
Proc. Nail. Acad. Sci. USA
Vol. 81, pp. 7066-7070, November 1984
Biochemistry

Multicomponent RNA plant virus infection derived from cloned
viral cDNA

(brome mosaic virus/in vitro transcription/viral gene expression)

PAUL AHLQUIST*, RoY FRENCH*, MICHAEL JANDA*, AND L. SUE LOESCH-FRIESt
*Biophysics Laboratory and Plant Pathology Department, University of Wisconsin-Madison, Madison, WI 53706; and tAgrigenetics Advanced Research
Laboratory, 5649 East Buckeye Road, Madison, WI 53716

Communicated by Myron K. Brakke, August 3, 1984

ABSTRACT In vitro transcripts from mixtures of appro-
priate brome mosaic virus (BMV) cDNA clones are infectious
when inoculated onto barley plants. Infectivity depends on in
vitro transcription and on the presence of transcripts from
clones of all three BMV genetic components. Infectivity is de-
stroyed by RNase after transcription, but it is insensitive to
RNase before or to DNase after transcription. Virion RNAs
from plants infected with cDNA transcripts hybridize to BMV-
specific probes and coelectrophorese with virion RNAs propa-
gated from conventional inoculum. Direct RNA sequencing
shows that a deletion in the noncoding region of one infectious
BMV clone is preserved in viral RNA from plants systemically
infected with transcript mixtures representing that clone.

Directly infectious cDNA forms have been constructed for
three single-component RNA-based pathogens: bacteri-
ophage QB, poliovirus, and potato spindle tuber viroid (1-3).
However, the mechanisms by which such clones express
their infectivity and the degree to which this expression is
dependent on the biology of these particular pathogens is not
understood. Moreover, no reports have been made of
cDNA-initiated infections for multicomponent RNA viruses,
which are particularly common in plant systems. Thus, for
the vast majority of RNA viruses the ability to generate in-
fections from cloned cDNA is lacking. This constitutes a se-
rious limitation for RNA virology as it precludes recombi-
nant DNA manipulations in broad classes of in vivo studies,
which have proved extremely productive with DNA-based
organisms. In principle, recombinant RNA techniques might
be used to genetically manipulate such viruses, but the cur-
rent power of recombinant RNA methods is not comparable
to that of recombinant DNA (4).
We show here that appropriately constructed cDNA

clones of brome mosaic virus (BMV), a multicomponent
RNA plant virus, can direct infection of whole barley plants
through a simple in vitro transcription procedure. Tran-
scripts from functional complete cDNA clones of all three
BMV genetic components are required for infection. A sin-
gle-base deletion in one functional BMV cDNA clone is pre-
served in progeny RNA from infections derived from that
clone. Unlike studies with single component RNA viruses,
infectivity was not detected from untranscribed BMV cDNA
clones. The system used to express BMV cDNA infectivity
is likely to be applicable to many other RNA viruses.

MATERIALS AND METHODS

In Vitro Transcription. Transcription reactions contained
25 mM Tris HCl, pH 8.0/5 mM MgCl2/150 mM NaCl/1 mM
dithiothreitol/200 ,uM each rATP, rCTP, and rUTP/25 ,uM
rGTP/500 ,uM m7GpppG (P-L Biochemicals)/plasmid DNA

(0.1 ,gglg)/Escherichia coli RNA polymerase (0.05 units/
,AL) (Promega Biotec, Madison, WI). Reactions were incubat-
ed 30 min at 370C, by which time the rGTP was nearly ex-
hausted. Additional rGTP was added to 25 ,uM and incuba-
tion continued a further 30 min. For uncapped transcripts,
m7GpppG was deleted, rGTP was increased to 200 ,uM, the
concentrations of DNA and polymerase were doubled, and
incubation was carried out for 1 hr. Reactions were stopped
by addition of EDTA to 10 mM and either diluted directly in
inoculation buffer or phenol-extracted before nucleic acid
recovery by ethanol precipitation. In most experiments,
plasmids representing all three BMV components were
pooled and cleaved at unique EcoRI sites 3 base pairs past
the 3' terminus of each BMV sequence before transcription.

Infectivity Testing. Seven-day-old barley seedlings (Hor-
deum vulgare L. cv. Morex) were dusted with carborundum
powder and inoculated with either virion RNA or in vitro
transcription mixes in 50 mM Tris P04, pH 8.0/250 mM
NaCl/5 mM EDTA/ bentonite (5 mg/ml) (5); 15-30 plants in
a single 13-cm-diameter pot were treated with the same in-
oculum, using 10-30 pgI per plant. Plants were scored for the
presence of mosaic symptoms 7-14 days after inoculation.
BMV Isolation. Fourteen days after inoculation, virus was

isolated from barley plants as described (6), with the substi-
tution of chloroform for carbon tetrachloride and a second
polyethylene glycol precipitation for differential centrifuga-
tion. Viral RNA was isolated by phenol extraction and etha-
nol precipitation.

RESULTS
Infectivity Testing of BMV cDNA Clones and Their in Vitro

Transcripts. BMV is a virus of grasses (7) whose genome is
divided among three messenger-sense RNAs of 3.2, 2.8, and
2.1 kilobases (8, 9). Cloning of complete cDNA copies of all
three BMV genetic components in a general transcription
vector, pPM1, will be described elsewhere (37). DNA from
such clones can be cleaved with EcoRI (Fig. 1) and tran-
scribed in vitro in the presence of a synthetic cap structure
(10) to produce complete RNA copies of the BMV compo-
nents that have the same capped 5' ends as authentic BMV
RNAs, and an additional 6-7 nonviral nucleotides at their 3'
ends. These RNAs are active messengers in in vitro transla-
tion systems and direct production of proteins with the same
electrophoretic mobility as those translated from authentic
BMV RNAs.
To test the infectivity of these cloned DNAs and their

transcripts, three plasmids, pBlPM18, pB2PM25, and
pB3PM1, were selected. These and other complete BMV
cDNA clones in pPM1 are named by the format pBxPMy
where x = 1, 2, or 3 designates the BMV component cloned
and y is an arbitrary isolate number. The selected clones thus
contain cDNA copies ofBMV RNAs 1, 2, and 3, respective-

Abbreviation: BMV, brome mosaic virus.
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FIG. 1. Schematic representation of a template BMV cDNA
clone in transcription vector pPM1 after linearization at the unique
EcoRI site (E) and the capped runoff RNA transcript generated by
RNA polymerase in the presence of m7GpppG cap analog. Three
such plasmids, each containing cDNA to one of the three BMV com-

ponents, are needed for transcription of the total genome of BMV.
The modified X PR promotor (PM) allows RNA synthesis to initiate
exactly at the 5' terminus of each BMV sequence, and transcription
continues to the end of the DNA template. ds, Double-stranded; ss,
single-stranded.

ly, and represent, as a set, the complete BMV genome. For
reasons clarified below, this set of plasmids and all in vitro or
in vivo products arising from them are referred to as belong-
ing to the Madison 1 or Ml strain of BMV, while the natural
isolate ofBMV propagated in our laboratory, from which the
Ml cDNA was derived, is referred to by its usual designation
of Russian strain. Mixtures of the EcoRI-cut Ml plasmids
and their capped transcription products were inoculated
onto barley plants in parallel with untranscribed DNA from
the same plasmids. As judged by the production of normal
viral symptoms, the transcribed plasmid mixture was infec-
tious, while untranscribed plasmid mixture was not (Table
1).
The effects of various alterations to the transcription pro-

tocol were examined to more clearly characterize the infec-
tious entity observed in plasmid transcription mixes. As
shown in Table 2, infectivity requires transcription of clones
representing all three BMV genetic components. Moreover,
infectivity is sensitive to Hinfl before or to RNase A after
transcription, but it is not significantly affected by RNase A
before or Hinfl after transcription. Hinfl cleaves at 8 sites
within pPM1 and at 15, 10, and 12 sites within BMV 1, 2, and
3 cDNAs, respectively. These results confirm that the ob-

Table 1. Comparison of infectivity of EcoRI-cut Ml plasmids,
transcribed EcoRI-cut Ml plasmids, and Russian strain BMV
virion RNAs over a range of inoculum concentrations

Plants with
Pot no. Inoculum, ng//il symptoms/total

EcoRI-cut pB1PM18,
pB2PM25, pB3PM1

1 100 0/21
2 10 0/23
3 1 0/22

Transcribed EcoRI-cut
pBlPM18, pB2PM25,

pB3PM1
4 40 19/23
5 4 7/20
6 0.4 0/21

Russian strain BMV
virion RNA

7 10 21/22
8 1 14/21
9 0.1 2/21

Mock-inoculated
10 0 0/22

In vitro transcription yields -3 BMV transcripts per plasmid (37).
Total BMV transcript content of the inocula for pots 4-6 is thus -75,
7.5, and 0.75 ng/Al, respectively.

served infectivity arises from the in vitro transcripts rather
than directly from their DNA templates. In addition, when

plasmids are either not cut or are cut with Pst I before tran-

scription (cleaving 2.7 kilobases rather than 7 bases down-
stream of the cDNA end), infection is not observed, suggest-
ing that infectivity is affected by the structure of the tran-
script 3' end. Finally, if the cap analog is omitted during in
vitro transcription, no infection is detected, even if inoculum
concentration is increased 20-fold.

Infectivity ofRNA transcribed in vitro from EcoRI-cut Ml
plasmids was clearly lower than that of authentic BMV
RNA. The number of infected plants produced from a given
weight of in vitro-transcribed RNA was similar to that pro-
duced from 1/10th that weight of authentic BMV RNA (Ta-
ble 1). The presence of the plasmid DNA template in the
inoculum is not responsible for this effect, as addition of the
same plasmid DNA to authentic BMV RNA does not affect
its infectivity (Table 3).

Correlation of Symptomology with BMV Replication. Ta-
bles 1-3 report infectivity as scored by visual identification
of characteristic BMV mosaic symptoms. To establish that
such symptoms accurately reflect BMV replication, several
molecular tests were applied. Nitrocellulose dot blots of to-
tal RNA (11) extracted from leaves of symptom-expressing
and symptom-less plants inoculated with either authentic
BMV RNA or in vitro BMV transcripts were probed with
32P-labeled cloned BMV cDNA. In all cases, symptom-ex-
pressing leaves showed a positive hybridization response,
and in all cases but one, symptomless leaves gave a negative
response. The one exception was from a plant that had been
inoculated with in vitro transcripts and showed no visible

symptoms but gave a positive hybridization signal.
Virus isolated from plants infected with Ml cDNA tran-

scripts is serologically identical to Russian strain BMV in
double-diffusion tests with anti-BMV antisera (results not
shown). Phenol extraction of Ml BMV releases four RNAs
that comigrate with Russian strain virion RNAs, hybridize to
BMV-specific DNA probes (Fig 2), and are highly infectious
in subsequent inoculations (Table 3).

Propagation of a cDNA-Encoded Point Deletion in cDNA-
Derived Progeny Virus. The above results show that symp-
tom-expressing plants inoculated with in vitro Ml transcripts
are infected with BMV. To obtain further independent evi-
dence that these infections resulted from expression of the
cloned BMV genes rather than from activation of a latent
infection or some other source, selected regions of the Ml
cDNA clones were sequenced (13-15) to identify deviations
from the genomic RNA sequence of Russian strain BMV (8,
9). One such marker was identified in the BMV 2 cDNA of
pB2PM25, where one of three consecutive guanine residues
73-75 bases from the 3' end of Russian strain RNA2 is de-
leted. Direct RNA sequencing shows that this deletion is ex-

pressed in RNA2 from Ml progeny virus and verifies the
distinctiveness of the Ml and Russian strains at this position
(Fig. 3). Ml thus represents a genetically well-defined and

distinguishable strain of BMV. Comigration of nucleotide
bands below the deletion in Fig. 3, as well as examination of
the extreme 3' nucleotides on 20% sequencing gels, estab-
lishes that the 3' end of RNA2 from Ml virus is coterminal
with that of Russian RNA2. Similar 3' sequencing of Ml vi-

ral RNAs 1 and 3 also reveals wild-type CCA (3'-OH) ends.

Characterization of a Nonfunctional BMV1 cDNA Clone.

Table 3 includes infectivity tests with two clones outside of

the Ml set. Transcripts of pB2PM24, like those of most

pPM1/BMV genomic cDNA clones tested to date, support
infection as part of a combination of clones representing all

three BMV components. In similar experiments, transcripts
from the BMV 1 clone pBlPM10 are nonfunctional. Restric-

tion digests show that the cDNA in pBlPM10 contains no

discernible insertions, deletions, or rearrangements and is
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Table 2. Effect of plasmid deletion or other treatment on infectivity of transcribed Ml
BMV clones

Plants with
Pot no. Inoculum symptoms/total

1 pBlPM18, pB2PM25 0/29
2 pBlPM18, pB3PM1 0/29
3 pB2PM25, pB3PM1 0/25
4 pBlPM18, pB2PM25, pB3PM1 11/31
5 1.3 units of Hinfl per Ag of DNA before transcription 0/28
6 RNase A (20 Ag/ml) before transcription 13/30
7 1.3 units of Hinfl per Ag of DNA after transcription 8/27
8 RNase A (20 ,ug/ml) after transcription 0/31
9 Plasmids cut with Pst I, not EcoRI 0/30
10 Plasmids not cut before transcription 0/29
11 100 ng/pl, transcribed without m7GpppG 0/16
12 Russian strain BMV RNA (10 ng/)ml) 28/31
13 Mock-inoculated 0/30

Unless otherwise stated, each indicated plasmid was cut with EcoRI before transcription, tran-
scribed in the presence of m7GpppG, and included in inoculum at 5 ng/yl along with its transcription
products. DNA digestion and RNA intactness after Hinfl treatment as well as RNA digestion and
DNA intactness after boiled RNase A treatment were verified by gel electrophoresis.

cloned in the correct orientation to produce positive strand
in vitro transcripts. In vitro transcription of pBlPM10 pro-
duces normal yields of a BMV1-sized RNA. However, when
translated in reticulocyte extracts, pBlPM10 transcripts fail
to produce the expected 109-kDa BMVla protein. Rather,
they direct translation of a product with electrophoretic mo-
bility similar to that of the 32-kDa BMV3a protein. DNA se-
quencing revealed that, while pBlPM10 contains the com-
plete BMV1 5' and 3' cDNA ends and an unaltered la pro-
tein initiation codon, it bears a single base deletion at posi-
tion 998 in the la coding sequence (9). The resultant frame
shift would lead to premature termination and produce
a translation product of the observed size. The biological in-
activity of pBlPM10 may be due solely to this mutation.
However, we have also identified a thymine to cytosine tran-
sition mutation at position 71 in pBlPM10 cDNA. This muta-
tion and possibly others in unsequenced portions of the plas-
mid may also interfere with functional expression of the
clone.

DISCUSSION
We have shown that multicomponent RNA plant virus infec-
tion can be derived solely from appropriately cloned viral
cDNA by means of a simple transcription step. Although
BMV has been used as a model system in the studies report-
ed here, expression of viral cDNA through infectious in vitro
transcripts should prove applicable to many other RNA vi-

Table 3. Infectivity tests of pBlPM10 and pB2PM24
Pot Plants with
no. Inoculum symptoms/total
1 pBlPM10, pB2PM24, pB3PM1 0/16
2 pBlPM10, pB2PM25, pB3PM1 0/16
3 pBlPM18, pB2PM24, pB3PM1 11/16
4 pBlPM18, pB2PM25, pB3PM1 10/16
5 Russian strain BMV RNA (10 ng/,l) 19/21
6 Russian strain BMV RNA (1 ng/,l) 10/24
7 Russian strain BMV RNA (1 ng/,ul) 13/26

with EcoRI-cut Ml plasmid DNA
(30 ng/lI)

8 Ml virion RNA (10 ng/,l) 23/26
9 Mock-inoculated 0/25

Inocula for pots 1-4 contained each indicated plasmid at 5 ng/,l
along with its capped transcription products. An equimolar mixture
of each of the Ml plasmids was used for pot 7.

ruses. The use of infectious cDNA transcripts may prove
advantageous even for such RNA viruses as polio for which
directly infectious cDNA forms can be constructed (2), be-
cause higher levels of infectivity may be achievable by tran-
scription (see below). The vector pPM1 used here was de-
signed as a general transcription vector to facilitate such ap-
plications (37), and it is likely that other vectors will prove
useful as well.
Lack of Direct BMV cDNA Infectivity. Unlike DNA copies

of some other RNA genomes (1-3), complete cDNA copies
of the BMV genomic RNAs have not yet demonstrated di-
rect infectivity. Since in vitro transcription of these clones

AZ
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FIG. 2. (A) Ethidium bromide-stained 1% agarose gel after elec-
trophoresis of virion RNAs isolated from Russian strain BMV (lane
1), Madison 1 strain BMV (lane 2), and black beetle virus (lane 3)
(12). (B) Autoradiograph of an RNA blot of the gel in A after probing
with a mixture of all three 32P-labeled Ml cDNA clones.
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FIG 3. Direct sequencing results with RNA2 from Russian and
Madison 1 strain BMV virions. Virion RNAs were isolated from
1.2% low melting point agarose gels (13) and the RNA2 fractions
were 3' 32P-labeled (36) and sequenced (16, 17). The point of se-

quence variation between the two strains, occurring 75 bases from
the 3' end, is indicated.

can be carried out rapidly and conveniently to yield infec-
tious products, this does not constitute a practical limitation.
However, it poses important biological questions.
By comparison with infectious poliovirus cDNA, direct

expression of BMV cDNA infectivity might be blocked at
any of several stages. These blocks might be related to dif-
ferences in biology of the host system, differences between
the biology of polio and BMV, and/or differences in the con-
struction of viral cDNA clones. Differences among host sys-
tems are likely to have major effects on viral cDNA infectiv-
ity. In general, the infectivity of animal virus RNA in mam-
malian cell cultures is considerably higher than the
infectivity of plant virus RNA inoculated on whole plants.
Poliovirus RNA, for example, yields well over 105 plaque-
forming units (pfu)/,tmol in cell culture, while BMV RNA
yields only _102 local lesions per amol on appropriate plant
hosts (18, 19). The infectivity of cloned polio cDNA has been
reported to be <102 pfu/tmMol (2), or 103 times lower than
the infectivity of viral RNA. If the relative infectivity of
cloned viral cDNA and RNA is similar for BMV, the lower
sensitivity of whole plants to viral infection might account
for failure to observe direct DNA expression.

In addition, differences between the biology of BMV and
poliovirus may well play an important role. Although co-
transformation of unlinked nuclear markers is a high-fre-
quency event in mammalian systems (20, 21), expression of
cloned viral cDNA may have very different requirements.
Physical division of the BMV genome into three components
requiring separate expression might seriously diminish infec-
tivity of BMV cDNA compared to cDNA of single compo-
nent viruses such as polio. Infectivity testing of cDNA to
multicomponent animal and single component plant RNA vi-
ruses may illuminate this issue. Other features of BMV
genome structure or replication could decrease BMV cDNA
infectivity compared to polio. For example, if expression of
poliovirus cDNA involves nuclear events, absence of 3'
poly(A) or presence of fortuitous splicing signals in BMV
RNA might block the analogous expression route for BMV
by interfering with stability or transport of viral transcripts.

Finally, the observation that prokaryotic vector sequences
can determine the infectivity of cloned animal virus DNA
suggests that unrecognized features ofBMV cDNA-contain-
ing plasmids could block their direct infectivity (22).

Factors Affecting Infectivity of in Vitro Transcripts. As not-
ed from Table 1, the specific infectivity of capped in vitro
BMV transcripts from EcoRI-cut plasmids is lower than that
of virion RNA. Since plants infected from Ml transcripts de-
velop full symptoms and yield highly infectious progeny vi-
rus, there do not appear to be functional defects in the Ml
BMV cDNA sequences themselves. Lower specific infectiv-
ity is liable to result from structural differences between in
vitro transcripts and virion RNAs, which include extra 3' nu-
cleotides and incomplete capping.
The BMV in vitro transcripts used here have heteroge-

neous 3' ends bearing 6-7 additional nonviral nucleotides
(37). It is not unlikely that this change would decrease RNA
infectivity. The function(s) of the BMV RNA 3' ends are not
completely understood, but they are clearly important (23,
24). Additional 3' nucleotides on the in vitro transcripts
should block aminoacylation (25) and by this or other effects
may influence the activity and/or stability of viral RNA.
While EcoRI runoff transcripts have lowered infectivity,
transcripts from uncut or Pst I-cut Ml plasmids have no de-
tectable infectivity. Since each of these treatments will affect
RNA polymerase recycling as well as add large blocks of
sequence to the 3' ends of the in vitro transcripts, unambigu-
ous interpretation of these results is not possible. However,
they are consistent with the possibility that major alterations
to the BMV RNA 3' ends diminish infectivity.
RNA sequencing shows that the 3' ends of Ml progeny

virus RNAs lack the additional 3' nucleotides of their parent
in vitro transcripts and have regained a wild-type CCA (3'-
OH) end. This conversion may be accomplished by in vivo
processing of the input in vitro transcript, by site-specific
initiation of negative strand RNA synthesis, or by site-spe-
cific termination of positive strand synthesis. The second
possibility is particularly likely, because it has recently been
found that BMV RNA polymerase (26) initiates in vitro nega-
tive strand synthesis at the same site in both natural and 3'
extended BMV RNAs (W. A. Miller, personal communica-
tion).
Uncapped BMV in vitro transcripts are not detectably in-

fectious at the sensitivity of current tests. Enhancement of
transcript infectivity by capping would be expected, because
studies in several laboratories show that capping not only
affects translation efficiency (27) but drastically increases
mRNA stability (28-30). These effects combine to give a 50-
fold increase in in vivo interferon expression from capped
mRNA over uncapped mRNA (10).
Although at further reduced rGTP concentrations capping

might be more efficient (10), only 60% of the BMV tran-
scripts are capped under the synthesis conditions described
here (37). If effective delivery of all three components is the
limiting factor in BMV RNA inoculations, the probability
that a cell would receive capped transcripts of all three com-
ponents is then only (60%) or 22% of the probability of re-
ceiving all three components. Since capping appears essen-
tial for detectable infectivity, the transcripts described here
could then be no more than 22% as infectious as completely
capped RNA.
Our sequencing of independent BMV cDNA clones for

this and other studies has revealed many examples of single
base sequence variations among clones. These mutations
may arise both from preexisting heterogeneity in the viral
RNA population (31-33) and from errors in reverse tran-
scription (34). The examples cited above show that such mu-
tations may yield either infectious or noninfectious pheno-
types. Some mutations, such as the deletion in pBlPM10,
may be recognizable as inactivating from sequence data.

Russian
strain
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However, most observed mutations to date are single base
substitutions not subject to simple theoretical interpretation.
Direct infectivity testing of viral cDNA clones, which also
requires less labor than extensive sequencing, thus appears
to be the most reliable way to identify functional viral se-
quences for further studies of structure, function, or expres-
sion. Viability of the deletion identified in pB2PM25 is also
noteworthy. This deletion occurs within the 200-base region
of extreme homology at the 3' ends of all BMV RNAs (23)
and within the region known to encode the BMV RNA poly-
merase recognition site (24). The effect of the deletion on the
predicted secondary structure of this region would be to re-
move the terminal G-U base pair of a helical region and in-
crease, by the resultant free uracil residue, the size of a bulge
loop. The size of the analogous bulge loop ig quite variable
among related bromo- and cucomoviruses (23), which may
reflect a degree of viral tolerance for sequence changes in
this region.
The ability to generate virus infection from cloned cDNA

represents a fundamental advance in the study of multicom-
ponent RNA viruses. Unlike classical local lesion produc-
tion, which may not resolve strain mixtures (35), cDNA
expression allows the production of genetically well-defined
RNA plant virus strains, such as the BMV Ml strain. More
importantly, cDNA-dependent infection will allow the appli-
cation of recombinant DNA technology to in vivo studies of
multicomponent RNA viruses. Recombinant DNA methods
should prove just as revolutionary for the study of these
RNA viruses as they have for organisms with DNA ge-
nomes. In addition, the ability to mahipulate multicompon-
ent RNA viruses in cDNA form raises the prospect of using
them as the basis for biological tools such as gene vectors.
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