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Alfalfa mosaic virus (AMV) RNAs 1 and 2 encode the replicase proteins P1 and P2, respectively, whereas
RNA 3 encodes the movement protein and the coat protein (CP). When RNAs 1 and 2 were transiently
expressed from a T-DNA vector (R12 construct) by agroinfiltration of Nicotiana benthamiana, the infiltrated
leaves accumulated minus-strand RNAs 1 and 2 and relatively small amounts of plus-strand RNAs. In
addition, RNA-dependent RNA polymerase (RdRp) activity could be detected in extracts of the infiltrated
leaves. After transient expression of RNAs 1 and 2 with the 3*-untranslated regions (UTRs) of both RNAs
deleted (R1D/2D construct), no replication of RNAs 1 and 2 was observed, while the infiltrated leaves supported
replication of RNA 3 after inoculation of the leaves with RNA 3 or expression of RNA 3 from a T-DNA vector
(R3 construct). No RdRp activity could be isolated from leaves infiltrated with the R1D/2D construct, although
P1 and P2 sedimented in a region of a glycerol gradient where active RdRp was found in plants infiltrated with
R12. RdRp activity could be isolated from leaves infiltrated with constructs R1D/2 (3*-UTR of RNA 1 deleted),
R1/2D (3*-UTR of RNA 2 deleted), or R1D/2D plus R3. This demonstrates that the 3*-UTR of AMV RNAs is
required for the formation of a complex with in vitro enzyme activity. RNAs 1 and 2 with the 3*-UTRs deleted
were encapsidated into virions by CP expressed from RNA 3. This shows that the high-affinity binding site for
CP at the 3*-termini of AMV RNAs is not required for assembly of virus particles.

RNA-dependent RNA polymerase (RdRp) proteins of
many plus-strand RNA viruses have been expressed in heter-
ologous systems, including Escherichia coli (15, 23–25, 31, 35,
42, 61), Saccharomyces cerevisiae (17, 36), insect cells (4, 14, 30,
43, 63), and mammalian cells (26). The availability of in vitro
active RdRp has greatly facilitated research into the mecha-
nisms of plus-strand virus replication. Mutant RNA poly-
merases can be expressed despite their inability to support viral
replication. In this way, insight can be gained into the roles of
the various domains of viral replicase proteins.

Alfalfa mosaic virus (AMV) (for reviews, see references 6
and 18) is a tripartite plus-strand RNA virus belonging to the
family Bromoviridae (Fig. 1A). The AMV replication complex
consists of two viral proteins, P1 and P2, and possibly host
proteins. P1, encoded by RNA 1, has homologies to known
methyltransferase domains in its N-terminal half and homolo-
gies to helicase domains in its C-terminal half (12, 21). P2,
encoded by RNA 2, contains the RNA polymerase domain
characterized by the GDD motif (for a review, see reference
33). AMV RNA 3 codes for the viral movement protein (P3)
and the coat protein (CP), which is translated from a sub-
genomic mRNA 4. All three genomic RNAs of AMV contain
59- and 39-untranslated regions (UTRs), which are highly struc-
tured and presumed to contain important cis-acting regulatory
elements for viral replication and translation (32, 52, 54, 55, 58,
59).

The 39-terminal 145 bases of the 39-UTRs of the AMV

RNAs are homologous and can be folded into either a linear
array of stem-loop structures (22) or a pseudoknot resembling
tRNA (tRNA-like structure [TLS]) (32). When folded into the
linear array of stem-loop structures, the RNA contains several
high-affinity CP-binding sites (16, 41) whereas the TLS confor-
mation is specifically recognized by the RdRp (32). A mixture
of the three genomic RNAs of AMV is infectious only when
each RNA is complexed with a few molecules of CP (reviewed
in references 6 and 18). It has been proposed that the 39-UTR
acts as a molecular switch that regulates the transition from
translation to replication of the parental RNAs (32). In this
model, CP bound to inoculum RNAs would force the 39-UTR
into the CP-binding conformation to enhance translation
and/or to prevent premature initiation of minus-strand RNA
synthesis. Subsequently, CP has to dissociate from the parental
RNA to allow the formation of the TLS and the initiation of
minus-strand RNA synthesis. In a later step of the replication
cycle, de novo-synthesized CP could shut off minus-strand syn-
thesis by binding to the 39-UTR of progeny RNAs.

In protoplasts inoculated with AMV RNAs 1 and 2, minus-
strand RNA accumulation is detectable only when CP is
present in the inoculum (27). However, when RNAs 1 and 2
are expressed from the 35S promoter in transgenic plants (R12
plants), CP is not required for minus-strand RNA synthesis
(49). It was proposed that the poly(A) tail of the nuclear AMV
transcripts may compensate for a putative role of CP in trans-
lation of the inoculum RNAs (49). When R12 plants were
inoculated with RNA 3, RNAs 1 and 2 started to coreplicate
with RNA 3 (49). Tobacco plants that express the P1 and P2
proteins from nuclear transgenes that are flanked by incom-
plete 59- or 39-UTRs (P12 plants) support the replication of
AMV RNA 3 but no replication of the transgenic 59-truncated
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RNA 1 or 39-truncated RNA 2 is observed (47). Minus-strand
synthesis in RNA 3-infected P12 protoplasts requires neither
CP in the inoculum nor expression of the CP gene in RNA 3
(27). However, de novo-synthesized CP is required for asym-
metric accumulation of plus-strand AMV RNA in P12 proto-
plasts (56) and CP stimulates the accumulation of plus-strand
RNA 4 in an in vitro RdRp assay (9). Using immunoprecipi-
tation studies and the two-hybrid assay, interactions between
P1 and P2 are detectable but no interaction of these proteins
with CP was observed (51).

Until now, AMV RdRp could be partially purified from
either AMV-infected tobacco plants (39) or the transgenic P12
plants (9). In vitro, these RdRp preparations supported minus-
strand synthesis on plus-strand AMV templates as well as sub-
genomic plus-strand RNA synthesis on a minus-strand RNA 3
template. RdRp complexes of a number of other plus-strand
RNA viruses have been isolated from infected plants (for ref-
erences, see reference 34). The RdRp of Bamboo mosaic virus
(24) and that of Tobacco vein mottling virus (15) have been
isolated from Escherichia coli. The RdRp of Turnip yellow
mosaic virus was expressed in insect cells (14), although no
replicase activity was shown in vitro. Brome mosaic virus

(BMV) RdRp has been isolated from recombinant S. cerevisiae
(37).

In this work we developed a novel method for the transient
expression of a plant virus RdRp in planta. Expression of P1
and P2 of AMV by the agroinfiltration technique (5) resulted
in the assembly of an RdRp complex that was active both in
vivo and in vitro. The 39-UTR of the AMV RNAs was required
for the formation of a functional RdRp complex, and the
39-UTRs of the three genomic RNAs were found to be equiv-
alent in this function. Although the 39-UTRs contain high-
affinity binding sites for CP, these binding sites were found to
be dispensable for encapsidation of the viral RNAs.

MATERIALS AND METHODS

DNA constructs. cDNA 1 of AMV, cloned between the Cauliflower mosaic
virus (CaMV) 35S promoter and the terminator sequence of the nopaline syn-
thase gene (Tnos), was cut from pCA17T (29) using KpnI and PvuII. This
fragment was cloned in pBluescript-SK(1) (pBS). Therefore, pBS was restricted
with BamHI, which created an overhang that was made blunt using T4 DNA
polymerase, and KpnI. The resulting construct was termed pBS-R1. cDNA 2 of
AMV, cloned between the CaMV 35S promoter and Tnos, was cut from pCA27T
(29) using SmaI and PvuII. This fragment was cloned in pUC19, which had been
restricted with KpnI and SphI and treated with T4 DNA polymerase to make the
overhangs blunt. The resulting construct was termed pUC-R2. Subsequently,
both cDNA 1 and cDNA 2 were cloned in the binary vector pMOG800 (20).
cDNA 1 was inserted using KpnI and SstI, and cDNA 2 was inserted using SstI
and HindIII. The resulting construct was termed pMOGR12 (Fig. 1B).
pMOG800 constructs containing either cDNA 1 or cDNA 2 were termed
pMOGR1 and pMOGR2, respectively.

The 39-UTRs of cDNAs 1 and 2 were deleted by PCR-mediated site-directed
mutagenesis. The 39-terminal 166 nucleotides of the coding sequence of cDNA
1 were amplified using primers pCo1 (59CAATAAATGGCCCATGCCATG39)
and pCo2 (59CTCGAGACGCGTATGTCAGAAATTATGATTATAGC39).
Tnos was amplified with primers pCo3 (59CATACGCGTCTCGAGGATCGTT
CAAACATTTGG39) and pCo9 (59GCATGCGAGCTCGATCGATCTAGTA
ACATAGATGACACC39). Since pCo2 and pCo3 had been designed to have a
complementary linker sequence of 15 nucleotides, the two fragments could be
fused by PCR using pCo1 and pCo9. The resulting fragment was exchanged with
the NcoI-SstI fragment of pBS-R1, yielding pBS-R1D. The 39-terminal 143 nu-
cleotides of the coding sequence of cDNA 2 were amplified using primers pCo5
(59GAATCCCTAGGTAAGATC39) and pCo6 (59CTCGAGACGCGTATGTC
AAGCTCGGCGTG39). Tnos was amplified using primers pCo3 and pCo7 (59C
ATGATTACGCCAAGCTTG39). Due to a complementary sequence in pCo6
and pCo3, the two fragments could be fused by PCR using pCo5 and pCo7. The
resulting fragment was exchanged with the BglII-HindIII fragment of pUC-R2,
yielding pUC-R2D. All PCR-derived sequences in pBS-R1D and pUC-R2D were
sequenced (T7 sequencing kit; Pharmacia). Finally, R1D and R2D were cloned in
pMOG800 and either pMOGR2 or pMOGR1. R1D was inserted using KpnI and
SstI, and R2D was inserted using SstI and HindIII. The resulting constructs were
termed pMOG R1D/2D, pMOG R1D/2, and pMOG R1/2D (Fig. 1B).

C189S was introduced into cDNA 1 by PCR-mediated site-directed mutagen-
esis. Fragments were amplified with primers pCo12 (59CATCTGCATGCTTTG
CGGCTGCCCATC39) plus pCo25 (59CCTTGAGCTTTTCTGAAACGTATC
C39) and with primers pCo24 (59GGATACGTTTCAGAAAAGCTCAAGG39)
plus pCo13 (59GACTAGCTCCCAAATTGGGCTCG39). Due to complementa-
rity of pCo24 and pCo25, the two fragments could be fused by PCR using pCo12
and pCo13. The resulting fragment was cloned in pGEMT and sequenced (T7
sequencing kit). The SspI-SstI fragment of the cloned PCR fragment was ligated
to the SspI-SalI fragment of cDNA 1, and the ligation product was cloned in pBS
restricted with SstI and SalI. The SalI-BglII fragment of this clone was exchanged
with the corresponding fragment of pBS-R1. Finally, R1C189S was cloned in
pMOGR2 using SstI and HindIII. The resulting construct was termed pMOG
R12C189S.

cDNA 3, cloned between the CaMV 35S promoter and Tnos, was cut from
pCa32T (29) using PvuII and KpnI. This fragment was cloned in pMOG800 to
yield pMOGR3. Therefore, pMOG800 was restricted with XhoI, which created
an overhang that was made blunt using T4 DNA polymerase, and KpnI.

Agrobacterium-mediated transient expression. All pMOG constructs were
transformed to Agrobacterium tumefaciens strain LBA 4404 by electroporation.
pMOG800 was generally used as a negative control. Cultures of 5 ml were grown

FIG. 1. Schematic representation of AMV RNAs and T-DNA con-
structs. (A) Organization of the AMV genome. The 39-UTR of the
RNAs can be folded into a linear array of hairpins that represents a
CP-binding site or into a TLS that is recognized by the RdRp. The TLS
conformation is indicated. (B) Inserts in the T-DNA vector that were
transiently expressed in plants. The R12 construct contains full-length
DNA copies of RNAs 1 and 2, each flanked by the CaMV 35S pro-
moter (35S) and nos terminator (Tnos). In the other constructs, the
39-UTR of RNA 1 (1D) and/or RNA 2 (2D) is deleted. Domains of P1
and P2 with methyltransferase motifs (MT), helicase motifs (HEL),
and polymerase motifs (POL) are indicated. nt, nucleotides.
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for 48 h at 28°C in LC medium containing 50 mg of kanamycin per ml and 50 mg
of rifampin per ml. Of this culture, 1 ml was grown overnight at 28°C in 100 ml
of minimal A medium [46 mM K2HPO4, 33 mM KH2PO4, 7.5 mM (NH4)2SO4,
1.5 mM C6H5Na3O7 z 2H2O, 1 mM MgSO4, 0.2% glucose, 100 mM CaCl2],
containing 10 mM N-morpholinoethanesulfonic acid (MES) (pH 5.6), 40 mM 39,
59-dimethoxy-49-hydroxyacetophenone (acetosyringone), 50 mg of kanamycin per
ml, and 50 mg of rifampin per ml. Subsequently, the cells were pelleted and
resuspended in MMA (10 mM MgCl2, 10 mM MES [pH 5.6], 200 mM acetosy-
ringone) to a final optical density at 600 nm (OD600) of 0.5 to 1.0. When two A.
tumefaciens strains were coinfiltrated, the OD600 of each strain was at least 0.5
and the OD600 of the culture was between 1.0 and 1.5. The cells were kept at
23°C for 1 to 3 h prior to infiltration. N. benthamiana leaves were infiltrated using
a syringe without a needle. The plants were kept humid at 23°C under mild light
conditions (1,000 lux). One day after infiltration, the plants were transferred to
the greenhouse. If necessary, leaves were inoculated with P12 virus 2 days after
infiltration, as described previously (47). P12 virus consists of virions containing
RNA 3 and virions containing RNA 4. The plants were kept in the greenhouse.
Plants were inoculated with wild-type AMV as described previously (60).

Isolation and analysis of virions, virion RNA, and total RNA. Virions and
RNA were extracted from leaves 2 days after infiltration of A. tumefaciens or 5
days after subsequent inoculation of P12 virus. Virions were extracted from 500
mg of tissue as decribed by Van Vloten-Doting and Jaspars (60). Total RNA was
extracted from 500 mg of tissue essentially as described by Van der Kuyl et al.
(53). The particles were analyzed by Northern blot hybridization. Per slot, virions
from 25 mg of tissue were loaded. Particles containing RNA 1 were labeled using
a random-primed 32P-labeled probe of nucleotides 856 to 3086 of RNA 1.
Particles containing RNA 2 were labeled using a random-primed 32P-labeled
probe of nucleotides 280 to 1206 of RNA 2. Virion and total RNA was denatured
by dimethyl sulfoxide-glyoxal treatment. RNA from 5 mg of leaf tissue was
loaded per slot. Northern blot hybridizations were performed using digoxigenin-
labeled (Boehringer Mannheim) riboprobes specific for plus- or minus-strand
AMV RNAs 1, 2 and 3. All Northern blots were performed with Nylon mem-
branes (Boehringer Mannheim).

RdRp isolation and analysis. RdRp was isolated from approximately 10 g of
leaf tissue 2 days after infiltration, essentially as described previously (38). In
short, leaves were homogenized and large debris and nuclei were centrifuged.
The supernatant was subsequently centrifuged at 30,000 3 g for 20 min. To
obtain template-dependent RdRp, the 30,000 3 g pellet (P30) was solubilized
using high salt and detergent. The isolate was further purified on a glycerol
gradient. The gradients were fractionated in 18.5 fractions of 2 ml. Per fraction,
15 ml was analyzed in an in vitro RdRp assay essentially as described previously
(13). Products of this assay were extracted with phenol-chloroform, precipitated,
treated with nuclease S1, again extracted with phenol-chloroform, precipitated,
and finally run on a 1.5% agarose gel.

The template RNAs used in the RdRp assays were transcribed using T7 RNA
polymerase (13). Plus-strand AMV RNA 3 was transcribed from pAL3 (28).
Minus-strand RNA 3 was transcribed from pT71-301 (52). Therefore, pAL3 and
pT71-301 were linearized using PstI, creating overhangs that were made blunt
using T4 DNA polymerase.

Protein analysis. From each fraction of the glycerol gradients, 7.5 ml was
analyzed by Western blotting (50). The Western blot analyses were performed
with Hybond-P polyvinylidene difluoride membranes (Amersham Pharmacia
Biotech). Rabbit polyclonal antibodies directed against the C-terminal amino
acids 1100 to 1120 of P1 (57) and the N terminus of P2 (51) were used.

RESULTS

Transient expression of P1 and P2 in N. benthamiana. A.
tumefaciens was transformed with a binary vector containing
cDNAs 1 and 2 each flanked by the CaMV 35S promoter and
nos terminator. This A. tumefaciens strain will be referred to
below as R12 (Fig. 1B). The empty vector pMOG800 was also
transformed to A. tumefaciens (referred to as 800) to be used
as a negative control. At 2 days after infiltration of an R12
suspension, total-RNA extracts of the infiltrated leaves con-
tained detectable levels of plus- and minus-strand AMV RNAs
1 and 2 (Fig. 2A, lanes 2 and 4). The minus-strand RNAs
resulted from transcription of plus-strand templates by the
AMV RdRp. As observed in R12 plants expressing RNAs 1
and 2 from transgenes (49), transient expression of RNAs 1

and 2 from the 35S promoter obviated the requirement for CP
to initiate minus-strand RNA synthesis. The plus-strand RNAs
could result from transcription of the R12 construct by the host
polymerase II, from transcription of AMV minus strands by
the RdRp, or both.

To distinguish between these options, a conserved cysteine
residue in the proposed methyltransferase domain of P1 was
mutated to serine and the mutation was introduced into the
R12 construct (R12C189S). Mutation of the homologous res-
idue in the methyltransferase protein of Semliki Forest virus
(nsP1) reduced the methyltransferase and guanylyltransferase
activities of nsP1 to undetectable levels (1). Furthermore,
C189S completely abolished AMV replication (A. C. Vlot, A.
Menard, and J. F. Bol, unpublished result), and no minus-
strand RNAs 1 and 2 were detected in total-RNA extracts of
leaves 2 days after infiltration of R12C189S (Fig. 2B, lane 1).
Compared to the R12-derived plus strand RNAs, plus-strand
RNAs 1 and 2 could hardly be detected when R12C189S was
expressed (compare lanes 4 and 5), unless films were exposed
for very long times (data not shown). Since no minus-strand
synthesis was detected, even on films that were exposed for a
long time, the traces of plus-strand RNAs were attributed to
transcription by the host Pol II.

Therefore, after infiltration of R12, the Pol II transcripts of
this construct are used as templates for transcription of minus
strands by the AMV RdRp. As in R12 plants, the accumulation
of plus-strand RNA 1 and 2 could then be the result of pro-
tection of the Pol II transcripts from degradation after minus-
strand synthesis or of transcription of plus strands by the AMV
RdRp on the minus-strand templates (49). In both cases, plus-
strand accumulation would be dependent on and coincide with
minus-strand accumulation.

Two days after agroinfiltration of R12, leaves were inocu-
lated with virus particles containing RNAs 3 and 4 (P12 virus).
These particles are purified from RNA 3-inoculated P12 plants
and do not contain RNAs 1 or 2 (47). Five days after inocu-
lation of P12 virus, the R12-infiltrated leaves were found to
contain minus-strand RNAs 1, 2, and 3 (Fig. 2A, lane 6) and
plus-strand RNAs 1, 2, 3, and 4 (lane 8). P12 virus inoculation
of leaves infiltrated with the empty vector did not result in
accumulation of viral RNA (lanes 5 and 7). Virus accumulation
obtained by this procedure in R12-infiltrated leaves was about
10-fold lower than the accumulation obtained by inoculation of
leaves with wild-type virus (result not shown). The observation
that the accumulation of plus-strand RNAs 1 and 2 strongly
increased after inoculation of the infiltrated leaves with P12
virus (compare lanes 4 and 8) is in line with the previous
conclusion that CP is required for asymmetric accumulation of
plus-strand AMV RNAs (53, 56).

When the protocol for the purification of RdRp from in-
fected leaves (38) was applied to leaves agroinfiltrated with
R12, an enzyme activity was obtained that was able to both
transcribe a plus-strand RNA 3 template into full-length mi-
nus-strand RNA 3 (Fig. 2C, lane 2) and synthesize subgenomic
RNA 4 on a minus-strand RNA 3 template (lane 4) in vitro.
This enzyme was called R12-RdRp. Like the enzyme purified
from transgenic P12 plants (P12-RdRp), R12-RdRp does not
contain CP, which is present in RdRp purified from plants
infected with wild-type virus (39, 51). It was reported that
plus-strand RNA 4 synthesis in vitro by P12-RdRp was strongly
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stimulated by addition of CP to the RdRp assay mixture (9).
However, CP did not significantly stimulate RNA 4 synthesis
by the purified R12-RdRp (P. C. J. Haasnoot, F. T. Brederode,
R. C. L. Olsthoorn and J. F. Bol, unpublished result). From the
results presented in Fig. 2, we conclude that transient expres-
sion of full-length RNAs 1 and 2 in leaves of N. benthamiana
results in the assembly of an RdRp that supports AMV RNA
synthesis in vivo and in vitro.

Expression of 3*-UTR deletion mutants. As a first step to-
ward defining cis-acting elements required for the in vivo as-
sembly of a functional replication complex, 39-UTR deletion
mutations were engineered in cDNAs 1 and 2 in pMOGR12
(Fig. 1B). Binary vector constructs containing RNA 1-D39-
UTR and RNA 2-D39-UTR (R1D/2D), RNA 1 and RNA
2-D39-UTR (R1/2D), or RNA 1-D39-UTR and RNA 2 (R1D/2)
were transformed to A. tumefaciens and infiltrated into N.
benthamiana leaves. Figure 3 shows the accumulation of viral
plus-strand RNAs (Fig. 3A to C) and minus-strand RNAs (Fig.
3D and E) in the infiltrated leaves before (Fig. 3A and D) and
after (Fig. 3B, C, and E) inoculation of the leaves with P12
virus. In several experiments, total RNA extracts of the infil-
trated leaves contained small amounts of plus-strand AMV
RNAs 1 and 2 (Fig. 3A, lanes 2, 4, and 5), coinciding with the
accumulation of corresponding minus strands (Fig 3D, lanes 2,
4, and 5). Construct R1D/2D did not induce the synthesis of
minus-strand RNAs (Fig. 3D, lane 3); however, after inocula-
tion of P12 virus the R1D/2D-infiltrated leaves supported the
accumulation of minus-strand RNA 3 (Fig. 3E, lane 3) and
plus-strand RNAs 3 and 4 (Fig. 3B, lane 3; the origin of RNA
1D seen in this lane is discussed below). This demonstrates that
the truncated RNAs 1 and 2 are translated into functional
replicase proteins. Leaves infiltrated with the R1D/2 or R1/2D
constructs showed the accumulation of minus-strand RNAs
corresponding to wild-type RNA 2 and wild-type RNA 1, re-
spectively, but not of minus-strand RNAs corresponding to the
encoded truncated RNAs (Fig. 3D, lanes 4 and 5). These data
are consistent with the previous conclusion that the 39-UTRs
of the AMV RNAs contain the promoters for minus-strand
RNA synthesis (59). After inoculation of P12 virus, R1D/2- or
R1/2D-infiltrated leaves showed the accumulation of minus-
strand RNAs 2 and 3 or 1 and 3, respectively (Fig. 3E, lanes 4
and 5) and the accumulation of corresponding plus-strand
RNAs (Fig. 3B, lanes 4 and 5).

Lanes 3 and 4 of Fig. 3B show the accumulation of an RNA
species that migrates slightly faster than RNA 1 and probably
corresponds to RNA 1D. Since the accumulation of this RNA
is not paralleled by the synthesis of a corresponding minus
strand (Fig. 3E, lanes 3 and 4), the truncated RNA 1 probably
represents a Pol II transcript of cDNA 1D in the T-DNA
vector. A similar transcript of cDNA 2D would migrate very
close to RNA 3. To reveal such a transcript, the blot in Fig. 3C

FIG. 2. Viral RNA accumulation and RdRp activity induced in
agroinfiltrated leaves. (A) Viral RNA accumulation. Leaves were in-
filtrated with A. tumefaciens suspensions containing the empty T-DNA
vector (800; odd lane numbers) or the R12 construct (R12; even lane
numbers). Two days after infiltration, half of the leaves were inocu-
lated with virus particles containing RNAs 3 and 4 (P12 virus; lanes 5
to 8). RNA was extracted from the leaves 2 days (lanes 1 to 4) or 7 days
(lanes 5 to 8) after infiltration and analyzed by Northern blot hybrid-
ization using probes detecting minus-strand (lanes 1, 2, 5, 6) or plus-
strand (lanes 3, 4, 7, 8) AMV RNAs. The positions of RNAs 1 to 4 are
indicated in the left margin. (B) Viral RNA accumulation after infil-
tration of a replication-deficient mutant. Leaves were infiltrated with
A. tumefaciens suspensions containing the empty T-DNA vector (800;
lanes 3 and 6), the R12C189S construct (C189S; lanes 1 and 4), or the
R12 construct (R12; lanes 2 and 5). RNA was extracted from the leaves
2 days after infiltration and analyzed by Northern blot hybridization
using probes detecting minus-strand (lanes 1 to 3) or plus-strand (lanes
4 to 6) AMV RNAs. The positions of RNAs 1 and 2 are indicated in
the left margin. (C) RdRp activity. Leaves were infiltrated with A.
tumefaciens suspensions containing the empty T-DNA vector (800;
lanes 1 and 3) or the R12 construct (R12; lanes 2 and 4). Two days
after infiltration, the leaves were homogenized and RdRp was solubi-

lized from the 30,000 3 g membrane fraction and purified by glycerol
gradient centrifugation. The RdRp was assayed in vitro for minus-
strand RNA 3 synthesis using a plus-strand RNA 3 template (lanes 1
and 2) and subgenomic plus-strand RNA 4 synthesis using a minus-
strand RNA 3 template (lanes 3 and 4). Radiolabeled products were
analyzed by gel electrophoresis. The positions of double-stranded
RNA 3 and 4 products are indicated in the right margins.
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was hybridized with a probe detecting only RNA 2-specific
sequences. Accumulation of RNA 2D was clearly detectable in
leaves infiltrated with R1/2D or R1D/2D after inoculation of
P12 virus (Fig. 3C, lanes 4 and 5). Before inoculation of P12
virus, accumulation of RNAs 1D and 2D was barely detectable
(Fig. 3A, lanes 3 to 5). Possibly, the transiently expressed
truncated RNAs were stabilized by the RNA 3-encoded CP
that was expressed after inoculation of P12 virus.

The 3*-UTR of AMV is not required for encapsidation. To
find whether the putative protection of the 39-truncated RNAs
1 and 2 by CP was mediated by the formation of virus particles,
virions were isolated from infiltrated leaves that had been
inoculated with P12 virus. Part of the leaf material was used to
isolate total RNA as a control. In the blot in Fig. 4A, the RNAs
in the total-RNA extract and the extract from virions were
visualized using a probe corresponding to RNAs 1, 2, and 3.
Extracts of leaves infiltrated with R12 and inoculated with P12
virus (Fig. 4, lanes 3 and 7) and extracts of leaves inoculated
with wild-type AMV (lanes 4 and 8) served as controls. On
infiltration of R1D/2D, accumulation of RNA 1D was detect-
able (Fig. 4A, lane 2) and part of this RNA was apparently
encapsidated into virions (lane 6). Since RNA 2D migrates
close to RNA 3, the blot was hybridized to an RNA 2-specific
probe in Fig. 4B, showing that the truncated RNA 2 expressed
from the R1D/2D construct was at least partially encapsidated
into virus particles (Fig. 4B, lane 2).

It has been shown that the four types of AMV virions con-

taining RNAs 1 to 4 migrate as a single band when run in an
agarose gel (56). Figure 4C shows a Northern blot of an aga-
rose gel run with virions isolated from leaves that were infil-
trated with R12 or R1D/2D and inoculated with P12 virus and
with virions isolated from leaves that were infected with wild-
type AMV. The blot was hybridized to probes corresponding to
the coding sequences of RNAs 1 and 2. It is clear that 39-
truncated RNAs 1 and 2 that are transiently expressed from
the R1D/2D construct are encapsidated into virions. RNA ex-
tracted from leaves infiltrated with the R12 construct and in-
oculated with P12 virus was infectious to N. benthamiana,
whereas RNA extracted from leaves infiltrated with the
R1D/2D construct and inoculated with P12 virus was not (result
not shown). Moreover, RNAs 1 and 2 produced in the R1D/
2D-infiltrated leaves were not detectable on Northern blots
using a probe corresponding to the 39-UTR of these RNAs
(result not shown). These data demonstrate that the 39 dele-
tions in RNAs 1 and 2 had not been restored by recombination
with RNA 3.

One 3*-UTR is required to induce extractable RdRp activity.
In Fig. 2C it was shown that RdRp activity could be detected
in vitro in extracts of R12-infiltrated leaves. To analyze a pos-
sible role of the 39-UTR sequences of RNAs 1 and 2 in the
formation of this enzyme, leaves were infiltrated with R1D/2D,
R1D/2, and R1D/2D, as well as with R12 and the empty vector
as controls. The leaves were homogenized 2 days after infiltra-
tion, after which RdRp was solubilized from the 30,000 3 g

FIG. 3. Accumulation of viral RNA in leaves agroinfiltrated with 39-UTR deletion mutants. Leaves were infiltrated with A. tumefaciens
suspensions containing the empty T-DNA vector (800) or constructs R12, R1D/2D, R1D/2, or R1/2D, as indicated above the lanes. Two days after
infiltration, some of the leaves were inoculated with virus particles containing RNAs 3 and 4 (B, C, and E); the other leaves were not inoculated
(A and D). RNA was extracted from the leaves 2 days (A and D) or 7 days (B, C, and E) after infiltration and analyzed by Northern blot
hybridization using probes detecting plus-strand RNAs 1 to 4 (A and B), plus-strand RNA 2 (C), or minus-strand RNAs 1, 2, and 3 (D and E).
The positions of plus-strand RNAs 1 to 4 and minus-strand RNAs 1, 2, and 3 are indicated in the left margins; the positions of truncated RNAs
are indicated in the right margins.
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membrane fraction and further purified in a glycerol gradient.
RdRp activity was detected in the gradient fractions by mea-
suring the conversion of an AMV RNA 3 template into a
double-stranded radiolabeled product (9). When the fractions
are numbered 1 to 18 from the bottom to the top of a gradient,
maximum RdRp activity is detected in fractions 9 to 11 under
standard conditions. Figure 5A shows the synthesis of double-
stranded RNA 3 by enzyme activities in fractions 9, 10, and 11
of glycerol gradients run with extracts of the infiltrated leaves.
RdRp activity could be detected in isolates from leaves infil-
trated with R12 but not in isolates from leaves infiltrated with

R1D/2D, although the two types of leaves support RNA 3
replication in vivo with similar efficiencies (Fig. 3B and E).
However, RdRp activity was detectable in extracts from leaves
infiltrated with constructs R1D/2 or R1/2D (Fig. 5A). This

FIG. 4. Analysis of the encapsidation of RNAs 1 and 2 with 39-
UTR deletions. Leaves were infiltrated with A. tumefaciens suspen-
sions containing the empty T-DNA vector (800; lanes 1 and 5) or
constructs R1D/2D (lanes 2 and 6) or R12 (lanes 3 and 7). In addition,
noninfiltrated leaves were inoculated with wild-type AMV (lanes 4 and
8). The agroinfiltrated leaves were inoculated with virus particles con-
taining RNAs 3 and 4 2 days after infiltration. Some of the leaves were
used to extract total RNA (panel A, lanes 1 to 4), whereas the remain-
der of the leaves was used to extract virus particles (panel A, lanes 5 to
8; panels B and C, lanes 1 to 8). Extraction was done 7 days after
infiltration of the leaves or 5 days after inoculation of leaves with
wild-type AMV. Total RNA (panel A, lanes 1 to 4) and RNA extracted
from virus particles (panel A, lanes 5 to 8; panel B, lanes 1 to 4) were
analyzed by Northern blot hybridization using a probe detecting plus-
strand RNAs 1 to 4 (panel A, lanes 1 to 8) or plus-strand RNA 2 (panel
B, lanes 1 to 4). In addition, purified virus particles were run in an
agarose gel and analyzed by Northern blot hybridization using a probe
detecting coding sequences of RNAs 1 and 2 (panel C, lanes 5 to 8).
Lanes 4 and 8 of all panels were loaded with 10 times less material than
the standard amount used to load all other lanes. The positions of
full-length and truncated AMV RNAs are indicated in the left margin;
the position of AMV particles is indicated in the right margin.

FIG. 5. Accumulation of replicase proteins and RdRp activity in
agroinfiltrated leaves. Leaves were infiltrated with A. tumefaciens sus-
pensions containing the empty T-DNA vector or constructs R1D/2D,
R1D/2, R1/2D, or R12 as indicated at the bottom of panel A and in the
left margin of panel B. Two days after infiltration, the leaves were
homogenized, after which RdRp was solubilized from the 30,000 3 g
membrane fraction and sedimented in a glycerol gradient. (A) In vitro
RdRp assay. Samples from fractions 9, 10, and 11 of the glycerol
gradients were used in RdRp assays with plus-strand AMV RNA 3 as
a template (fraction 1 is at the bottom of the gradient). Radiolabeled
products were analyzed by gel electrophoresis. The position of double-
stranded RNA 3 is indicated in the left margin. (B) Western blot
analysis of the protein composition of glycerol gradient fractions. Frac-
tions 1 (bottom) to 18 (top) were analyzed with antisera to P1 and P2
proteins. The positions of P1 and P2 are indicated in the right margin.
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demonstrates that a single 39-UTR, either from RNA 1 or from
RNA 2, is sufficient to permit the in vivo formation of an RdRp
complex that is active in vitro.

To find whether RdRp activity in the gradient fractions was
correlated with the presence of P1 and P2, the fractions were
analyzed by Western blotting using P1- and P2-specific anti-
sera. The distribution of P1 and P2 in the gradient run with the
extract of R12-infiltrated leaves (Fig. 5B) was similar to the
distribution obtained in the gradient run with an extract of
AMV-infected leaves (51). P1 cosediments with the enzyme
activity, whereas P2 is present in the fractions with enzyme
activity but most prominently in the top fractions of the gra-
dient. The distribution of P1 and P2 in the gradients run with
extracts from leaves infiltrated with R1D/2D, R1D/2, or R1/2D
was largely similar to the distribution in the gradient run with
the extract of R12-infiltrated leaves. Apparently, expression of
RNA 2D into P2 was slightly less efficient than expression of
full-length RNA 2. However, this difference cannot explain the
observation that the extract of R1D/2D-infiltrated leaves did
not exhibit RdRp activity while the extract of R1/2D-infiltrated
leaves did. We conclude that when both 39-UTRs are absent in
the transiently expressed RNAs, P1 and P2, which are present
in gradient fractions 9 to 11, do not form an active enzyme
complex.

All AMV 3*-UTRs facilitate activation of the RdRp-complex.
The observation that leaves infiltrated with R1D/2D efficiently
support RNA 3 replication indicates that the transiently ex-
pressed P1 and P2 form an active RdRp after inoculation of
the leaves with P12 virus. However, it appeared to be difficult
to find the right conditions for the isolation of this enzyme. In
an alternative approach, we coinfiltrated leaves with a mixture
of two A. tumefaciens strains, one containing the R1D/2D con-
struct and one containing a construct with full-length cDNA of
RNA 3 flanked by the 35S promoter and nos terminator (R3
construct). When infiltration was done with a mixture of the
R12 and R3 A. tumefaciens strains, accumulation of RNAs 1 to
4 occurred at levels similar to those in plants inoculated with
wild-type virus (result not shown). Figure 6 shows the RdRp

activity in fractions 8 to 11 of glycerol gradients run with
extracts of leaves infiltrated with R1D/2D or with R1D/2D and
R3. The observation that RNA 3 replication induced RdRp
activity indicates that the 39-UTRs of RNAs 1, 2, and 3 are
equivalent in their function in RdRp activation.

DISCUSSION

Expression of AMV RdRp by agroinfiltration. In the past, A.
tumefaciens-mediated agroinfection of plants has been used to
initiate virus infections locally as an alternative to mechanical
inoculation. In the present work, we developed the agroinfil-
tration technique for the transient expression of genes in plants
into a novel method for the expression and isolation of viral
RdRp from a natural host of the virus but in a nonviral back-
ground. Previously, AMV RdRp could be isolated only from
AMV-infected plants (39) or transgenic P12 plants (47). In
theory, transgenic plants could be used to express mutant
RdRps for in vitro studies, but in practice this is not feasible
due to the large genetic variability between primary transfor-
mants and the long periods required to generate transformed
plants. Moreover, the amount of RdRp per gram of leaf tissue
that can be isolated from transgenic P12 plants is 30-fold
smaller than the amount isolated from agroinfiltrated leaves.
By agroinfiltration, the T-DNA from the A. tumefaciens vector
is transferred to a large proportion of the cells of the infiltrated
leaves and the accumulation of viral RNAs and proteins does
not involve cell-to-cell movement of virus material. This is
indicated by the observation that there is no increase in the
accumulation of minus-strand RNAs 1 and 2 in R12-infiltrated
leaves on inoculation of the leaves with RNA 3-containing
particles (compare lanes 2 and 6 of Fig. 2). In addition, RNA
3 accumulation in infiltrated leaves is independent of replica-
tion of RNAs 1 and 2 (Fig. 3). On average, the accumulation of
viral RNAs in R12-infiltrated leaves inoculated with RNA
3-containing virus particles was several times lower than the
wild-type levels of virus accumulation that were obtained by
infiltration of a mixture of the R12 and R3 A. tumefaciens
strains. We will analyze a possible role of cell-to-cell movement
in this accumulation by using an R3 construct expressing a
defective movement protein gene. In addition, it will be inter-
esting to analyze virus accumulation induced by agroinfiltra-
tion in a nonhost of AMV such as Arabidopsis thaliana. This
would make Arabidopsis genetics available to studies on a wide
range of viruses.

Transient expression of AMV RdRp in agroinfiltrated leaves
provided further insight into the role of CP in AMV replica-
tion. R12-infiltrated leaves permit a study of RNA replication
in vivo in the absence of CP and act as source for the purifi-
cation of highly active and stable RdRp that is devoid of CP.
RNA 3 replication in R12-infiltrated leaves could be initiated
by inoculation of virus particles containing RNA 3, by inocu-
lation of RNA 3 transcribed with T7 RNA polymerase (data
not shown), or by coinfiltration of the R3 construct. This dem-
onstrates that CP is not required to initiate RNA replication in
agroinfiltrated leaves. Moreover, our results corroborate pre-
vious conclusions that CP is not involved in minus-strand AMV
RNA synthesis (9, 27, 56) whereas it causes an approximately
100-fold increase of plus-strand RNA accumulation in infected
protoplasts (53, 56). Different CP mutants that were defective

FIG. 6. Induction of RdRp activity by replication of RNA 3. Leaves
were infiltrated with an A. tumefaciens suspension containing construct
R1D/2D or a mixture of A. tumefaciens suspensions containing con-
structs R1D/2D and R3 as indicated at the bottom of the lanes (R3
expresses full-length RNA 3). Two days after infiltration, the leaves
were homogenized, after which RdRp was solubilized from the
30,000 3 g membrane fraction and sedimented in a glycerol gradient.
Samples of fractions 8, 9, 10, and 11 of the gradients were assayed for
RdRp activity using plus-strand AMV RNA 3 as a template. Radio-
labeled products were analyzed by gel eclectrophoresis. The position
of double-stranded RNA 3 is indicated in the left margin.
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in the assembly of detectable virions induced either high or low
levels of plus-strand RNA accumulation (56), indicating that
CP stimulated RNA synthesis rather than preventing its deg-
radation. However, our observation that accumulation of the
nonreplicatable RNAs 1D and 2D strongly increased after ex-
pression of CP in agroinfiltrated leaves suggests a role for CP
in the protection of plus-strand RNA from degradation. Pos-
sibly, in a normal infection cycle, CP is required in a step prior
to minus-strand synthesis, in encapsidation of virus RNA, and
in cell-to-cell and long-distance movement (27, 48, 56). It has
been proposed that the step prior to minus-strand RNA syn-
thesis involves translation of the genomic RNAs (32). Recent
evidence supports the notion that the poly(A) tail of transgeni-
cally or transiently expressed AMV RNAs can substitute for
the early function of CP (L. Neeleman and J. F. Bol, unpub-
lished results).

The 3*-UTR of AMV is not required for encapsidation. The
39-terminal 39 nucleotides of the AMV RNAs contain a high-
affinity binding site for CP (16, 41). Peptides corresponding to
the N-terminal 26 amino acids of CP bind specifically to this
RNA sequence and can substitute for CP in the inoculum to
initiate infection (3). Mutation of Arg-17 into Ala interfered
with the binding of N-terminal peptides or full-length CP to
the 39 end of the RNAs and with initiation of infection (2, 62).
However, this mutation did not interfere with the role of CP in
virion assembly (48). Our observation that RNAs 1D and 2D
are encapsidated into virions also supports the notion that
binding of CP to the 39 termini of AMV RNAs plays a role in
the initiation of infection but not in the assembly of virus
particles. In addition to the 39 termini, CP has been found to
bind to several internal sites in AMV RNAs (64), which may
act as the origin of assembly of the virus particles. Within the
Bromoviridae family, a coding sequence of BMV RNA 1 was
found to be required for encapsidation whereas the 39-UTRs
of the RNAs were not (10).

Possible role of the 3*-UTR of AMV in assembly of an active
RdRp complex. In AMV-infected protoplasts, P1 and P2 ac-
cumulate in the vacuolar membrane (51). Active RdRp can be
solubilized from the 30,000 3 g membrane fractions of homog-
enates of AMV-infected or R12-infiltrated leaves, and P1 and
P2 in the two extracts show a similar distribution in glycerol
gradients. From gradient fractions containing RdRp activity,
P1 and P2 can be coimmunoprecipitated, indicating that they
are part of a single enzyme complex (51). When the 39-UTRs
of RNAs 1 and 2 were both deleted, in leaves infiltrated with
R1D/2D, P1 and P2 appeared to be present in a complex with
similar sedimentation properties to P1 and P2 in extracts from
R12-infiltrated leaves; however, no RdRp activity could be
detected in vitro (Fig. 5). This is in line with previous findings
that BMV replication proteins expressed in S. cerevisiae from
1a and 2a genes devoid of flanking UTRs do not form a
complex capable of RNA synthesis in vitro (37), although 1a
and 2a are targeted to the endoplasmic reticulum, where BMV
replication complexes are assembled (7, 40). Infection of 1a-
and 2a-expressing yeast cells with BMV RNA 3 induced ex-
tractable RdRp activity, and deletion analysis indicated that
both the 39-UTR and the intercistronic region of BMV RNA 3
are required for activity of an RdRp isolate in vitro (37). In
addition, extractable in vitro RdRp activity paralleled minus-
strand synthesis in vivo (37). The BMV RNA 3 intercistronic

region, as well as the 59-UTRs of BMV RNAs 1 and 2, contain
box B motifs corresponding to the TCC stem-loop of host
tRNAs (8, 37, 44). A sequence similar to the box B motif of
BMV has been found in the 59-UTR of AMV RNA 3 (54).

The box B motif is required for 1a-induced stabilization of
the BMV RNAs, and it has been proposed that this stabiliza-
tion is the result of recruitment of the RNAs to the replication
complex whereby translation would be inhibited (8, 44). In-
deed, it was found that box B is required for membrane asso-
ciation of the BMV RNAs (8). It is possible that the intercis-
tronic region of RNA 3 was found to be required for activation
of the BMV RdRp in yeast due to its function in template
recruitment, since minus-strand RNA synthesis seems to be
necessary to isolate an in vitro active RdRp complex. Similarly,
the 39-UTR of BMV RNA 3 and the 39-UTRs of the AMV
RNAs could be required for activation of the RdRp due to
their function as minus-strand promoters.

We showed that a 39-UTR of either AMV RNA 1, 2, or 3 is
required for the induction of AMV replicase activity, although
we cannot rule out the possibility that other sequences in the
viral RNAs, for instance the 59-UTR or subgenomic promoter
region of RNA 3, are involved as well. Furthermore, the 39-
UTRs of the three AMV RNAs were found to be equivalent in
their function in RdRp activation. Although we have strong
indications that P1 and P2 expressed from RNAs lacking a
39-UTR are assembled in membrane-bound protein com-
plexes, we speculate that either the presence of a 39-UTR or
minus-strand synthesis is required for a final step in the assem-
bly or stabilization of the AMV RdRp, which could result in
activation of the enzyme. Similarly, it has been shown that
RNA synthesis is required for the formation of the poliovirus
replication complex, although viral replicase proteins induce
membrane proliferation in the absence of viral RNA (11).

For BMV and Bovine viral diarrhea virus, it was proposed
that viral replication complexes are stabilized by a transition
that occurs between the phase of initiation and elongation of
RNA synthesis in vitro (19, 45, 46). In vivo, the assembly of an
RdRp may occur in a two-step process: recruitment of viral
RNA, viral replicase proteins, and possibly host proteins to the
endomembrane in the cell, where replication complexes are
established, and subsequent stabilization of the RdRp after the
initiation of RNA synthesis on the 39-UTR of the RNA tem-
plate. We will use the agroinfiltration system to further study
the sequence elements in the noncoding and coding sequences
of AMV RNAs that are required for assembly of the RdRp in
plants and to study functional domains in P1 and P2 by muta-
tional analyses.

REFERENCES

1. Ahola, T., P. Laakkonen, H. Vihinen, and L. Kääriäinen. 1997. Critical
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