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Deletion Analysis of the Promoter for the Cucumber Necrosis Virus 0.9-kb Subgenomic RNA
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Sequences comprising the core promoter for the cucumber necrosis virus (CNV) 0.9-kb subgenomic RNA have been
determined using deletion analysis and site-directed mutagenesis. The deletion studies indicate that the promoter lies within
a region located 20 nucleotides upstream and 6 nucleotides downstream and including the subgenomic start site. Sequences
further upstream or downstream of the core promoter do not appear to strongly affect promoter activity or viral RNA
accumulation. Results of site-directed mutagenesis studies indicate that nucleotides immediately surrounding the subgeno-
mic start site regulate promoter activity. Comparison of sequences within the CNV promoter region with the corresponding
region of other tombusviruses shows that the tombusvirus promoter shares a region of near complete identity in 14 of the
26 core promoter nucleotides. Little similarity exists between the CNV 0.9-kb subgenomic RNA promoter and the region
surrounding the transcription initiation site for the CNV 2.1-kb subgenomic RNA. Likewise, limited similarity occurs with the
5’ region of CNV genomic RNA. Sequences similar to the ICR2-like motifs found in the promoters of several alphavirus-like
(supergroup I11) plant and animal viruses are not apparent. This study represents the first analysis of a subgenomic promoter

from a member of supergroup Il of positive-strand RNA viruses.

INTRODUCTION

The production of subgenomic RNAs is one strategy
by which internally located open reading frames (ORFs)
of multicistronic eukaryotic RNA viruses may be ex-
pressed and regulated during replication. Two mecha-
nisms for the synthesis of subgenomic RNAs have been
proposed: the first, discontinuous leader RNA-primed
transcription, is thought to occur during the production
of coronavirus subgenomic RNAs (Spaan et al., 1983; Lai
et al., 1984; Lai, 1990) and the second, internal initiation
of transcription on minus (—) strand template RNA has
been shown to occur in vitro for the plant viruses brome
mosaic virus (BMV; Miller et al., 1985) and alfalfa mosaic
virus (AIMV; van der Kuyl et al., 1990) and in vivo for
turnip yellow mosaic virus (Gargouri et al., 1989). This
latter mechanism first requires transcription of a geno-
mic-length (=) strand template from (+) sense genomic
RNA. The viral RNA-dependent RNA polymerase, along
with any associated viral or host factors is believed to
then bind to internally located promoter regions on the
(=) strand template to produce one or more subgenomic
RNAs. The subgenomic RNAs are 3’ coterminal with ge-
nomic RNA but now contain otherwise internally located
ORFs at their 5’ termini.

The promoter regions on the (=) strand template re-
sponsible for directing the synthesis of subgenomic
RNAs have been well studied in several members of
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supergroup 1l (the alphavirus-like supergroup—see
Koonin and Dolja, 1993) of the positive-strand RNA vi-
ruses, most notably Sindbis virus (Levis et al., 1990; Raju
and Huang, 1991; Hertz and Huang, 1992) and the plant
brome mosaic and related tricornaviruses (Marsh et al.,
1988; French and Ahlquist, 1988; Allison et al., 1989; van
der Kuyl et al., 1990; Pacha and Ahlquist, 1992; Boccard
and Baulcombe, 1993; Smirnyagina et al., 1994)). The
subgenomic promoters of these viruses do not share
extensive nucleotide sequence similarity but do contain
similar sequence motifs which include the subgenomic
promoter elements, suggesting possible parallels in sub-
genomic RNA transcription among members of the group
(Marsh et al., 1988; French and Ahlquist, 1988; Smirnya-
gina et al.,, 1994). In contrast to those members of the
alphavirus-like supergroup, subgenomic promoter re-
gions of applicable members of supergroup Il (the flavi-
virus-like supergroup—see Koonin and Dolja, 1993),
which includes the animal flavi- and pestiviruses, as well
as the plant barley yellow dwarf luteovirus and the dian-
tho-, necro-, carmo-, and tombusvirus groups, have not
been characterized.

Cucumber necrosis virus (CNV), a member of the tom-
busvirus group, is a small spherical virus containing one
molecule of a 4.7-kb single-stranded (+) sense RNA ge-
nome. The CNV genome is multicistronic containing
ORFs for at least five and possibly six proteins (see Fig.
1A) (Rochon and Tremaine, 1989; Boyko and Karasev,
1992). Infection by CNV genomic RNA results in the syn-
thesis of two 3’ coterminal subgenomic RNAs of 2.1 and
0.9 kb (Johnston and Rochon, 1990; Rochon and Johnston,
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1991); a possible third subgenomic RNA of ca. 0.35 kb is
currently under investigation (D. M. Rochon, unpublished
data). The CNV 2.1-kb subgenomic RNA directs the syn-
thesis of p41 which is the viral coat protein and the 0.9-
kb subgenomic RNA directs the synthesis of both p20
(the absence of which leads to the rapid de novo genera-
tion of defective interfering RNAs; Rochon, 1991) and
p21 (which may function in cell-to-cell movement; J. C.
Johnston and D. M. Rochon, unpublished observations)
from nested ORFs (Johnston and Rochon, 1990). In addi-
tion to the production of subgenomic RNAs, CNV utilizes
at least two other strategies for the expression of inter-
nally located ORFs; these include readthrough transla-
tion of an amber codon for expression of p92, the putative
RNA-dependent RNA polymerase (Rochon and Tremaine,
1989), and leaky ribosomal scanning for production of
p20 from the 0.9-kb subgenomic RNA (J. C. Johnston and
D. M. Rochon, manuscript submitted for publication). In
this paper, we have used deletion analysis to delineate
the 5’ and 3’ borders of the core promoter for the CNV
0.9-kb subgenomic RNA. In addition, site-directed muta-
genesis was used to investigate the importance of nucle-
otides immediately flanking the 0.9-kb subgenomic RNA
initiation site.

MATERIALS AND METHODS

Plasmid construction

All plasmids were originally constructed from pK2/M5
(Rochon and Johnston, 1991), a full-length CNV cDNA
clone in Bluescribe (Stratagene) phagemid, using stan-
dard recombinant DNA techniques (Sambrook et al.,
1989). The construction of XpK2/M5 which contains two
introduced Xhol restriction enzyme sites at CNV nucleo-
tides 3417 and 3733 in the coat protein protruding do-
main coding sequence was previously described
(McLean et al., 1993). The generation of PD(—) containing
a deletion of the region between the Xhol sites has also
been described as has the construct CP(—) correspond-
ing to an in planta derived deletion mutant of PD(—)
which lacks almost the entire ca. 1-kb coat protein coding
region (McLean et al., 1993).

The plasmid pK2/M5BamHI was generated by oligo-
nucleotide-directed in vitro mutagenesis which was
carried out essentially as described by Kunkel et al.
(1987). pSCHinc1.55, a subclone containing a region
corresponding to CNV nucleotides 2566 to 4116 (John-
ston and Rochon, 1990), was used to produce a single-
stranded DNA template for in vitro mutagenesis. The
phosphorylated mutagenic oligonucleotide, 5’ATT-
AGGGGCTTCTGGATCCTAACCAATTCATGGATACTGA-
ATACGAAC3'’ (corresponding to CNV nucleotides 3771
to 3818; the introduced BamH] site is underlined and the
modified nucleotides are italicized), was then used to
introduce a BamHI restriction enzyme recognition site at
nucleotide position 3784 which was confirmed by restric-

tion enzyme digestion. A 447 nucleotide Bglll-Ncol frag-
ment containing this site was subcloned into similarly
digested pK2/M5 and the entire subcloned region was
verified by DNA sequencing.

Two deletion construct series were generated: the
pK2/M5 X series was constructed from pK2/M5Xhol
which contains a single introduced Xhol restriction en-
zyme site at CNV nucleotide position 3733. pK2/M5Xhol
was generated from p13XpK2/M5 (which contains a Xhol
site at position 3733 in pK2/M5; McLean et al., 1993) by
restriction enzyme digestion with Bglll and Ncol to yield
a 447-nucleotide fragment. This fragment was purified
following agarose gel electrophoresis using the Qiaex
gel extraction kit (Qiagen) and ligated into similarly di-
gested pK2/M5. To generate a series of deletions, pK2/
M5Xhol was linearized with Xhol and then treated with
0.05 U Bal 31 exonuclease (BRL) per microgram of DNA
at 25° which resulted in the removal of ca. 50 bp per
termini in 10 min. During the 30-min reaction time, ali-
guots of the reaction were stopped in 50 mM EDTA and
the separate Bal 31-treated samples were phenol/chloro-
form extracted, ethanol precipitated, resuspended, and
treated with Asull (CNV nucleotide 4331) to yield frag-
ments of between ca. 450 and 600 nucleotides. The sam-
ples were then gel-purified using Qiaex matrix and li-
gated into Xhol linearized pK2/M5Xhol which had been
treated with mung bean nuclease, digested with Asull,
and dephosphorylated with calf intestinal phosphatase
followed by gel purification. Ligation reactions were
transformed into Escherichia coli DH5« cells, the re-
sulting colonies grown in LB medium and the DNA ex-
tracted and screened by restriction enzyme digestion.
Treatment with Ndel and Kpnl resulted in the generation
of fragments of interest of between ca. 210 and 260 nu-
cleotides which were separated on a 4% GTG Agarose
(NuSieve) gel allowing the selection of appropriate plas-
mids for further screening by DNA sequencing. A series
of 15 plasmids carrying deletions of between 4 and 74
nucleotides (designated pK2/M5XA4 through —XA74)
were finally chosen for further analysis. The pK2/M5 N
series was generated by digestion of pK2/M5 with Ncol
followed by treatment with Bal 31 as described above.
Further digestion with Bglll yielded fragments of between
ca. 300 and 450 nucleotides which were purified as
above and ligated into Ncol, mung bean nuclease, and
Balll, CIP-treated, and gel-purified pK2/M5 vector DNA.
Ligation, DNA extraction, and screening were also car-
ried out as above and a series of 9 plasmids designated
pK2/M5NA10 through -NA55, carrying deletions of be-
tween 10 and 55 nucleotides, were selected.

Plasmid pK2/M5Ncol-Hpal was generated by diges-
tion of pK2/M5 with Ncol followed by mung bean
nuclease treatment, digestion with Hpal, and religation
to yield a mutant lacking a 286-nucleotide region encom-
passing CNV nucleotides 3830 to 4116. pK2/M5Ncol-
Asull was similarly constructed by digestion of pK2/M5
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with Ncol and Asull followed by mung bean nuclease
treatment and religation to produce a mutant lacking a
504-nucleotide region corresponding to CNV nucleotides
3830 to 4334.

In vitro transcription and transcript inoculation

Full-length transcripts from pK2/M5, pK2/M5Xhol, pK2/
M5BamHI, and the pK2/M5 X series and N series dele-
tion constructs were synthesized using Smal-linearized
templates and the bacteriophage T7 RNA polymerase
(BRL) as described by Rochon and Johnston (1991). Ap-
proximately 5 ng of each uncapped transcript was used
to inoculate either cucumber cotyledon protoplasts or
Nicotiana clevelandii leaves. For time course studies us-
ing different transcripts, the amount of each transcript
was estimated by agarose gel electrophoresis and ethid-
ium bromide staining of a dilution series of transcript
RNA. For protoplast inoculation, in vitro transcribed RNA
was resuspended in sterile H,O and used to polyethylene
glycol-transfect 1 X 10° protoplasts which were prepared
by the method of Wieczorek and Sanfacon (1995).
Transfected protoplasts were incubated under alternat-
ing 12-hr light and dark conditions (at 25 and 20°, respec-
tively) for the time periods indicated. For plant inocula-
tion, sodium phosphate buffer (pH 7.0) was added to
RNA still contained in the transcription reaction and this
was used to rub-inoculate three N. clevelandii leaves as
described previously (Rochon and Johnston, 1991). Total
RNA was then extracted from systemically infected
leaves at 6 to 18 days postinoculation as indicated.

RNA extraction and Northern blot analysis

RNA was purified from infected protoplasts by first
collecting the protoplasts by centrifugation for 5 min at
225 g and extracting the RNA with phenol/chloroform
and TNE buffer (100 mM Tris—HCI, pH 7.5, 100 mM NacCl,
10 mM EDTA, 5 mM S-mercaptoethanol, and 0.1% SDS)
as described by Rochon and Johnston (1991). Total nu-
cleic acid was precipitated with ethanol, resuspended in
sterile H,O, and then one-tenth of the sample was used
for Northern blot analysis. The RNA was then denatured
in methyl mercuric hydroxide-containing sample mix and
separated by electrophoresis through a denaturing 1%
agarose gel (unless percentage indicated as otherwise)
as previously described (Rochon and Johnston, 1991).
¥p.labeled DNA probes containing sequences corre-
sponding to the 3’ terminal 370 nucleotides of the CNV
genome were generated by nick-translation (Sambrook
et al.,, 1989). Radiolabeled RNA probes for the detection
of virion sense RNA were prepared by in vitro transcrip-
tion of EcoRl-linearized pK2/M5RI-6 (a plasmid which
contains sequences corresponding to the entire CNV ge-
nome with the exception of the second nucleotide; Ro-
chon and Johnston, 1991) using the bacteriophage T3
promoter (Sambrook et al., 1989).
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FIG. 1. Time course of the accumulation of CNV subgenomic RNAs
in protoplasts. Cucumber protoplasts were inoculated with equal
amounts of WT CNV transcripts for the indicated times and one-tenth
of each sample was analyzed by Northern blotting using a **P-labeled
RNA probe complementary to the entire CNV genome. Bands corre-
sponding to CNV genomic RNA and the 2.1-, 0.9-, and 0.35-kb subgeno-
mic RNAs are indicated.

RESULTS

Time course of CNV subgenomic RNA production in
protoplasts

The relative abundance of genomic and subgenomic-
length RNA species in cucumber protoplasts inoculated
with wild-type (WT) transcripts of a full-length CNV cDNA
clone (pK2/M5; Rochon and Johnston, 1991) was exam-
ined at 6 to 44 hr postinoculation by Northern blot analy-
sis using a CNV-specific probe (Fig. 1). Although both
the 2.1- and 0.9-kb subgenomic RNAs were observed at
all time points tested, the 0.9-kb subgenomic RNA was
most abundant (relative to genomic RNA and 2.1-kb sub-
genomic RNA) at earlier time points (i.e., 6 and 12 hr
postinoculation), whereas the 2.1-kb subgenomic RNA
has a higher relative abundance at later time points (i.e.,
18 to 44 hr postinoculation). The early accumulation of
the 0.9-kb subgenomic RNA and the later accumulation
of the 2.1-kb subgenomic RNAs are consistent with the
postulated and known roles of their translation products
in cell-to-cell movement and virus assembly/long dis-
tance movement, respectively.

Deletions far upstream of the CNV 0.9-kb subgenomic
RNA do not affect genomic or 0.9-kb subgenomic
RNA accumulation

In a previous paper, we noted that a deletion in the
coding region of the CNV coat protein protruding domain
[mutant PD(—)], which lies upstream of the CNV 0.9-kb
subgenomic RNA start site (see Fig. 2A), does not notice-
ably affect 0.9-kb subgenomic RNA production (Sit et al.,
1995). This deletion is 316 nucleotides and ends at an
introduced Xhol site 51 nucleotides upstream from the
0.9-kb subgenomic RNA transcription initiation site. This
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observation subsequently suggested to us that it should
be possible to delineate the 5’ border of 0.9-kb subgeno-
mic RNA promoter by making progressively longer dele-
tions toward the subgenomic RNA start site from a simi-
larly positioned Xhol site in CNV transcripts. Before ini-
tiating these studies, we wanted to confirm that the
deletion in PD(—) indeed does not affect 0.9-kb promoter
function in cucumber protoplasts over several time
points. Cucumber protoplasts were inoculated with WT
CNV and PD(—) transcripts and the levels of 0.9-kb sub-
genomic RNA (relative to genomic RNA) were analyzed
by Northern blotting at 12, 24, and 40 hr postinoculation.
Fig. 2B shows that the levels of 0.9-kb subgenomic RNA
in PD(—) infected protoplasts are similar to those in WT
CNV-infected protoplasts at each time point analyzed.
The 40-hr sample of PD(—) is faint in this experiment
due to a problem during loading of the sample. In other
experiments the level of the viral RNA species and 0.9-
kb subgenomic RNA was similar to the 40-hr WT level.
These studies therefore indicate that the 0.9-kb subgeno-
mic RNA promoter in PD(—) is not appreciably affected
by the large upstream deletion.

The above studies were also conducted using CP(—)
transcripts. CP(—) is a CNV mutant which lacks nearly
the entire coat protein coding region of CNV. It was de-
rived de novo from PD(—) during infection in whole
plants. The location of the deletions in CP(—) are shown
in Fig. 2A. It can be seen that the 3’ border of the deletion
is the same as that of PD(—) but that the 5’ border is far
upstream near the 5’ terminus of the coat protein gene.
In addition, a small internal portion of the coat protein
coding region is retained in CP(—). It can be seen in Fig.
2B that the relative amount of 0.9-kb subgenomic RNA in
CP(—)-infected cucumber protoplasts is not substantially
affected compared to that observed in WT CNV-infected
protoplasts. In addition, the overall levels of CP(—) viral
RNA appear to be higher (possibly due to increased repli-
cation and/or lack of encapsidation). These results sug-
gest that the 0.9-kb subgenomic RNA core promoter be-
gins no farther than 51 nucleotides upstream from the
subgenomic RNA start site and further suggest that
strong auxiliary promoter elements do not lie within the
deleted portions of CP(—) and PD(—). In addition, these
studies show that mutations which affect coat protein
synthesis (and thus viral RNA encapsidation) do not ap-
pear to inhibit the ability of genomic RNA to be stably
replicated.

Deletion analysis of the 5’ border of the 0.9-kb
subgenomic RNA promoter

The above analysis of PD(—) and CP(—) RNA accumu-
lation in protoplasts indicates that the promoter for the
0.9-kb subgenomic RNA lies downstream of the deleted
region, the 3’ border of which corresponds to an intro-
duced Xhol restriction enzyme recognition site at CNV
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FIG. 2. Characterization of large-scale deletion mutants used to ana-
lyze the 5’ border of the CNV 0.9-kb subgenomic RNA promoter. (A)
Diagrammatic representation of pk2/M5PD(—) and pK2/M5CP(—) dele-
tion constructs used to generate transcripts to delineate the 5’ border.
The structure of the WT CNV genome is shown in the top portion of
the diagram and relevant portions of the two deletion mutants are
shown below. Restriction enzyme cleavage sites used to generate pK2/
M5PD(—) are shown along with the sizes of the deletions in nucleotides
for both pK2/M5PD(—) and pK2/M5CP(—). (B) Accumulation of PD(—)
and CP(—) subgenomic RNAs in cucumber protoplasts. Cucumber pro-
toplasts were inoculated with equal amounts of WT, PD(—), or CP(-)
transcripts for the indicated times and one-tenth of each sample was
analyzed by Northern blotting using a *?P-labeled RNA probe comple-
mentary to the entire CNV genome. Bands corresponding to CNV geno-
mic RNA and the 2.1-, 0.9-, and 0.35-kb subgenomic RNAs are indicated.
The multiple arrowheads indicate the different sizes of the “genomic”
and “2.1-kb subgenomic” RNAs affected by the 316- and 1057-nucleo-
tide deletions in PD(—) and CP(—), respectively (see A).

nucleotide position 3733 (McLean et al., 1993). This Xhol
site, located 51 nucleotides upstream of the 0.9-kb sub-
genomic RNA start site (Rochon and Johnston, 1991),
was used as a convenient site from which to make further
downstream deletions. A schematic representation of the
deletion constructs used to map the 5’ border (with re-
spect to virion sense RNA) of the 0.9-kb subgenomic
promoter is shown in Fig. 3A.

For initial analyses, transcripts were synthesized from
selected mutants (pK2/M5XA4, A18, A22, A4l, A64,
and A74), transfected into cucumber protoplasts and the
resulting levels of subgenomic RNA (relative to genomic
RNA) were determined by Northern blot analysis. Figure
3B demonstrates that 0.9-kb subgenomic RNA levels are
not substantially affected by deletions of up to 22 nucleo-
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FIG. 3. Characterization of the deletion mutants used to refine the 5’ border of the CNV 0.9-kb subgenomic RNA promoter. (A) CNV sequences
remaining in the pK2/M5 X series following digestion of Xhol cleaved template with Bal 31 exonuclease are shown. Sequences surrounding the
WT CNV 0.9-kb subgenomic RNA are shown in the top line. The 0.9-kb subgenomic start site as well as the location of the p41 (coat protein) stop
codon and the p21 and p20 start codons are indicated. (B) Accumulation of pK2/M5 X series 0.9-kb subgenomic RNAs in cucumber protoplasts.
Cucumber protoplasts were inoculated with equal amounts of the indicated transcripts and one-tenth of the sample was analyzed by Northern
blotting using a **P-labeled nick-translated DNA probe corresponding to the CNV 3’ terminus. (B and C) Different experiments in which protoplasts
were transfected with the indicated deletion mutant for 24 hr. Each of the transcripts including XA11 (see A) were also tested at 12 hr postinoculation
with similar results (not shown). Bands corresponding to CNV genomic RNA and the 2.1-, 0.9-, and 0.35-kb subgenomic RNAs are indicated.

tides downstream of the Xhol site. However, a deletion
of 41 nucleotides is associated with decreased levels of
0.9-kb subgenomic RNA and deletions of 64 nucleotides
or more appear to abolish 0.9-kb subgenomic RNA pro-
duction.

For subsequent more refined promoter analyses, tran-
scripts carrying deletions of between 22 and 51 nucleo-
tides downstream of the Xhol site were analyzed as
above. Figure 3C indicates that deletions of up to 31
nucleotides do not noticeably affect the level of 0.9-kb
subgenomic RNA, but as before, a deletion of 41 nucleo-
tides is associated with reduced 0.9-kb subgenomic RNA
levels. In addition, a deletion of 51 nucleotides appears
to completely inhibit 0.9-kb subgenomic RNA synthesis.
The reduced levels of subgenomic RNA associated with

XAA41 suggests that the promoter for 0.9-kb subgenomic
RNA lies upstream of the 3’ border of XA41. However,
the levels of 0.9-kb subgenomic RNA appear to be unaf-
fected in XA43 which contains two additional deleted
nucleotides compared to XA41. To examine this appar-
ent anomaly in more detail, the levels of 0.9-kb subgeno-
mic RNA were analyzed at two different time points (24
and 36 hr postinoculation) following inoculation with tran-
scripts of mutants XA41, XA42, and XA43 (data not
shown). The levels of subgenomic RNA were found to be
considerably reduced in XA41, nearly absent in XA42-
infected protoplasts, but again detectable in XA43. In
addition, it was noted that the band corresponding to the
0.9-kb subgenomic appeared to be heterogeneous in
size suggesting that transcription initiation may be af-
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FIG. 4. Characterization of large-scale deletion mutants used to ana-
lyze the 3' border of the CNV 0.9-kb subgenomic RNA promoter. (A)
Diagrammatic representation of pK2/M5ANcol-Hpal and pK2/
M5ANCcol-Asull constructs used to generate transcripts to delineate
the 3’ border. The structure of the CNV genome is shown in the top
portion of the diagram and relevant portions of the two deletion mutants
are shown below. Restriction enzyme cleavage sites used to generate
the two mutants (pK2/M5ANCcol-Hpal and pK2/M5ANCcol-Asull) are
shown with the number of nucleotides deleted indicated. (B) Accumula-
tion of M5ANcol-Hpal and M5ANCcol-Asull subgenomic RNAs in cu-
cumber protoplasts. Cucumber protoplasts were inoculated with equal
amounts of the indicated transcripts and then analyzed 24 hr postinfec-
tion by Northern blotting from a 2% agarose gel using a nick-translated
cDNA probe corresponding to the 3’ terminus of CNV RNA. Bands
corresponding to CNV genomic RNA and the 2.1-, 0.9-, and 0.35-kb
subgenomic RNAs are indicated. The multiple arrowheads indicate the
different sizes of the "genomic” and “2.1-kb" and “0.9-kb" subgenomic
RNAs affected by the 286- and 504-nucleotide deletions in ANcol-Hpal
and ANcol-Asull, respectively (see A).

fected. The possible influence of sequences or structures
upstream of the deletion site when placed in conjunction
with the 0.9-kb subgenomic promoter region will be dis-
cussed further. Taken together, these deletion studies
suggest that the 5’ border of the core promoter for the
0.9-kb subgenomic RNA lies between 10 and 20 nucleo-
tides upstream of the start site for transcription.

Deletion analysis of the 3’ border of the 0.9-kb
subgenomic RNA promoter

To determine whether large-scale deletions down-
stream of the 0.9-kb subgenomic RNA start site affect
promoter function, transcripts were synthesized from
constructs carrying deletions in the p20 and p21 coding
regions. ANcol-Hpal and ANcol-Asull (see Fig. 4A) carry

deletions of 286 and 504 nucleotides, respectively, down-
stream of the Ncol site at CNV nucleotide position 3830
(which forms part of the p20 start codon and is located 50
nucleotides downstream of the transcription start site).
Figure 4B shows that both ANcol-Hpal- and ANcol-
Asull-infected protoplasts accumulate near WT levels of
the deleted forms of the "0.9-kb subgenomic RNA" (i.e.,
0.6 and 0.4 kb, respectively). In other experiments (not
shown), the deleted forms of the 0.9-kb subgenomic RNA
also accumulated to close to WT levels demonstrating
that the 3’ border of the 0.9-kb subgenomic RNA core
promoter lies within 50 nt downstream of the start site
for transcription. In addition, the observation that both of
these mutants accumulate to WT levels in protoplasts
suggests that RNA accumulation is not drastically af-
fected by the absence of either p21 or p20. Reports by
others have similarly indicated the lack of requirement
for p21 and p20 in protoplast infections by other tombus-
viruses (Dalmay et al., 1993; Scholthof et al., 1993).

A schematic diagram of the deletion constructs used
to further define the 3’ border of the 0.9-kb subgenomic
RNA promoter is shown in Fig. 5A. The Ncol site at the
5’ border of the deletion constructs described above was
used as the site from which to make further deletions
toward the 0.9-kb subgenomic RNA start site located 50
nucleotides upstream. Transcripts carrying deletions of
between 10 and 55 nucleotides were used to inoculate
cucumber protoplasts and the resulting subgenomic RNA
levels were determined by Northern blot analysis. Figure
5B demonstrates that deletions of up to 44 nucleotides
do not noticeably affect 0.9-kb subgenomic RNA levels
but that a deletion of 55 nucleotides completely inhibits
0.9-kb subgenomic RNA synthesis. These results indi-
cate that the 3’ border of the 0.9-kb subgenomic RNA
core promoter extends no further than 6 nucleotides
downstream and including the transcription start site.

Mutational analysis of the core promoter for the
0.9-kb subgenomic RNA

To investigate the effect of mutations immediately sur-
rounding the 0.9-kb subgenomic transcription initiation
site (see Fig. 5A), a BamHI site was introduced into pK2/
M5 resulting in the alteration of nucleotides in the —1,
+3, and +4 positions. These changes led to the substitu-
tion of a G for a U at position —1 (nucleotide 3784), a U
for an A at position +3 (nucleotide 3787), and a C for a
U at position +4 (nucleotide 3788) in CNV RNA. Northern
blot analysis of cucumber protoplasts transfected with
transcripts of this mutant (M5BamHI; see Fig. 6) showed
a significantly reduced level of 0.9-kb subgenomic RNA
compared to WT levels. This suggests the involvement
of any or all of the mutated nucleotides in the regulation
of 0.9-kb subgenomic RNA synthesis.

In previous work we noted that mutations in the AUG
codons which initiate translation of p21 and p20 resulted
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FIG. 5. Characterization of deletion mutants used to refine the 3’ border of the CNV 0.9-kb subgenomic RNA promoter. (A) CNV sequences
remaining in the pK2/M5 N series following digestion of Ncol cleaved template with Bal 31 exonuclease are shown. Sequences surrounding the
WT CNV 0.9-kb subgenomic RNA are shown in the top line. The 0.9-kb subgenomic start site as well as the location of the p41 (coat protein) stop
codon and the p21 and p20 start codons are indicated. (B) Accumulation of pK2/M5 N series 0.9-kb subgenomic mRNA in cucumber protoplasts.
Cucumber protoplasts were inoculated with the indicated transcripts and then analyzed 24 hr postinfection by Northern blotting using a nick-
translated cDNA probe corresponding to the 3’ terminus of CNV RNA. Bands corresponding to CNV genomic RNA and the 2.1-, 0.9-, and 0.35-kb

subgenomic RNAs are indicated.

in phenotypic changes upon infection of N. clevelandii
plants; i.e., the p21 AUG codon mutant did not accumu-
late to detectable levels and the p20 mutant accumulated
to high levels but the symptoms were dramatically atten-
uated (Rochon and Johnston, 1991). Transcripts of the
pK2/M5BamHI mutant were inoculated onto N. cleve-
landii leaves to determine if the lower level of subgeno-
mic RNA synthesis observed in protoplasts would affect
the symptoms produced in whole plants. Plants devel-
oped symptoms but the symptoms were delayed and
considerably attenuated in comparison with WT infected
plants (data not shown). In addition, analysis of viral RNA
from systemically infected leaves 18 days postinocula-
tion indicated that the 0.9-kb subgenomic RNA accumu-
lates (Fig. 6) but not to the same high levels as seen
in WT infections. Thus, the mutations surrounding the
subgenomic RNA start site affects subgenomic RNA lev-

els in protoplasts as well as in plants and the lower
levels appear to result in reduced synthesis of the corre-
sponding p21 and p20 proteins.

DISCUSSION

Deletion mapping of the promoter region for the CNV
0.9-kb subgenomic RNA has established the location of
the core promoter to be within a 26-nucleotide region
surrounding the subgenomic RNA initiation site (+1). The
5’ border of the promoter is situated within a short AU-
rich region between nucleotides —10 and —20 and the
3’ border extends no further than 6 nucleotides down-
stream of the transcription start site (see Fig. 7A). This
region was determined to be essential for subgenomic
RNA production and from examination of coat protein
deletion mutants, sequences upstream of this “core” pro-
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FIG. 6. Effects of mutations surrounding the 0.9-kb subgenomic RNA
transcription start site on subgenomic RNA levels in protoplasts and
plants. Cucumber protoplasts or plants were inoculated with WT or
M5Bam transcripts and then analyzed by Northern blotting using a
nick-translated *?P-labeled cDNA probe corresponding to the CNV 3’
terminus. Protoplasts were analyzed 24 hr postinoculation. WT CNV-
and M5Bam-infected plants were analyzed 6 or 18 days postinocula-
tion, respectively.

moter region do not appear to dramatically influence the
strength of the promoter. For comparison, subgenomic
RNA production in the alphavirus-like BMV requires a
minimum of 20 bases upstream and 16 bases down-
stream of the subgenomic RNA initiation site. However,
WT levels of RNA production require sequences ex-
tending to at least 74 nucleotides upstream and includes
a poly(A) sequence immediately upstream of the —20 to
+16 core promoter; further upstream sequences includ-
ing the ICR2-like motif (see below) influence RNA3 accu-
mulation (French and Ahlquist, 1987, 1988; Marsh et al.,
1988). Likewise, the promoter for the related cucumovi-
rus, cucumber mosaic virus (CMV) is located between
70 nucleotides upstream (which includes the ICR2-like
motif) and 20 nucleotides downstream of the initiation
site (Boccard and Baulcombe, 1993). The promoter for
AIMV is located between nucleotides —8 and —55 rela-
tive to the initiation site (plus an enhancer element be-
tween nucleotides —55 and —136; Van der Kuyl et al.,
1990) with additional downstream sequences required
for full in vivo activity (Van der Kuyl et al., 1991). One
exception to the observation that alphavirus-like subge-
nomic promoters lie primarily upstream of the transcrip-
tion initiation site is noted for beet necrotic yellow vein
virus RNA 3sub which is situated largely downstream,
extending only to position —16 in the 5’ direction and to
between +100 and +208 in the 3’ direction (Balmori et
al., 1993).

Extensive analysis of the intercistronic regions of sev-
eral members of the alphavirus-like supergroup has re-
vealed sequence motifs analogous to the downstream

portions of internal control regions (ICR2 or box B re-
gions) of RNA polymerase Ill promoters located within
tRNA genes suggesting fundamental similarities be-
tween certain members of this group (Marsh et al., 1988;
French and Ahlquist, 1988; Smirnyagina et al., 1994). The
CNV 0.9-kb subgenomic RNA core promoter was exam-
ined for elements or features in common with the ICR2-
like motifs found in the cis-acting replication sequences
of several members of the alphavirus-like supergroup
and obvious similarities were not apparent. The 0.9-kb
subgenomic promoter also shares little homology with
other putative cis-acting sequences within the CNV ge-
nome (i.e., sequences at the 5’ terminus of genomic RNA
and those surrounding the 2.1-kb subgenomic RNA; see
Fig. 7B). The lack of similarity between the 0.9-kb subge-
nomic RNA promoter and the region surrounding the
transcription initiation site for the 2.1-kb subgenomic
RNA may reflect their independent regulation by different
trans-acting factors within the replicase complex as has
been suggested to be the case for the tobacco mosaic
virus subgenomic RNAs (Lehto et al., 1990). Some homol-
ogy is predicted to occur between subgenomic RNA pro-
moters and sequences at the 5’ terminus of the genome
since the viral replicase (with its associated factors) is
expected to recognize and interact with specific (—)
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CymRSV 1.0 GUAGUUGCAUUGCACAGGAAGGGGCUUCUUGAACCUAAC
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AMCV 0.9 UAAUUUAGUGAGUCCUGUGAGGGGCCUCUUGAACUAGAC
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FIG. 7. Sequences surrounding the CNV 0.9-kb subgenomic promoter
and comparison with other putative promoters. (A) The CNV 0.9-kb
subgenomic promoter and comparison to sequences surrounding the
subgenomic start site of the analogous region of other tombusviruses.
The subgenomic start site for each viral RNA is indicated with a caret.
Sequences which comprise the CNV core promoter as defined in this
study are shown in capital letters. The underlined sequences corre-
spond to the stop codon for the coat protein. Double asterisks indicate
identity between all four sequences and single asterisks identity at
three of four positions. (B) Comparison of the CNV 0.9-kb promoter
with sequences surrounding the CNV 2.1-kb coat protein subgenomic
RNA start site and sequences at the 5’ terminus of CNV genomic RNA.
The caret corresponds to the start sites for the 0.9-kb (Rochon and
Johnston, 1991) and 2.1-kb subgenomic RNA (unpublished data) and
the position of the CNV genomic RNA 5’ nucleotide. Asterisks indicate
nucleotide identity between the 0.9-kb promoter and either of the other
two sequences. The italicized AG in the CNV 5’ sequence are the
presumed first and second nucleotides based on analyses of dimer
junctions in CNV DI RNAs (Finnen and Rochon, 1995).
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strand signals for (+) strand RNA synthesis (Pacha et
al., 1990; Pogue et al., 1990). Similarities between the
transcription start sites of the subgenomic mRNAs and
the 5’ end of genomic RNA within individual viruses have
been noted for other members of the flavivirus-like super-
group, e.g., BYDV-PAV (Kelly et al., 1994) and maize chlo-
rotic mottle virus (Lommel et al., 1991) as well as the
alphavirus-like BMV (Marsh and Hall, 1987; Marsh et al.,
1989), cowpea chlorotic mottle virus (Allison et al., 1989),
CMV (Boccard and Baulcombe, 1993), AIMV (Van der Kuyl
et al.,, 1990), and tobacco rattle virus (TRV; Cornelissen et
al., 1986; Goulden et al., 1990).

The core promoter for CNV 0.9-kb subgenomic RNA
synthesis contains significant sequence homology to
analogous regions in the genomes of other members of
the tombusvirus group (see Fig. 7A). The regions sur-
rounding the 0.9/1.0-kb subgenomic RNA transcription
initiation site of tomato bushy stunt (Hillman et al., 1989),
cymbidium ringspot (Grieco et al., 1989), and artichoke
mottle crinkle virus (Tavazza et al., 1994) each contain a
14-nucleotide AGGGGCY/.UCUUGAA element which is
identical or near-identical (with the exception of one nu-
cleotide) to nucleotides —11 to +3 relative to the tran-
scription start site of CNV. The 5’ border of this region
of near-identity between the viral sequences is located
one nucleotide upstream of the region remaining after
the XA41 deletion, the smallest deletion to significantly
alter 0.9-kb subgenomic RNA accumulation (see Fig. 3B).
This observation suggests that the core promoter may
be even smaller than the 26-nucleotide region deter-
mined by deletion analysis; however, further experiments
would be required to substantiate this suggestion. The
importance of the core promoter was further demon-
strated by the drastically reduced levels of 0.9-kb sub-
genomic RNA directed by mutants carrying nucleotide
substitutions in the —1 and +3 (and +4) positions within
this region.

Comparison of sequences remaining after the XA41
deletion and the XA43 deletion (the latter of which ap-
pears to restore 0.9-kb subgenomic RNA production; see
Fig. 3B) reveals no obvious homology between the area
upstream of the deletion site and the 0.9-kb subgenomic
RNA promoter region aside from a G in the —20 position
relative to the initiation site which is present in XA43 but
not in XA41. However, it is still possible that the partial
restoration of 0.9-kb subgenomic RNA promoter activity
for XA43 could be explained by a fortuitous juxtaposition
of sequence upstream of the deleted region with those
contained in the 0.9-kb subgenomic RNA promoter, or
alternatively, by an alteration in secondary structure due
to the deletion.

In addition to contributing to the delineation of the
0.9-kb subgenomic RNA core promoter, the large-scale
deletion mutants used in this study also demonstrate the
dispensable nature of the CNV p4l coat protein, p20,
and the p21 movement protein for replication and accu-

mulation of genomic and subgenomic RNAs in proto-
plasts. This contrasts with the requirement of coat protein
in systemic movement (Sit et al., 1995) and p21 in cell-
to-cell movement in plants (unpublished observations).
The absence of coat protein and movement protein
genes might be expected to affect RNA accumulation
since their products either encapsidate (in the case of
coat protein) or possibly bind viral RNA (if p21 is indeed
analogous to other cell-to-cell movement proteins; see
Citovsky and Zambryski, 1993) and therefore function to
protect the RNA. However, these and other experiments
in which the AUG codons for p20 and p21 were changed
to non AUG codons (unpublished data) show that, in the
absence of these proteins, overall genomic and subge-
nomic RNA accumulation is not drastically reduced and
the ratio of genomic to subgenomic RNA does not appear
affected in protoplasts over the time periods used.
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