain deeper insight into their organization and
expression. In this respect viruses, because of the
small size of their genome, are particularly amenable to
such investigations. In spite of this, the study of the
molecular biology of nonretroviral RNA viruses has
long been hampered by the fact that these viruses do
not encompass a DNA intermediate step in their repli-
cation cycle. Furthermore, since to date the extremely
varied and powerful molecular. biclogy technigues
aimed at modifying nucleic acids have been directed
essentially at DNA substrates, new molecular tools
had to be developed.

The possibility of obtaining infectious clones (as
cDNAs or as in vitro-transcribed RNA copies) corre-
sponding to the genomes of RNA viruses has greatly
enhanced the potential of investigations. Indeed, they
can facilitate studies of viruses that are present only in
low titers in infected cells or whose isolation is problem-
atic. Furthermore, and despite the relatively recent de-
velopment of these tools, they have already provided
precious information in the study of the genetic ex-
pression and replication of RNA viruses by the use of
mutagenesis, deletions, insertions and by comple-
mentation experiments, but also in the study of natural
or induced RNA recombination, of mechanisms gener-
ating defective-interfering RNAs or satellite RNAs, and
of plant—virus interactions (such as the mechanisms of
cell-to-cell movement). Moreover, these clones can
also be considered as ‘‘pools’ for viral genes or se-
quences of interest for the design of antiviral strategies
and transcomplementation studies or for the develop-
ment of new viral vectors. The molecular biology of
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spherical plant RNA viruses has recently largely bene-
fited from the availability of in vitro-produced infectious
transcripts (reviewed in Bujarski and Miller, 1992).

We describe the different strategies employed to ob-
tain infectious clones from nonretroviral RNA viruses
{excluding viroids, satellites, and defective interfering
RNAs) and discuss the different possible parameters
affecting infectivity of such clones, keeping in mind,
however, that the success or failure of the construction
of these clones is often empirical and that very few
systematic studies have been performed on the differ-
ent parameters involved.

CONSTRUCTION OF INFECTIOUS CLONES

Full-length cDNA clones: Limitations and pitfalls

The construction of a full-length cDNA clone from
which an infectious transcript can be synthesized in
vitro is sometimes long and tedious. Although the pres-
ence of the entire viral sequence is generally thought to
be required to obtain infectious clones, the possibility
of producihg infectious transcripts from incomplete,
viral cDNA clones has been reported (e.qg., Davis et a/.,
1989; Klump et al., 1990) and warrants a word of cau-
tion. Moreover, cDNA synthesis, cloning strategies,
and the design of sequences bordering the viral insert
can have a strong influence on the infectivity of the
resulting transcript.

It is generally admitted that the presence of nonviral
nucleotides at the 5 end of viral transcripts strongly
reduces infectivity. Furthermore, none of the commer-
cially available in vitro transcription vectors leads to the
production of transcripts devoid of vector-derived se-
quences.

A number of methods have been reported to pro-
duce long (>2 kb) cDNA fragments (Okayama and
Berg, 1982; Gubler and Hoffman, 1983; Frankel and

"Friedmann, 1987; Schmid et a/., 1987), but none of

them makes it possible to obtain full-length ¢cDNAs
without or with only very few nonviral nucleotides.
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Since in most cases the nucleotide sequence of the
viral genomes considered has been determined, meth-
ods based on the use of viral-specific primers for DNA
synthesis have been favored compared to those based
on vector-primed cDNA synthesis, although an elegant
combination of the two strategies has also been devel-
oped (Petty et al., 1988).

In general, the construction of a cDNA consists of
reverse transcribing the viral RNA into a single-
stranded DNA using a primer hybridizing specifically to
the 3’ end of the viral genome. After elimination of the
viral RNA, the single-stranded DNA is converted into
the double-stranded form by initiating DNA synthesis
with a second primer encompassing the sequence
corresponding to the nucleotides at the 5’ end of the
viral RNA. Typically, the sequence for an RNA polymer-
ase promoter fused to the viral sequence is included in
the second primer.

A serious limiting factor for some viral genomes ap-
pears to be synthesis of the full-length first cDNA
strand, probably because the polymerization step is
hampered by strong secondary structures on the viral

template RNA. It is noteworthy that even for a given:

virus, some research groups but not others have suc-
ceeded in obtaining a full-length first cDNA strand. This
is the case for tobacco mosaic virus (TMV?; Meshi et
al., 1986; Dawson et a/*, 1986; Holt and Beachy, 1991)
and turnip yellow mosaic virus (TYMV; Weiland and
Dreher, 1989; Skotnicki et al., 1992; Boyer et al.,
1993). This discrepancy could result from the use of
different strains or could reflect the importance of the
sources of reagents employed.

Several variations on the general scheme for the pro-
duction of full-length cDNA clones have been reported

3 Abbreviations used: AIMV, alfalfa mosaic virus; BBV, black bee-
tle virus; BMV, brome mosaic virus; BNYVV, beet necrotic yellow
vein virus; BSMV, barley stripe mosaic virus; BWYV, beet western
yellows virus; BYDV, barley yellow dwarf virus; CaMV, cauliflower
mosaic virus; CB3, Coxsackie B3 virus; CCMV, cowpea chlorotic
mottle virus; CMV, cucumber mosaic virus; CNV, cucumber necro-
sis virus; CPMV, cowpea mosaic virus; CPSMV, cowpea severe mo-
saic virus; CYMV, clover yellow mosaic virus; CyRSV, cymbidium
ringspot virus; EMV, eggplant mosaic virus; FMDV, foot-and-mouth
disease virus; GFLV, grapevine fanleaf virus; HAV, hepatitis A virus;
HRV, human rhinovirus; JEV, Japanese encephalitis virus; MCMV,
maize chlorotic mottle virus; OYMV, ononis yellow mosaic virus;
PEBV, pea early browning virus; PEMV, pea enation mosaic virus;
PMV, papaya mosaic virus; PPV, plum pox virus; PVX, potato virus X;
RCNMV, red clover necrotic mosaic virus; RR, Ross river virus; SFV,
Semliki forest virus; TEV, tobacco etch virus; TBSV, tomato bushy
stuntvirus; TCV, turnip crinkle virus; TMEV, Theiler's murine enceph-
alomyelitis virus; TMV, tobacco mosaic virus; ToMV, tomato mosaic
virus; TRV, tobacco rattle virus; TVMV, tobacco vein mottling;
TYMV, turnip yellow mosaic virus; VEE, Venezuelian equine ericeph-
alitis virus; WCIMV, white clover mosaic virus; YFV, yellow fever
virus; ZYMV, zucchini yeliow mosaic virus; PCR, polymerase’ chain
reaction; RdRp, RNA-dependent RNA polymerase; RNP, ribonucleo-
protein. . )

and as a consequence, it is difficult to sort out an opti-
mum protocol suitable for any virus. These variations
are for instance the use of an improved vector-primed
strategy (Petty et al., 1988), of synthetic DNA “cas-
settes’ (Rizzo and Palukaitis, 1990), of the polymerase
chain reaction (PCR) for full-length (Hayes and Buck,
1990) or partial (Beck et al., 1990; Macfarlane et al.,
1991; Young et al., 1991; Boyer et al., 1993; Demler et
al., 1993; Viry et a/., 1993) viral sequence amplification,
and of ‘‘glass milk’ for the isolation of a >3-kb-long
first cDNA strand (Domier et al,, 1989). It is very likely
that the production of full-length cDNAs from viral RNA
templates will greatly benefit from the development of
reverse transcriptases and DNA polymerases that are
thermostable and endowed with increased fidelity. -
Another problem is the high instability of full-length
cDNA clones in bacteria. This is most strikingly exam-
plified by two related flaviviruses, yellow fever virus
(YFV: Rice et al., 1989) and Japanese encephalitis virus
(JEV; Sumiyoshi et al., 1992). In both cases, a full-
length cDNA clone was successfully obtained. How-
ever, multiplication of this clone in bacteria always re-
sulted in the introduction of mutations in the viral se-
quence. None of the corresponding in vitro transcripts
was infectious. The only way to circumvent this prob-
lem and to synthesize infectious RNA was to perform in
vitro transcription directly from in vitro-ligated frag-
ments. This example might reflect the potential toxicity
and/or instability of some viral sequences in bacteria,
although the reasons for this are not clearly under-
stood. It also provides a possible explanation of why no
infectious transcripts have been obtained to date for
some important viruses. Similar problems have been
encountered for dengue virus type 4 (Lai et a/., 1991),
RNA2 of beet necrotic yellow vein virus (BNYVV; Quillet
et al., 1989), pea early browning virus (PEBV; Macfar-
lane et al.,, 1991), and eggplant mosaic virus (EMV;
Skotnicki et al., 1993). In some cases, these could be
solved by changing the Escherichia coli strain and/or
the DNA vector. Along the same line, the long homo-

- polymeric tract of cytidyl residues (between 50 and

250 nucleotides) near the 5’ end of the gefiomes of
virus from the cardiovirus—aphtovirus group has for a
long time hampered the construction of the corre-
sponding full-length cDNA clones, possibly because
long poly(dC—-dG) tracts interfere with the replication of
plasmids in E. coli (Deng and Wu, 1981). Shortening
the length of the poly(C) tract in the case of mengovirus
(Duke and Palmenberg, 1989) did not significantly af-
fect the infectivity of the in vitro transcript, whereas a
minimum of 32 Cs was required in the case of foot-
anhd-mouth disease virus (FMDV; Zibert et a/., 1990).
An interesting result has been obtained with polio-
virus by Kaplan et al. (1985). Since in the hands of
these authors, no infectious transcripts: containing a
few nonviral nucleotides at either end were obtained,
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anotherétrategy was devised. Using SP6 RNA polymer-
ase and the poliovirus cDNA-containing plasmid, nega-
tive strand poliovirus RNA was synthesized /in vitro,
which in turn served as template for the synthesis of
plus strand RNA using the poliovirus RNA-dependent
RNA polymerase (RdRp); the resulting plus strand RNA
was infectious.

Infectious cDNAs

The expression of infectious viral RNAs through in
vivo transcription of cDNA-containing vectors has sev-
eral advantages. (1) Infectivity is less dependent on
RNA™degradation since it presumably occurs only
within cells where the RNAs are synthesized, and the
replication process can overcome detrimental effects
resulting from degradation. (2) In vitro transcription is
not necessary. This is particularly important for RNA
virugses for which the production of a good vyield of
highly infectious full-length transcripts can be problem-
atic. Furthermore, costly reagents such as the cap ana-
logues and RNA polymerases are not required. (3) 1
renders the expression of viral genes largely indepen-
dent of the viral replication process. This might be very
convenient when studying the role and/or localization
of proteins expressed by mutant viral RNAs unable to
replicate in cells. These /n vivo-produced viral tran-
scripts would then behave like messenger RNAs pro-
duced by a host RNA polymerase, still able to express
native or mutant proteins without being replicated
{e.g., Van Bokhoven et al., 1993).

Despite the fact that historically the first infectious
clones of RNA viruses were cDNA clones, to date there
are only a few examples of animal or plant viruses for
which full-length ¢cDNA-containing vectors were suc-
cessfully used for the in vivo production of infectious
RNA (Table 1A).

In certain cases, poliovirus cDNA was placed under
the control of the SV40 promoter (Semler et al., 1984;
Kean et a/., 19886); it has, however, been postulated
that the high specific infectivity of these cDNA clones
would result from the presence of eukaryotic replica-
tion signals rather than from the effects of the promoter
elements (Kean et al., 1986).

A few recent examples exist for plant viruses that
express infectious RNAs from in vivo transcription of
viral cDNA-containing vectors. Infection of host plants
was usually achieved by mechanical inoculation. Alter-
natively, infection was achieved through expression of
infectious transcripts via transgenic plants (Yamaya et
al., 1988) or agroinfection (i.e., infection of plants with
Agrobacterium tumefaciens expressing a viral RNA;
Leiser et al,, 1992). All the corresponding viral cDNA
sequences were placed under the control of the cauli-
flower mosaic virus (CaMV) 35S promoter. In a few
cases, unexplained differences in host susceptibility

have been observed between viral RNAs and the corre-
sponding infectious ¢DNA constructs (Mori et al.,

1991; Weber et al., 1992).

Despite the general necessity of RNA polymerase
promoters for the efficient production of infectious
transcripts from cDNA clones, several striking excep-
tions exist in which promoter sequences are not re-
quired or do not seem to be responsible for the synthe-
sis of infectious RNAs. These examples include polio-
virus (Racaniello and Baltimore, 1981; Omata et al,,
1984), Coxsackie B3 virus (CB3; Kandolf and Hofsch-
neider, 198b), hepatitis A virus (HAV; Cohen et al,
1987), and alfalfa mosaic virus (AIMV; RNA3 Dore and
Pinck, 1988). The corresponding cDNAs were biologi-
cally active at relatively low levels. In addition, the
mechanism whereby infectious RNAs are synthesized
in vivo remains unclear. 1t has been proposed that the
cDNA would somehow be transported to the nucleus,
where it would be transcribed by a cellular DNA-de-
pendent RNA polymerase initiating probably at “pro-
moter-like'" cryptic sites present on the DNA plasmid,
or promoter activity could be provided by integration
into the host genome, downstream of a cellular pro-
moter (Racaniello and Baltimore, 1981; Omata et al.,
1984, Kandolf and Hofschneider, 1985; Klump et a/,,
1990).

RNA polymerases: In vitro transcription

When dealing with the design of a full-length cDNA
clone from which infectious RNAs are expected to be
produced jn vitro or in vivo, the choice of the RNA poly-
merase promoter is highly important because it directly
affects the yield of transcripts and the nucleotide se-
guence at their extremities.

Several types of promoters have been used, such as
the E. coli Pm (a modified version of Pr) promoter from
bacteriophage A, and the promoters of bacteriophages
SP6, T3, or T7. The first transcription vector designed
to provide exact control of the transcription initiation
site was constructed by Ahlguist and Janda (1984),
This vector, pPM1, allowed direct insertion into a
unique Smal cloning site of virtually any viral cDNA
under the control of the phage APm. Subsequent in
vitro transcription with £. coli RNA polymerase pro-
duced transcripts bearing no extraviral nucleotides at
their 5’ end. The main advantage of this system resides
in that in contrast to consensus promoter seguences
for the T7 (Dunn and Studier, 1983) or SP6 (Melton et
al., 1984) RNA polymerases, that of £. coli lies well
upstream of the initiation site for transcription and does
not extend beyond the transcription initiation site
{Hawley and McClure, 1983), allowing therefore vir-
tually any APm-viral cDNA fusion to be constructed
without affecting promoter activity.

However, compared to phage RNA polymerase-
based systems, the £. cofi RNA polymerase-based
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TABLE 1
INFECTIOUS CLONES FROM RNA VIRUSES
A
FAMILY VIRUS | RNA] LENGTH [PROM.| & 3 REFERENCE
Levivirus B g 42 ND ND { ND Tanigushi et al. (1978)
Picornavirus CB3 g 7,5 ND ND | ND Kandolf and Hofschneider (1985)
Polio g 7.5 ND | ND | ND Racaniello and Baliimore (1981}
" - “ ND ND | ND Omata et al. (1984)
“ “ NDor § ND | ND Semler et al., (1984)
SVAQ
" “ “ svs0+ | ND | ND Kean et al. (1986)
Bromaopirus BMV  }1;2;3] 32;29;21 358 12 ND Mori 2t al. (1991)
Comovirus CPMV | B:M 59,35 355 6o | 07 Desseng and Lomonossoff (1993)
Furovirus BNYVV | 3;4 1815 355 | <40 { ND Commandeur et al. (1991}
Tarvirus AIMV 3 1.7 ND [ ND | ND Dore and Pinck (1988)
" 1;2;3| 3.6;2.6;2.1 355 0 ND Neeleman et al. (1993}
" 4 0.9 358 8 ND "
Luteovirus BWYV 8 56 355 0 ND Leiser et al. (1992)
Potyvirus PPV g 9.7 335 0 ND Maiss et al. (1992)
Tobamovirus TMV 3 64 358 ] ND Yamaya et al. (1988)
ToMV 8 64 358 0 ND Weber ¢t al. (1992)
Tobravirus PEBV | 1.2 7.1;34 355 0 ND MacFarlane ¢t al. (1992)
B
FAMILY VIRUS ! RNA [ LENGTH [PROM.| 5 3 REFERENCE
Leoivirus QB8 4 42 7 0 Schakiee et al. (1988)
Alphavirus RR g 1.9 SP6;T7) 1 ND Kuhn et al. (1991)
SFV 8 14 SP6 0 4 Liljestrém et al. (1991)
Sindbis 8 12 SP6 1 9 Rice ¢t al. (1987}
VEE 4 >11 7 1 ND Davis et al. (1989)
Flaviirus Dengue g 10.6 SP6 1 5 Lai et al, (1991)
JEV g 1 7 0 0 Sumiyoshi (1992))
YFV g 11 SPé 1 hil Rice et al. (1989)
Nodavirus BRV 12 3514 2Pm [ 4 Dasmvahapatra et al. (1986)
SP6 20 4
Picornavirus CB3 4 ¢ 75 SP6;T7 [ 82;34| ND Klump et al. (1990)
EMDV 4 8.1 SPé 12 ND Zibert et al. (1990)
HAV 4 75 5P6 10 0 Cohen et al. (1987)
Mengo 8 78 17 23 7 Duke and Palmenberg (1989
Polio g 78 17 2 37 Van der Werf et al. (1966)
" " " 7 2 0 Samow (1989)
HRV g 75 SPé 21 2 Mizutani and Colonno (1985)
" g 7.5 17 2 5 Duechler et al. (1989)
TMEV g 82 7 ND | ND Tangy et al, {1989)
“ 4 8.1 7 ' 2 ND Roos et al. (1989)
Bromooirus BMV 1;2;3] 32;28;21 APm 0 67 Ahlquist et al, (1984)
“ " . 7 0 -1 Ahlquist et al. (1987)
" 7 0 7 Janda et al. (1987)
“ " " 7 0 7 Dzianott and Bujarski (1989)
CCMV 11,231 32,2921 17 1 5 Allison et al. (1988)
Carmovirus <V '3 4.0 APm 1 5 Heaton et al. (1989}
17 2 5 "
Comovirus CPMV | B;M 5.8;35 V4 2 4-5 Vos et al, (1988)
" " " 17 1 5 Eggen et al. (1989)
“ M 35 APm 0 7 Holness et al. (1989)
CPaMY | 152 635 17 1 25,9 Chen and Bruening (1992)
Cucumovirus MV 11:2;3] 34:3.0;21 T7 Q 4 Hayes and Buck (1990}
" M N 7 1 1 Rizz0 and Patukaitis (1990}
" " " 7 0 5-6 Suzuld et al. (1991)
Dianthovirus | RONMV | 1,2 39;14 7 1 0 Xiong and Lommel (1991)
Enamovirus | PEMV 2 43 T7 0 0 Demier et al. (1993)
Furovirus BNYVV | 3;4 1815 17 1 11428 Ziegler-Graff et al. (1988)
" 1,2 67:46 7 2 |12;10 Quillet et al. (1989)
Hordeivirus BSMV | o;8;v| 3.8;3.3;3.1 T7 0 <4 Petty et al. (1989)
Harvirus AMV 3 21 17 1 0 Dore et al. (1990
" 4 0.9 sP6 15 2 Loesch-Fries et al. (1985)
Luteovirus BYDV g 57 7 1 0 Young et al. (1991)
BWYV g 5.6 T7 2 3 Veldt et al, (1992)
Nepavirus GFLV 12 73;38 T7; T3 1 4,24 Viry et al, (1393}
Potexvirus CYMV g 7.0 7 1 5 Holy and AbouHaidar (1993)
PMV g 67 17 0 5 Sitand AbouHaidar (1993)
PVX 8 6.4 7 ] 9 Hemenway et al. (1990)
. WMV B 58 5P6 o] 6 Beack et al. (1990)
Potyvirus PRV £ 97 17 1 12 Reichmann 2t af. {1990)
TEV g 95 sp6 | 2 [ a Dolfa et al. (1992)
TVMV g 9.5 ’[Tg 1 1 Domier et al. (1989)
2 1 "

. ZYMV g 96 17 1 1 Gal-on et al. (1991)
Sobemavx.rus MCMV B 44 7 0 o Scheets ef al, (1993)
Tobamavirus Tbﬁl‘l £ 64 *Pm 0 3 Meshi et al. (1986)

. ': M RTP;:\ 8 [3 Dawson ¢t al. (1986)
N 1 Holt and Beachy (1991)
) ToMV g 64 17 0 3 Weber et al, (¥992)
Tobravirus PEBV 12 71;34 7 12 0 MacFarlane et al. (1991)
T}EV 1 68 APm 0 [ Harnilton and Baulcombe (1989)
. 2 22 APm ) [ Angenent ef al. (1989)
Tombusoirus CNV g 47 17 0 1 Rochon and Johnston (1991)
CyRsv 8 A7 7 o} o Burgyan et al. (1990)
) TBSV I'4 48 © 17 2 0 Hearne et al: (1990)
Tymovirus EMV g 62 17 0 3 Skotnick ef al, (1993)
OYMV | g 63 7 1 10 - A
TYMV g 63 T7 0 5 Weitand and Dreher (1989)

system gives much lower yields of transcript, partly at
least because it leads to a large proportion of prema-
ture termination products (Melton et al., 1984; Janda et
al., 1987; Angenent et al., 1989; Heaton e &, 1989)
and because important batch-to-batch variations of
commercially available £ coli RNA polymerases
strongly affect yield reproducibility (Janda et a/., 1987;
Ahlquist et a/., 1987; Hamilton and Baulcombe, 1989).

The great majority of phage promoter-viral cDNA fu-
sions involves the use of the T7 promoter, sometimes
the SP6 promoter, and exceptionally the T3 promoter
(Table 1B). Preference for the T7 over the SP6 pro-
moter may be related to the more thoroughly studied
genetics of bacteriophage T7.

Three different strategies have been used to fuse
transcription promoters to the beginning of viral se-
quences. (1) “Universal” transcription vectors have
been constructed in which a restriction site is inserted
as close as possible to the transcription initiation site of
the promoter. This is the case of the pPM1/APm (Ahl-
quist and Janda, 1984), pHST70/SP6 (Jobling et al.,
1988), and pCa35by/36S (Yamaya et al., 1988) con-
structs. All these vectors could thearetically direct
transcription of viral cDNA sequences into RNAs de-
void of vector-derived nucleotides. (2) Extraneous se-
guences between the promoter and viral cDNA have
been eliminated by site-directed mutagenesis. (3) Syn-
thesis of second strand cDNA is primed with an oligo-
nuclectide containing a promoter directly linked to the
5" end of the viral sequence. This procedure first de-
scribed by Weiland and Dreher (1989) is now widely
used for its simplicity and convenience.

For phage promoters, the "quality versus guantity”
question has to be addressed in each individual case;
the price to pay to obtain the most ‘'viral-like' 5" end
(supposedly necessary for good infectivity) is very often
a low vyield in transcription product, since the pro-
moter—viral DNA fusions generally do not match opti-
mum promoter consensus sequences.

The nucleotide sequence of the 3" end of in vitro-

Ty

Note to Table 1. (A) List of principal RNA viruses tor which in-
fectious cDNA clones have been obteined. (B) List of principal RNA
viruses for which infectious in vitro transcripts have been obtained
from full-length cDNA clones. For each virus, only the first and most
significant works are mentioned.

* The SV40 promoter was introduced, but may not be the main
determinant involved in the infectivity of the transcripts (Kean et al.,
1986). Prom., promoter; g, genomic; APm, modified Pr promoter
from phage \; ND, not determined or not specified. Abbreviations of
viruses are as listed under the Abbreviations used footnote. The
RNA indicates the viral genome part for which the infectious cDNA
or transcript has been obtained; g, genomic RNA in the case of
viruses with a monopartite RNA genome. Length of the RNAg is in
kilobases. 5 and 3’ designate for each case the shortest nonviral
extensions flanking the viral RNA sequence. The 3’ values do not
encompass the number of adenine residues in poly(A) tails.
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tanscribed full-length viral RNAs is commonly dictated
y the position of the restriction site used for “'run-off”
transcription. However, Dzianott and Bujarski (1989)
described an elegant altermative method to eliminate a
large number of nonviral nucleotides at this extremity.

o=

This was achieved by ligating a self-processing se-
guence of the satellite RNA of tobacco ringspot virus to
the 3" end of BMV sequences. The circular cDNA
dlones could be transcribed in vitro through a *‘rolling-
gircle’’-like mechanism and the resulting multimeric
transcripts were processed partially into infectious

NAs of genomic length. Since one has usually little
control over transcription termination events in cells,

R
this approach might be particularly useful for the pro-
dessmg of in vivo-transcribed RNAs which often harbor
rlonwral sequences such as vector-derived and/or
doiy( A} tails at their 3’ end.

PARAMETERS AFFECTING INFECTIVITY

Infectious in vitro-synthesized transcripts

Although obtaining full-length ¢cDNA clones and/or
the corresponding transcripts is a crucial step, it does
ot necessarily ensure biological activity.

Relative infectivity of the infectious clones (Table 1)

very difficult to compare since the results obtained

re expressed differently by various authors, depend-
ing on the system studied and on the method used.
Indeed, infectivity can be looked at in terms of (1) the
percentage of infected protoplasts (e.g., Loesch-Fries
et al., 198b) or systemic host plants showing symp-
toms (e.g., Hayes and Buck, 1990), (2} the relative num-
ber of local lesions on necrotic host plants for plant
viruses (e.g., Heaton et a/., 1989) or the relative num-
ber of plaque-forming units for animal viruses (e.g.,
Kean et al., 1986), and (3) the analysis of progeny viral
products at the level of the RNA (e.g., Commandeur et
al., 1991)or proteins (e.g., Domieret al., 1989). Infectiv-
ity of transcripts is very variable and can in some cases
reach 100% or more (Sarnow, 1989; Hearne et al.,
1990; Hayes and Buck, 1990) compared to infectivity
of wild-type virion RNAs. Moreover, since good trans-
fection efficiencies help to detect low biological activi-
ties of some infectious clones, significant improve-
ments have been recently achieved in this field, particu-
larly for animal viruses (Keown et al., 1990; Liljestrom
etal., 1991).

To achieve successful infection, viral transcripts
must interact with viral-encoded proteins, most particu-
larly with the viral replicase and with host cell compo-
nents such as the translation machinery; therefore, the
structure of viral transcripts has to mimic that of virion
RNA as closely as possible.

Several parameters have a dramatic influence on the
infectivity of viral transcripts: (1) the heterogeneity of

transcript population, (2) the presence of point muta-
tioris, and (3) the sequence at the &’ and 3’ ends (num-
ber. and sequence of nonviral nucleotides, presence of
a cap structure at the &’ end or a poly(A) tail at the
3 end).

The problem of heterogeneity of transcript size has
been mainly reported with the E. coli RNA polymerase—
APm promoter system (Ahlquist et /., 1984; Dawson
et al., 1986 Janda et al., 1987; Hamilton and Baul-
combe, 1989). A possible explanation for the relatively
low infectivity of most preparations might be competi-
tion between incomplete nonreplicatable viral copies
and full-length transcripts for interaction with viral and/
or host factors involved in the replication process.

Because of the relatively poor fidelity of the RNA- and
DNA-synthesizing enzymes involved in producing in-
fectious transcripts, point mutations are to be ex-
pected, especially with long viral genomes. For in-
stance, alteration of viral sequences could result from
the in vitro transcription step since sequence depen-
dence of T7 and SP8 RNA polymerase fidelity has been
reported (Kuhn et al., 1990). Furthermore, the final full-
length cDNA clone can be the result of faithful reverse
transcription and amplification of an initial virion RNA
which is itself mutated, unable to replicate, and which
would most probably be eliminated in the next round of
viral replication. As a consequence, this cDNA clone
{or the corresponding /n vitro,transcript) would not be
infectious. Given the low fidelity of viral RNA-depen-
dent RNA polymerases (reviewed in Domingo and Hol-
land, 1992: Ramirez et al., 1993), this “‘unlucky’' event
might not be so rare. The production of noninfectious
transcripts has been reported by a few authors (Ahl-
quist et al., 1984 Kaplan et al., 1985; Dawson et a/.,
1986; Meshi et al., 1986; Eggen et a/., 1989; Holt and
Beachy, 1991; Laietal., 1991). In the last four cases, it
has been possible to restore infectivity by exchanging
a specific region of the cDNA with & fragment corre-
sponding to the same region but issued from an inde-
pendent cDNA clone. Conversely, certain synthetic
transcripts induced more severe symptoms than the
parental virion RNAs (Hamilton and Baulcombe, 1989;
Hayes and Buck, 1930), thereby suggesting that possi-
ble mutations favoring infectivity of full-length tran-
scripts might also occur.

Recent reports indicate that despite the high error
rate of the Tag polymerase (Keohavong and Thilly,
1989), PCR can be successfully applied to obtain in-
fectious clones. (Hayes and Buck, 1990; Viry et al.,
1993).

Since published sequences of viral RNA genomes

-do not necessarily correspond to infectious se-

quences, it can be instructive to determine the nucleo-
tide sequence of infectious clones. This has been done
in a few cases (Rice et a/., 1989; Beck et al., 1990;
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Hemenway et al., 1990; Kiump et al., 1 990; Dreherand
Bransom, 1992).

Effect of nonviral nucleotides

The effect of nonviral nucleotides at the extremities
of viral transcripts has been investigated by many au-
thors. As a general rule, 5’ extensions substantially de-
crease or even abolish infectivity, whereas 3’ exten-
sions are more easily tolerated.

Effect of 8 extensions. In most cases examined, in-
fectivity is greatly diminished even for short %’ exten-
sions such as 1 or 2 nucleotides (generally G residues).

Infectivity is abolished when transcripts derived from
plant viruses harbor moderately long &' additional se-
quences of 14 to 17 nucleotides (Heaton et a/., 1989;
Dore et afl.,, 1990; Rizzo and Palukaitis, 1990). No in-
factious synthetic transcript presenting more than 6
nonviral residues at this extremity (Dawson et al.,
1986) has been described, with the exception of tran-
scripts corresponding to AIMV RNA4 (Loesch-Fries et
al., 1985, Langereis et a/., 1986) bearing 15 additional
bases at their &' end. However, this latter exception
could be related to the fact that translation of this RNA
is sufficient 1o initiate infection when cotransfected
with the other AIMV RNAs.

Commandeur et al. (1991) have recently shown for
BNYWVV that the cDNA sefjuences of RNAs 3 and 4 can
be rendered biologically active when cloned down-
stream the CaMV 368 transcription promoter. The re-
sulting in vivo transcripts expected to contain up to 40
extraviral nucleotides at the b’ end are infectious in
planta, whereas in vitro-derived transcripts harboring
such extensions are biologically inactive in the same
host plant. Although these observations remain unex-
plained, they could illustrate the advantages of induc-
ing transcription of viral genomes in vivo as discussed
earlier.

Interestingly, compared to their plant RNA viruses
counterparts, the infectivity of synthetic transcripts
from several animal RNA viruses seems less affected
when transcripts bear a relatively large number (10 to
82) of extraviral nucleotides at the 5’ end {(Mizutani and
Colonno, 1985; Dasmahapatra et a/., 1986; Cohen et
al., 1987; Duke and Palmenberg, 1989; Klump et al.,
1990; Zibert et al., 1990). Along the same line, several
infectious cDNA clones of animal viruses (Table 1A)
proved to be infectious despite the probable presence
of large 5" extensions on the corresponding in vivo
transcripts.

Although the number of cases reported is soméhow
limited and direct comparisons between piant and ani-
mal virus systems have to be taken with caution, it is
questionable whether the differences observed in the

effects of 5’ extensions on infectivity of synthetic tran~ .

scripts of some animal and plant viruses can reflect a

higher ability of host animal cell nucieases to “‘mature’"
in vivo the elongated transcripts into infectious RNAs,
or a better tolerance in template recognition from
RdRps of animal viruses.

The inhibitory effect of 5’ nonviral nucleotides usually
observed on the biological activity of synthetic viral
transcripts could have several origins. Since the num-
ber of different extensions tested for various viral tran-
scripts is limited in each case, it is difficult to deduce a
role for the nucleotides in the nonviral sequences. It is
also possible that the nature of the extra sequences is
important, as suggested by the difference of infectivity
observed between transcripts harboring nonviral 5’ ex-
tensions similar in length but differing in their sequence
(Mizutani and Colonno, 1985; Duechler et a/.,, 1989).
However, it is usually assumed that the presence of
these extra nucleotides could seriously hamper proper
initiation of () RNA synthesis from the 3’ end of the (—)
strand. It seems unlikely that these nucleotides inter-
fere with viral gene translation in vivo because they do
not possess initiation codons, and the /n vitro transla-
tion products are similar to those of wild-type RNA

‘Janda et al., 1987; Verver et al., 1987; Eggen et al.,

1989; Angenent et al., 1989; Dore et al.,, 1990; Gal-On
et al., 1991; Viry et af, 1993). Several viruses com-
monly bear an additional nonviral encoded nucleotide
at the 3’ end of their (=) RNA strand, as do Sindbis virus
(Wengler et al., 1982) and cucumber mosaic virus
(CMV; Rezaian et al., 1984; Collmer and Kaper, 1985).
This could be associated with the observation that full-
length viral transcripts with only one nonviral nucleo-
tide at their 5’ end often show a relatively high level of
infectivity, thereby possibly reflecting a certain level of
tolerance in replicase/RNA sequence interaction.
Effect of 3’ extensions. In contrast, the biological ac-
tivity of viral transcripts appears to be relatively insensi-
tive to short 3’ extensions of 1 to 7 nucleotides (Daw-
son et al, 1986; Ahlquist et a/.,, 1987; Eggen et al.,
1989; Dzianott and Bujarski, 1989; Hayes and Buck,
1990; Beck et al., 1990), whereas long extensions
such as 2700 nuclectides for brome mosaic virus
(BMV, Ahlquist er al., 1984), 945 nucleotides fof TMV
(Dawson et al., 1986) or >82 nucleotides for BMV
(Dzianott and Bujarski, 1989) abolish infectivity. For
many viruses, however, transcripts bearing a long (>30
nucleotides) additional sequence at thé 3' end are in-
fectious (Dzianott and Bujarski, 1989; Eggen ef al,
1989; Beck et a/., 1990; Suzuki et a/., 18991; Boyer et
al;, 1993; Sit and AbouHaidar, 1993), as are in vivo
transcripts presumably polyadenylated by host cell en-
zymes. Sarnow (1989) specifically studied the effect of
extraneous sequences at the 3’ end of synthetic polio-
virus transcripts and showed that while 4 extra bases
(after a short poly(A) tract) did not lower the infectivity of
the RNA, 17 cytosine residues decreased infectivity.
As is the case of &’ extensions, it is not clear whether
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" the structure of additional 3’ sequences affects the bio-
" logical activity of the transcripts. Interestingly, Dzianott
and Bujarski (1989) reported that infectivity of BMV
transcripts presenting 19 extraviral nucleotides was
higher than those harboring 6 or 7 nonviral nucleotides
at the 3’ end. These authors speculate that a longer
extension might confer protection in vivo against ribo-
nucleases; alternatively, it could modify the secondary
structure at the 3’ end which would then acquire en-
hanced affinity for the BMV replicase. A similar obser-
vation has been made regarding CMV transcripts (Su-
zuki et al., 1991). The observation that 3-end-extended
transcripts derived from plant viral genomes encom-
passing e tRNA-like structure are infectious strongly

suggests that aminoacylation, presumably hampered

on these transcripts, is not required for initial stages of
viral infection or that host cell enzymes can process
and/or degrade this extremity until it becomes aminoa-
cylatable.

For viral genomes presenting a poly(A) tail at their 3’
end, it seems probable that there is a threshold length
of A residues below which the stability of the corre-
sponding transcripts would be altered (Domier et al.,
1989; Sarnow, 1989; Hemenway et a/., 1990; Viry et
al., 1993; Holy and AbouHaidar, 1993). The presence
of long homopolymeric adenine sequences at the 3’
end of poliovirus jn vitro-produced transcripts in-
creases infectivity, whereas long heteropolymeric nu-
cleotide sequences have an adverse effect (Sarnow,
1989). Eggen et al. (1989) have provided evidence that
the poly(A) tail of cowpea mosaic virus (CPMV) tran-
scripts is elongated upon replication in protoplasts.
These authors hypothesize the possible involvement
of a "slipping"” RNA polymerase event or else the addi-
tion of A residues by a host terminal nucleotidy! trans-
ferase.

Effect of the cap structure. As a general rule, a cap
structure (M’GpppG) is required at the 5 end of the
transcripts for optimum infectivity, possibly because it
enhances translation initiation (Shih et al.,,1976; Con-
treras et al., 1982) and/or improves their stability by
confering a better resistance to host cell nucleases
(Furuichi et al., 1977; Shimotohno et a/., 1977; Green
et al., 1983).

Uncapped transcripts are either not infectious (Ahl-

quisteral., 1984; Loesch-Fries et al., 1985; Dawson et
al., 1986; Petty et al., 1989; Weiland and Dreher, 1989;
Domier et al., 1989; Riechmann et a/., 1990; Gal-On et
al., 1991; Kuhnetal., 1991; Boyer et al., 1993) or show
a highly reduced leve! of infectivity (Dasmahapatra et
al., 1986; Meshietal., 1986; Janda etal., 1987; Rice ot
al., 1987, Allison etal., 1988; Vos et al., 1988; Eggen et
al., 1989; Hamilton and Baulcombe, 1989; Beck et a/.,
1990; Hayes and Buck, 1990; Liljestrom et a/., 1991;
Xiong and Lommel, 1991; Veidt et a/., 1992; Sit and
Abouhaidar, 1993). However, in a few cases, both

capped and uncapped transcripts proved to be highly
infectious (Angenent et.al., 1989; Heaton et al., 1989:
Hearne et al, 1990; Rochon and Johnston, 1991;
Scheets et al., 1993).

A striking example is that of tobacco rattle virus
(TRV} transcripts. Whereas TRV RNAT1 transcripts re-
quire the presence of a capped 5’ end for infectivity
(Hamilton and Baulcombe, 1989), TRV RNA2 tran-
scripts do not (Angenent et a/., 1389). As postulated
(Angenent et a/., 1989), it is possible that efficient syn-
thesis of the TRV replicase requires capped TRV RNA1
transcripts. The replicase would then accept un-
capped RNA2 transcripts as template to generate sub-
genomic coat protein messenger RNA and progeny
RNAZ2. A similar situation has been reported for tran-
scripts from the related PEBV (MacFarlane et al., 1991)
and for BMV transcripts (Ahlquist et a/., 1987).

Many RNA viruses harbor a viral-encoded protein
(VPg) instead of a cap structure at the 5’ extremity of
their genome. Studies performed with the correspond-
ing in vitro transcripts demonstrated in most cases the
positive effect of capping on their infectivity (although
at various levels; e.g., Eggen et al., 1989; Riechmann
et al., 1990; Young et al.,, 1991; Veidt et al., 1992),
suggesting that sorhe of the properties of the cap
structure mentioned earlier could at least partially
compensate the lack of VPg. It is likely that studies on
the role of VPg in infectivity will greatly benefit from an
efficient method for adding this protein to synthetic
transcripts. Along this line, the RNA-catalyzed in vitro
addition of VPg on (=)RNA of poliovirus has been re-
ported (Tobin et a/., 1989) and might open new per-
spectives in this field.

Fate of nonviral nucleotides in virus progeny

In all cases where this has been verified by sequenc-
ing of progeny RNAs or by molecular hybridization, ex-
traviral 5’ or 3’ sequences are removed in cells upon
viral replication or restored to wild-type length {Ahlquist
et al., 1984; Dasmahapatra et al.,, 1986; Meshi et al.,
19886; Ziegler-Graff et al., 1988; Duke and Palmenberg,
1989; Dzianott and Bujarski, 1989; Eggen et a/., 1989;
Heaton et al.,, 1989; Quillet et a/., 1989; Beck et a/.,
1990; Hearne et al., 1990; Klump et a/., 1990; Riech-
mann et a/., 1990; Commandeur et a/., 1991; Mori et
al., 1991; Viry et al., 1993). As mentioned earlier, host
cell nucleases could participate in eliminating nonviral
extensions, thereby rendering the transcript more ame-
nable to enter replication -cycles. Alternatively, viral
RdRps would be able to initiate replication of elongated
transeripts by recognizing their cognate binding site
internally, which would lead to the elimination of extra
sequences in the daughter strand. In the case of in vivo
transcripts, inaccurate initiation of transcription by
host RNA polymerases could also lead to the same
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result by favoring the direct and fortuitous production
of suitable templates for viral RdRps.

Interestingly, the production of infectious transcripts
missing terminal residues has also been reported: CB3
transcripts lacking the two &' uridine residues where
found to be infectious and to restore these nuclectides
upon replication in transfected cells, suggesting that
VPg-pUpU may be uridylylated through a template-in-
dependent process (Klump et a/., 1990), and BMV tran-
scripts lacking the last A residue at the 3’ end were
highly infectious, most likely because the host ATP,
CTP: tRNA nucleotidyltransferase can restore the miss-
ing nuclectide in vivo (Ahlquist et al., 1987).

In contrast to terminal extensions, more internal
point mutations introduced accidentally or as *‘molecu-
lar labels’ are often maintained in progeny RNAs (Me-
shietal.,, 1986; Hearne et al., 1990; Zibert et al., 1990;
Lai et al.,, 1991; Weber et a/., 1992). However, this ob-
servation reflects probably more the nonlethal charac-
ter of these internal mutations than the inability of the
system to correct them. 4

The fate of longer internal modifications seems less
predictable. Indeed, insertion of nonviral genes and ar-
tificial elongation or reduction of internal oligo(A) re-
gions and poly(C) tracts were shown to lead to either
situation in progeny RNAs: maintenance (Duke and
Palmenberg, 1989; Dalja et a/., 1992) or modification
(Allison er al., 1988; Zibert et al,, 1990; Dolja et al.,
1992) of these regions toward wild-type length or se-
guence.

Negative-strand RNA viruses

As opposed to the tremendous progress made over
the past decade on the construction of infectious
cDNA clones and transcripts of positive strand RNA
viruses, such experiments have lagged behind with
negative strand RNA viruses. This is because with the
latter viruses naked genomic RNA introduced into cells
or synthesized intracellularly from transfected cDNA
clones are not “infectious’ per se since they cannot
be replicated in the absence of viral nucleoprotein and
polymerase. This situation dramatically changed with
the work of Luytjes et al. (1989) using in vitro tran-
scripts containing the regulatory sequences of one of
the influenza virus genomic RNAs. Biologically active
ribonucleoprotein (RNPycomplexes were reconstituted
in vitro using these synthetic RNAs, together with puri-
fied viral nucleoprotein and polymerase proteins. In the
form of RNPs, these RNAs could then be amplified,
expressed, and packaged when introduced into cells
with helper virus (Luytjes et a/., 1989). This “‘rescue”
approach was also successfully used for nonseg-
mented negative strand RNA viruses (Park etal., 1991,
Collins et al., 1991), which have large genomes (12-15
kb) less amenable to cloning technology. An alternative

strategy has been to transfect simuitaneously nucleo-
capsids or cloned viral cDNAs (usually corresponding
to artificial or natural defective interfering genomes in-
terrupted by a reporter gene) with a set of T7- and/or
vaccinia virus-based cDNA vectors expressing viral
proteins (e.g., Fuerst et a/., 1986; Pattnaik and Wertz,
1990; Curran et al., 1991; Jin and Elliott, 1991; Calain
et al., 1992; Pattnaik et a/., 1992).

In all cases, however, the transcripts studied are not
of genomic size since they contain mainly terminal reg-
ulatory regions bordering {(or not) a reporter gene and
they still have to be complemented in trans with viral
proteins for biological activity. Nevertheless, using the
systems mentioned above and despite the absence of
infectious synthetic clones, excellent progress has
been made these last years in deciphering the role of
cis- and trans-acting factors involved in transcription,
replication, and assembly of these viruses.

CONCLUSIONS

To date, infectious in vitro transcripts or cDNA
clones have been obtained for a wide number of unre-
lated RNA viruses. Strikingly, the majority are plant vi-
ruses, despite the fact that the first publication of this
kind dealt with bacteriophage Q@ (Tanigushi et al.,
1978) and the second with an animal virus (Racaniello
and Baltimore, 1981). It is also interesting that there
exist only a few reports of the expression of infectious
RNAs via an in vivo expression vector as opposed to
reports concerning the production of infectious tran-
scripts obtained in vitro.

Despite the many advantages provided by highly in-
fectious clones, it is important to bear in mind that
these clones might present a potential hazard in vivo
for the following reasons: (1} in some reported experi-
ments, transcripts appear to be more infectious than
the corresponding wild-type virus; (2) since the se-
quence of infectious clones has only been determined
in a few cases, it is usually assumed, but not demon-

. strated, that this sequence is identical to that of the

virus and will behave as such in vivo; (3) infeatious tran-
scripts are biologically amplifiable synthetic molecules,
and like their wild-type viral RNA counterpart, they are
subject to RNA recombination events and/or genetic
modifications resulting from the viral replication pro-
cess (e.g., point mutations and template-switching ac-
tivity from the error-prone viral replicase). Therefore, it
seems reasonable to restrict the utilization of in-
fectious clones to confined and controlled biological
environments.

By rendering viral genetic information more accessi-
ble to targeted alterations and modifications, by en-
abling pure viral genomes to be obtained through
cDNA cloning techniques, infectious clones have very
quickly become invaluable and powerful tools for mo-
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Jecular virologists and will probably. help in deciphering
crucial problems addressed by the complexity of the
parameters involved in the infection process mediated
by RNA viruses.
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