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The putative subgenomic RNA (sgRNA) promoter regions upstream of the potato virus X (PVX) triple block and coat
protein (CP) genes contain sequences common to other potexviruses. The importance of these sequences to PVX sgRNA
accumulation was determined by inoculation of Nicotiana tabacum NT1 cell suspension protoplasts with transcripts derived
from wild-type and modified PVX cDNA clones. Analyses of RNA accumulation by S1 nuclease digestion and primer extension
indicated that a conserved octanucleotide sequence element and the spacing between this element and the start-site for
SgRNA synthesis are critical for accumulation of the two major sgRNA species. The impact of mutations on CP sgRNA
levels was also reflected in the accumulation of CP. In contrast, genomic minus- and plus-strand RNA accumulation were
not significantly affected by mutations in these regions. Studies involving inoculation of tobacco plants with the modified
transcripts suggested that the conserved octanucleotide element functions in sgRNA accumulation and some other aspect

of the infection process. © 1997 Academic Press

INTRODUCTION

Potato virus X (PVX) is the type member of the potex-
virus group of plant, plus-strand RNA viruses (Bercks,
1970; Milne, 1988). The flexuous rod-shaped particles
contain a 6.4-kb genomic RNA that is capped and polyad-
enylated. Of the five open reading frames (ORFs) en-
coded by the PVX genome (Huisman et al., 1988; Skryahin
et al., 1988), only the product of ORF1, the viral replicase,
is absolutely required for RNA synthesis. Products of the
three internal, overlapping reading frames (ORF 2—ORF
4), which are referred to as the triple block (TB) genes,
are necessary for virus movement (Beck et al., 1991;
Angell et al., 1996). ORF5 encodes the coat protein (CP),
which is necessary for encapsidation and for virus move-
ment (Chapman et al., 1992a; Baulcombe et al., 1995,
Oparka et al., 1996). PVX infection results in production
of various species of PVX RNAs (Dolja et al., 1987) and
proteins corresponding to each of the ORFs (Price, 1992).
Genomic minus-strand RNAs, genomic and subgenomic
plus-strand RNAs, and double-stranded versions of these
RNAs have been detected (Dolja et al., 1987). Similar RNA
species have been synthesized in vitro using membrane-
containing extracts derived from infected plants (Doronin
and Hemenway, 1996). The PVX replicase is likely to be
the only protein translated directly from the genomic
RNA, whereas 3’ coterminal subgenomic RNAs (sgRNAS)
serve as the templates for translation of other viral pro-
teins (Grama and Maior, 1990; Morozov et al., 1990). The
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two major sgRNA species of approximately 2.1 and 0.9
kb in length have their 5’ termini upstream of the TB
and CP genes, respectively (Dolja et al., 1987; Kim and
Hemenway, 1996).

The cis- and trans-acting regulatory functions and the
mechanisms for PVX RNA synthesis are not well-charac-
terized. White et al. (1992) determined that a hexanucleo-
tide sequence (5'-ACUUAA-3') located in the 3’ nontrans-
lated region (NTR) of various potexvirus genomic RNAs
is important for the replication of clover yellow mosaic
virus. Recently, Sriskanda et al. (1996) reported that an
8-nucleotide, U-rich motif located downstream of the con-
served hexanucleotide in the 3’ NTR of PVX RNA serves
as a target for binding of host proteins and is required
for minus-strand RNA synthesis. Deletion of elements
in the PVX 5" NTR inhibits both genomic and sgRNA
accumulation, but minus-strand RNA levels are relatively
unchanged (Kim and Hemenway, 1996). Additionally,
both sequence and structural elements in the 5° NTR
affect plus-strand RNA levels (E. D. Miller and C. Hemen-
way, unpublished data). Although a study by Chapman
et al. (1992b) demonstrated that a region around the 5’
end of the CP gene (nt 5586-5666) can direct synthesis
of a reporter gene in a PVX vector, detailed analyses of
the cis-acting elements required for sgRNA synthesis are
lacking.

Alignment of several potexvirus RNA sequences has
revealed nucleotide conservation upstream of the puta-
tive sgRNA initiation codons (Skryabin et al., 1988; Sit et
al., 1989; Zuidema et al., 1989; White and Mackie, 1990;
Bancroft et al., 1991; Solovyev et al., 1994). Additionally,
White et al. (1990) observed that the conserved se-

0042-6822/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.


https://core.ac.uk/display/82622271?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

188 KIM AND HEMENWAY

guences are similar to the hexanucleotide element lo-
cated near the 3’ end of potexviral genomic RNA and
proposed that these elements may represent recognition
sites for the replicase. Sequence elements important for
sgRNA synthesis of several plant tricornaviruses, some
of which are similar to the internal coding regions of
tRNA genes, are not represented in potexviral genomes
(for review, see Duggal et al., 1994).

In this study, we analyzed the effect of mutations in
regions upstream of the two major PVX sgRNAs on the
accumulation of plus- and minus-strand PVX RNAs in
tobacco plants and protoplasts. Our data indicate that a
conserved octanucleotide element, which includes the
hexanucleotide element reported by White et al. (1992),
is important for sgRNA accumulation in protoplasts and
may also function in other aspects of PVX infection in
plants. Spacing between these conserved elements and
the 5’ ends of the sgRNAs, as well as the identity of
the start-site nucleotides, may also be important for PVX
sgRNA accumulation.

MATERIALS AND METHODS
Materials

All restriction enzymes, S1 nuclease, T7 RNA polymer-
ase, and cap analogue were obtained from New England
Biolabs. RQ1 RNase-free DNase | and Sequenase were
purchased from Promega and U.S. Biochemicals/Amer-
sham, respectively. Avian myeloblastosis virus reverse
transcriptase was purchased from Life Sciences. Re-
agents for protoplast digestion were purchased from Ya-
kult Honsha Co., Ltd. and Karlan Research Products.

Construction of site-directed mutants

Construction of the PVX wild-type (wt) plasmid,
pPMONB8453, and a replication-defective control plasmid,
p32, was described previously (Hemenway et al., 1990;
Kim and Hemenway, 1996). Mutations located upstream
of the TB and CP sgRNAs were constructed by site-
directed mutagenesis of pMON8453 ssDNA templates
using synthetic oligonucleotides as described by Kunkel
et al. (1985). All site-directed mutations were verified by
sequencing, and the mutated regions were resected
back into the wt background. BstEll and Aflll sites were
used for resection of TB mutants, and CP mutants were
resected using Bsu36l and Nhel. The final mutant con-
structs were confirmed by sequencing through the entire
resected regions.

RNA transcription

RNA transcripts were generated from Spel-linearized
cDNA templates using T7 RNA polymerase as described
by Kim and Hemenway (1996). Briefly, 5 ug of DNA tem-
plates were incubated at 37° in a 100-ul reaction con-
taining 40 mM Tris—HCI, pH 7.9, 6 mM MgCl,, 2 mM

spermidine, 10 mM DTT, 100 pg/ml BSA, 40 units RNasin,
100 uM ATP, CTP, and UTP, 125 yM GTP, 100 uM
m’GpppG, and 20 units of T7 RNA polymerase. After 10
min, GTP was added to 50 uM final concentration, and
the reaction was incubated for an additional 50 min. In-
tegrity and relative concentration of purified transcripts
were determined by agarose gel electrophoresis at 5°.

Protoplast isolation and inoculation

Protoplasts from Nicotiana tabacum cv. Samsun NN
suspension culture (NT1) were prepared according to An
(1985) and Fontes et al. (1994). Protoplasts were digested
with 0.75% cellulase, 0.1% pectolyase Y3, in 20 mM 2-
(N-morpholino)ethanesulfonic acid, 0.4 M mannitol, pH
5.5. After digestion, protoplasts were washed twice with
0.4 M mannitol, pH 5.5, and resuspended in electropora-
tion buffer containing 0.8% NaCl, 0.02% KCI, 0.02%
KH,PQ,, 0.11% Na,HPQO,, 0.4 M mannitol, pH 6.5. Approx-
imately, 2 x 10° protoplasts were inoculated with 5 ug
of RNA transcripts by electroporation (250 V, 500 uF).
After inoculation, each protoplast sample was treated
with RNase A (1 pg/ml) to remove uninoculated input
RNA and incubated at room temperature under constant
fluorescent light for up to 48 hr.

RNA analyses

Total RNA was isolated from inoculated protoplasts
using Trizol reagent at 48 hr postinoculation (hpi). For
detection of plus- and minus-strand PVX RNAs, total RNA
from 4 x 10° and 1.6 X 10° protoplasts was hybridized
to 3?P-labeled strand-specific probes (1.5 x 10* cpm), P1
and P3 (Fig. 1), respectively, and subsequently digested
with S1 nuclease (Kim and Hemenway, 1996). Accumula-
tion of TB and CP sgRNAs was measured by primer
extension according to Kim and Hemenway (1996), ex-
cept that total RNA from 8 x 10° protoplasts was used.
Specifically, total RNA was annealed to 0.5 pmol (5 X
10° cpm) of 5’ end-labeled oligonucleotide primers com-
plementary to the TB region (nt 4584-4600; ePtb) or to
the CP gene (nt 5710-5725; ePcp). Products from S1
nuclease digestion and from extension reactions were
separated on 6%-polyacrylamide sequencing gels and
visualized by autoradiography. Probes and primers were
determined to be in excess by hybridization of equal
amounts of probe/primer to RNA isolated from increasing
amounts of infected protoplasts. Signals increased lin-
early when hybridizations included RNA isolated from 10
to 100% of protoplast samples (data not shown). Relative
molar amounts of PVX RNAs in each sample were deter-
mined by using Image Quant software on a Molecular
Dynamics Phosphorimager. Microsoft Excel was used
for statistical calculations. Because of variability inherent
in the protoplast experiments, Student's two-tail t tests
were used to calculate confidence levels for values that
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differed from wt. Differences were considered significant
if the P value was <0.05.

For Northern blot analysis, RNA from 8 x 10° proto-
plasts were electrophoresed on a 1% agarose/6% formal-
dehyde gel and transferred to GeneScreen (Dupont)
membrane by electroblotting at 10V for 2 hr in 256 mM
sodium phosphate buffer, pH 5.5. The membrane was
hybridized with %2P-labeled (6 x 107 cpm) full-length, mi-
nus-strand RNA transcript for 16 hr at 55° (Sambrook et
al., 1989).

Plant inoculations and phenotype analysis

Capped transcripts (5 pg) derived from pMON8453 or
from mutant clones were resuspended in 0.1 M phos-
phate buffer (pH 8.0) and inoculated onto two leaves of
individual N. benthamiana plants (Hemenway et al.,
1990). Inoculated plants were maintained at 25° in 14 hr
light and at 22° in 10 hr dark, and were monitored for
symptom development for up to 28 days postinoculation
(dpi). At 7 dpi, 0.15 g tissue from two inoculated or two
upper leaves was homogenized in 0.5 ml of buffer con-
taining 10 mM HEPES, pH 7.9, 10 mM KCI, 0.1 mM EDTA,
1 mM DTT, and 0.5 M PMSF. Samples were centrifuged
for 15 min at 10,000 g and the supernatants were utilized
for protein analysis.

Protein analysis

For analysis of CP accumulation in protoplasts at 48
hpi, 2 x 10° protoplasts (20 ug total protein) were resus-
pended in 30 wl of Laemmli loading buffer (Laemmli,
1970), electrophoresed on 12%-polyacrylamide/SDS gels,
and blotted onto nitrocellulose membrane (Towbin et al.,
1979). For analysis of CP accumulation in infected plants,
20 pl of plant extracts (27 ug total protein) were similarly
analyzed. The blots were probed with antiserum pre-
pared against purified PVX, and products were visualized
using a Biotin/StreptAvidin alkaline phosphatase kit (Am-
ersham).

Computer-generated figures

Images depicted in figures were derived from Phos-
phorimager files or by scanning autoradiograms with a
UMAX Powerlook Il scanner and were directly imported
into Adobe Photoshop on a Power Macintosh.

RESULTS

Timecourse of TB and CP sgRNA accumulation in
protoplasts

The timecourse for accumulation of the TB and CP
SgRNAs in protoplasts was determined to evaluate the
relative accumulation of these RNAs and to ascertain an
appropriate timepoint for subsequent mutational studies.
N. tabacum NT1 cell suspension protoplasts were inocu-
lated with capped transcripts derived from the wt PVX
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FIG. 1. Detection of PVX sgRNA accumulation. (A) A schematic repre-
sentation of the PVX genome depicts the five ORFs, which are denoted
by open boxes. Relative positions of the probes, P1 and P3, used in
the S1 nuclease protection assay for detection of plus-strand and mi-
nus-strand RNAs, respectively, are indicated; asterisks denote the 2P-
labeled positions of these probes. Two arrows drawn below the first
of the TB ORFs and the CP ORF are labeled ePtb and ePcp, respectively,
and represent the locations of primers used for primer extension detec-
tion of sgRNA accumulation. (B and C) N. tabacum cv. Samsun suspen-
sion culture protoplasts (NT1) were inoculated with wt PVX RNA tran-
scripts derived from pMONB8453 and were harvested at various hpi.
Total RNAs extracted from 8 x 10° protoplasts or 0.5 ug of purified
PVX viral RNA (—) were extended with ePtb (B) or ePcp (C) primers,
and extension products were separated on 6% sequencing gels. Se-
quences of PVX RNA (A, C, G, and U) generated with the same primers
are indicated. The positions of primary extension products are num-
bered and marked by arrows.

cDNA clone, pMONB8453. Total RNA was extracted at
various times after inoculation and the accumulation of
TB and CP sgRNAs was determined by primer extension
analysis using primers, ePtb and ePcp, which are com-
plementary to nt 4584 to 4600 and 5710 to 5725, respec-
tively (Fig. 1A). Purified genomic RNA was also extended
using the same primers to determine the positions of
background stops generated by genomic plus-strand
RNA in inoculated protoplasts.

As previously demonstrated (Kim and Hemenway,
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1996), the major extension products for ePtb (Fig. 1B)
and ePcp (Fig. 1C) were 7 and 5 nt upstream of the
initiation codons for the first of the TB proteins and CP,
respectively. These positions are likely to correspond
to the start-sites for transcription, assuming that these
products did not arise from cleavage of transcripts initi-
tated upstream. Subgenomic RNA for TB was detectable
as early as 5 hpi, and reached maximum levels at 12—
24 hpi. Then the levels were reduced by approximately
50% and maintained for up to 96 hpi. Onset of accumula-
tion of CP sgRNA was detectable slightly later, at 8 hpi,
and peaked at 36—42 hpi. These levels were maintained
for up to 96 hpi, which was the last timepoint analyzed.
This pattern of accumulation was also observed when
CP levels were monitored over time (data not shown).
These data indicate that accumulation of the TB sgRNA
occurred prior to that of CP sgRNA, but the maximum
levels of the TB sgRNA were lower than those observed
for CP sgRNA. Based on the data obtained from several
timecourse studies, we chose to isolate RNA from inocu-
lated protoplasts at 48 hpi for subsequent analyses of
cis-acting elements that affect SgRNA accumulation.

Accumulation of genomic plus- and minus-strand
RNA is not substantially affected by mutation of
sequences upstream of the TB and CP genes

To evaluate the effects of mutations in regions up-
stream of the TB and CP genes on PVX RNA accumula-
tion, levels of genomic plus- and minus-strand RNAs,
as well as sgRNAs were analyzed. As shown in Fig. 2,
alignments of these regions indicated an identical octa-
nucleotide element upstream of both PVX TB and CP
genes, which is also present in many of the other potex-
viruses. The conserved hexanucleotide element dis-
cussed (White et al., 1992) is within this octanucleotide
sequence. A more detailed comparison of these regions
for our PVX sequence is illustrated in Fig. 3. The se-
guence upstream of the AUG for the first of the TB genes
(A) contains an octanucleotide element immediately
downstream of the UAA termination codon for the PVX
replicase gene. In contrast, a similar element upstream
of the CP gene (B) lies within the C-terminal coding re-
gion of the third TB gene. The distance between the
conserved octanucleotide element and the transcription
start-site is 14 nt for both TB and CP genes.

Four basic types of site-directed mutations were intro-
duced into these regions (Fig. 3). Four mutations (TB1—
TB4 and CP1-CP4) altered one or more nucleotides
within the octanucleotide element. Because this element
lies within the coding sequence of the third TB gene, the
CP1, CP3, and CP4 mutations were designed to conserve
codons. Mutant CP2 produces a codon change from ser-
ine to threonine. Although both of these codons have
polar, uncharged sidechains, they may differentially af-
fect protein structure and/or function. Although coding

Upstream of Triple Gene Block

PVX CUUUAACC GUUAAGUU ACCUUAUA - 12nt- AUG
BAMV  AUUCUCUA GUUAAGUA ACCUAUUA - 15nt- AUG
CCMV  GUGACAUG AUUAAGUU GGGUGCCU - 22nt- AUG
CYMV  GAACACUU GUUAAGUU UGGUGGUA - 24 nt - AUG
FXMV  GGUUUUGA GUUAGGGU AACUCCAC - 17 nt- AUG
LVX AAGAAGGG GUUAAGUU ACCGCUGA - 6 nt- AUG
NMV CGCUACCG GUUAAGUU CAUUGCCU - 16 nt - AUG
PMV GUUCCAUA GUUAAGUC AGGAGGAG - 30 nt- AUG
PIAMV  GUGACUUA GUUAAGUU UGGAGGAU - 24 nt- AUG
PAMV  UCUAGGAG GUUAAGUU ACCUUUAA - 7 nt- AUG
SMYEAV GAUUAGGG GUUAAGUU ACCAUUCU - 31 nt- AUG
WCIMV  GACUACGG GUUAAGAG ACCUUAAG -  5nt- AUG

Upstream of Coat Protein Gene

PVX GUUGAAAC GUUAAGUU UCCAUUGA - 10 nt- AUG
BAMV UAGGGUUU GUUAAGUU UCCCUUUU - 19 nt- AUG
CCMv CCAUACGG GUUAAGUU UGCCUAAG -  4nt-AUG
CYMV CAACCACG GUUAAGUU ACCCAAAA - 14 nt- AUG
Cymv UGGCGAGG GUUAAGUU ACCACAAU - 14 nt- AUG
FXMV UUGAGGGU GUUAGGGU AACCAACC - 53nt - AUG
LVX GCAUCGGG GUUAAGUU GCCAGAAA - 16 nt - AUG
NMV GGAACGGG GUUAAGUU UCCUUUAU - 54 nt- AUG
PMV UACACGGG CUUAGG AA CUAGCUUC - 25nt-AUG
PIAMV CCCUAGAG GUUUAAGU UGGAACAG - 28 nt- AUG
PAMV UGGAACGG GUUAAGUU UCCAUUUA - 46 nt - AUG
SMYEAV AUUUUAGC GUUAAUUA CCGCUGCA - 56 nt- AUG
WCIMV  AACCACGG GUUAAGUU UACCAUCU - 12nt-AUG

FIG. 2. Alignment of the putative promoter sequences for several
potexvirus sgRNAs. Shown are sequences from the genomic RNAs of
our PVX strain (unpublished data), bamboo mosaic virus (BaMV) (Lin
et al., 1994a), cassava common mosaic virus (CCMV) (Calvert et al.,
1995), clover yellow mosaic virus (CYMV) (Sit et al., 1990), cymbidium
mosaic virus (CyMV) (Chia et al., 1992), foxtail mosaic virus (FMV)
(Bancroft et al., 1991), lily virus X (LVX) (Memelink et al., 1990), narcissus
mosaic virus (NMV) (Zuidema et al., 1989), papaya mosaic virus (PMV)
(Sit et al., 1989), plantago asiatica mosaic virus (PIAMV) (Solovyev et
al., 1994), potato aucuba mosaic virus (PAMV) (Xu et al., 1994), straw-
berry mild yellow edge-associated virus (SMYEAV) (Jelkmann et al.,
1992), and white clover mosaic virus (WCIMV) (Forster et al., 1988).
Proposed consensus sequences are shown in bold. AUG denotes initi-
ation codons for the first TB protein (top panel) and CP (bottom panel).

constraints were not an issue for the octanucleotide ele-
ment upstream of the TB genes, mutations introduced
were identical to those placed in this element for the CP
gene. Mutations TB5 and CP5 changed the G residues
at the putative transcription start-sites for TB and CP
sgRNAs to A and U, respectively. The result of mutations
TB6 and CP6 was the creation of a Bglll site, which
resulted in changing 5/6 and 4/6 nt upstream of the puta-
tive 5’ ends of TB and CP sgRNAs, respectively. In the
CP6 mutation, the UGA termination codon for the third
TB gene was converted to a UAG termination codon.
Three nt were deleted in mutants TB7 and CP7 to reduce
spacing between the octanucleotide element and the 5’
ends of the sgRNAs.

Transcripts derived from wt and mutated cDNA clones
were inoculated into N. tabacum NT1 cell suspension
protoplasts and analyzed for PVX RNA accumulation at
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FIG. 3. Site-directed mutations in regions upstream of PVX sgRNAs.
Sequences in PVX plus-strand RNA located upstream of the first of the
TB genes (A) and the CP gene (B) are indicated, with the conserved
8-nt elements shown in large type face. Arrows indicate site-directed
mutations or deletions (--) in the TB (TB1-TB7) and CP (CP1-CP7)
upstream regions of wt sequences.

48 hpi. Total RNAs were extracted from protoplasts, hy-
bridized to probes P1 and P3 (Fig. 1), and digested with
S1 nuclease for detection of plus- and minus-strand RNA,
respectively. Data shown in Fig. 4 represent typical auto-
radiograms of the S1 analyses (A and B) and graphic
displays of relative average levels for three experiments
(C and D). Minus-strand RNA accumulation (Figs. 4A and
4C) in mutant-inoculated protoplasts reached levels from

A.

TB Mutants CP Mutants

2 3 45 6171

=TXT W 32 wt 1 2 3 45 67

— SR R T e e—_—

B.
CP Mutants

1234567

TB Mutants

+TXT W 32 wt1 2 3 456 7

@ eveas eeavesmugs e

o

Relative Levels

o

Relative Levels

191

85-159% of levels detected in wt-inoculated protoplasts.
Based on statistical analyses, only the reduction to 88%
in protoplasts inoculated with TB3 was significant at the
95% confidence level. The increase in average minus-
strand levels above wt levels observed for several of the
mutants were not significant. Additional experiments will
be required to determine if such increases would be
significant with a larger sample size. Plus-strand RNA
levels (Figs. 4B and 4D) were approximately 69—123%
compared to wt levels. Although several of the mutants
exhibited approximately a 30% reduction in plus-strand
RNA relative to wt levels, only the decrease observed
for mutant TB5 was significant. No protected fragments
corresponding to minus- or plus-strand PVX RNAs were
detectable in protoplasts inoculated with p32 transcripts,
which serve as a nonreplicating, input RNA control.
These data indicate that modifications of the octanucleo-
tide element and sequences between this element and
the 5" end of the sgRNAs did not substantially alter accu-
mulation of PVX genomic plus- and minus-strand RNAs.

Modification of octanucleotide elements affects
sgRNA accumulation

The effects of the TB 1-4 and CP 1-4 mutations on
SgRNA accumulation were analyzed by primer extension.
Total RNAs extracted from protoplasts at 48 hpi were
hybridized to end-labeled primers, ePtb (Fig. 5A) and
ePcp (Fig. 5B), for extension of TB and CP sgRNAs, re-
spectively. Quantification of relative average values from
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FIG. 4. Effects of mutations on genomic plus- and minus-strand RNA accumulation in protoplasts. N. tabacum NT1 cell suspension protoplasts

were inoculated with water (W), control transcripts derived from p32 (replication defective control) and pMONB8453 (wt

), and with mutant transcripts

(TB1-7 and CP1-7). Total RNAs were isolated from 1.6 X 10° protoplasts for minus-strand RNA analysis (A) or 4 X 10° protoplasts for plus-strand
RNA detection (B) and were hybridized to strand-specific probes P3 and P1, respectively. Hybridized RNAs were analyzed by S1 nuclease protection
assay and separated on 6% sequencing gels. The first lanes in A and B contain protected fragments obtained by hybridization to minus- (—TXT)
and plus-strand (+TXT) RNA transcripts, respectively. C and D illustrate relative average values for genomic minus- and plus-strand RNA accumulation
that were obtained by quantitating the signal in each lane using a Molecular Dynamics, Inc. Phosphorimager. The mean values from three
independent experiments (different protoplasts and different transcript preparations) are shown, along with standard error bars.
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FIG. 5. Effects of mutations on sgRNA accumulation. Total RNAs extracted from 8 x 10° protoplasts inoculated with wt or mutant transcripts
(TB1-7, CP1-7) were annealed to ePtb (A) or ePcp (B) for primer extension. Products were separated on 6% sequencing gels, and positions of
primary extension products are indicated by arrows. A quantitative comparison of the TB and CP extension products is depicted in C and D,

respectively; values were calculated as described in the legend for Fig. 4.

three primer extension experiments are shown in Figs.
5C and 5D.

All modifications to the octanucleotide element up-
stream of the TB genes significantly decreased accumu-
lation of TB sgRNA (Figs. 5A and 5C). In protoplasts inoc-
ulated with mutants TB1, TB2, and TB3, corresponding
SgRNA levels were 43, 38, and 37%, respectively, com-
pared to that of wt. The greatest reduction in TB sgRNA
accumulation to 3% of wt levels was observed in proto-
plasts inoculated with octanucleotide mutant TB4. In con-
trast, the TB1-4 mutations resulted in levels of CP sgRNA
that were generally greater than those in protoplasts in-
oculated with wt transcripts (Figs. 5B and 5D). However,
only the 79% increase in CP sgRNA observed with mutant
TB2 was significant. To address the correlation between
CP sgRNA levels and production of CP, protoplasts inoc-
ulated with TB mutants were also assayed for CP produc-
tion by Western blotting. As shown in Fig. 7A, approxi-
mate wt levels of CP were produced in protoplasts inocu-
lated with TB1-TB3 transcripts, whereas CP levels were
somewhat reduced in TB4-inoculated protoplasts. Be-
cause of the variability inherent in these experiments,
larger sample sizes will be needed to determine if small
differences in RNA and CP levels are consistent and
significant. It can be concluded from these that the octa-
nucleotide element upstream of the TB genes is im-
portant for accumulation of TB sgRNA.

In contrast to effects of mutations in the octanucleotide

element upstream of TB on TB sgRNA accumulation, only
the CP4 mutation resulted in a significant reduction in
CP sgRNA accumulation to 9% of wt levels. CP sgRNA
levels in protoplasts inoculated with mutants CP1-CP3
were not significantly different than wt levels. A correla-
tion between CP sgRNA and CP accumulation was ob-
served (Fig. 7B). CP levels in protoplasts inoculated with
mutants CP1-CP3 were similar to those in wt-inoculated
protoplasts, whereas CP was not detectable in proto-
plasts inoculated with mutant CP4. In general, levels of
TB sgRNAs were significantly decreased by 15-30% in
protoplasts inoculated with the CP1-CP4 mutants (Figs.
5B and 5D). These data indicate that modifications to the
octanucleotide element differentially affect TB and CP
sgRNA accumulation.

Because protoplasts inoculated with CP4 exhibited re-
duced CP sgRNA and CP levels, we additionally analyzed
the CP mutants by Northern blotting to ensure that the
near wt levels of plus-strand RNA detected by S1 analy-
ses reflected intact plus-strand RNA. As indicated in Fig.
6, CP sgRNA levels were substantially reduced in proto-
plasts inoculated with mutant CP4, which is consistent
with the primer extension data. In addition, all CP mu-
tants exhibited similar levels of intact genomic-length,
plus-strand RNA, regardless of the CP sgRNA levels.
Thus, the signals detected for plus-strand RNA by S1
analysis of the CP mutants were representative of full-
length products. Northerns were not further utilized for
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FIG. 6. Northern blot analysis of CP mutants. Total RNAs isolated
from 8 X 10° protoplasts inoculated with transcripts from a replication
defective clone (32), wt clone (53), and mutants CP1-CP7 were electro-
phoresed on a 1% agarose/6% formaldahyde gel. Transcript controls
(20 ng) corresponding to CP, full-length minus-strand (—), and full-
length plus-strand (+) PVX RNA were also loaded. The gel was blotted
to GeneScreen membrane and probed with *2P-labeled, full-length mi-
nus-strand transcript (5 X 10° cpm/lane). Positions corresponding to
genomic-length PVX RNA (g), TB sgRNA (TB), and CP sgRNA (CP) are
noted at the right side of the autoradiogram.

our studies because the S1 and primer extension meth-
ods were more reproducible and quantitative.

Alterations in the regions between the octanucleotide
elements and the translation initiation codons have
differing effects on sgRNA accumulation

To begin to analyze the importance of sequences lo-
cated between the octanucleotide conserved sequence
and the translation initiation codons, three additional mu-
tant sets were inoculated into protoplasts. Of the muta-
tions in this region, TB6 and CP6 had no substantial
effect on sgRNA accumulation. The TB6 mutation con-
taining 5-nt changes produced approximately 86% of wt
TB sgRNA (Figs. 5A and 5C). Slightly higher than wt CP
sgRNA (Figs. 5B and 5D) and somewhat reduced CP
levels (Fig. 7A) were observed. Again, a larger sample
size will be necessary to assess the significance of these
smaller differences in RNA and CP levels. In protoplasts
inoculated with the CP6 mutant, levels of CP sgRNA, CP,
and TB sgRNA did not differ significantly from corre-
sponding wt levels (Figs. 5C, 5D, and 7B). These data
suggest that the altered residues were not critical for
either TB or CP sgRNA accumulation or were changed
to acceptable replacement nucleotides.

The TB5 and CP5 mutations were designed to change
the putative 5’ G of the corresponding sgRNAs to an A
and U, respectively. As indicated in Fig. 5, TB sgRNA
levels were significantly reduced to 14% of wt in proto-
plasts inoculated with mutant TB5 (Figs. 5A and 5C), but
levels of CP sgRNA (Figs. 5B and 5D) and CP (Fig. 7A)
were not significantly affected. Modification to the 5’ nt
of the CP sgRNA in mutant CP5 resulted in approximately
a 50% reduction of the average CP sgRNA levels (Figs.
5B and 5D) and a decrease in CP accumulation (Fig. 7B),

but the sgRNA levels did not differ significantly from wit.
TB sgRNA accumulation (Figs. 5A and 5C) was not af-
fected by the CP5 mutation. Thus, modification of the
putative 5’ G of the TB sg RNA to an A resulted in approxi-
mately a sevenfold reduction of TB sgRNA accumulation,
whereas conversion of the 5’ G of CP sgRNA to a U did
not significantly alter CP sgRNA levels.

Greater than 10-fold reductions in sgRNA accumula-
tion were observed in protoplasts inoculated with the
TB7 and CP7 mutants, which contain deletions of 3 nt
between the octanucleotide element and the putative
5’ end of the sgRNAs. In protoplasts inoculated with
mutant TB7, accumulation of TB sg RNA (Figs. 5A and
5C) was reduced to 8% of wt levels. Although average
CP sgRNA levels (Figs. 5B and 5D) were slightly higher
than wt levels in these samples, these differences
were not significant. Similarly, CP sgRNA levels (Figs.
5B and 5D) were reduced to 4% of wt accumulation in
protoplasts inoculated with mutant CP7. This signifi-
cant reduction in CP sgRNA was also accompanied by
a consistent, corresponding reduction in CP accumula-
tion (Fig. 7B), but did not affect TB sgRNA accumulation
(Figs. 5A and 5C). Thus, nt 4474-4476 and 5640-5642
are critical for accumulation of TB and CP sgRNA, re-
spectively. Given that mutants TB6 and CP6, which
included nucleotide changes in the same positions,
had little effect on sgRNA accumulation, our data sug-
gest that spacing is critical or that there is flexibility
in the sequence tolerated in this region.

A. TB mutants
PVX32wt1 2 3 45 6 7

- . e W — T —

B CP mutants
32wt 12 3 4 5 6 7

FIG. 7. Accumulation of CP in protoplasts inoculated with modified
transcripts. Total protein was isolated at 48 hpi from protoplasts inocu-
lated with control transcripts derived from p32 (32) and pMON8453
(wt), or modified transcripts (TB1-7, A; CP1-7, B). Samples (20 ng pro-
tein) were electrophoresed on 12% SDS-polyacrylamide gels, blotted
to nitrocellulose, and probed with antisera to PVX. CP was detected
using an alkaline phosphatase reaction. PVX (50 ng) was loaded as a
marker for position of CP migration in A.
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FIG. 8. Complementarity between conserved octanucleotide elements and the 3’ end of PVX minus-strand RNA. The regions around the conserved
octanucleotide elements upstream of the TB (A) and CP (B) genes are shown paired to the complementary sequence at the 3’ end of minus-strand
RNA. Complementarity for the wt minus-strand RNA is indicated at the top of each panel, and the 11-nt underlined region contains the conserved
octanucleotide element. Positions of the 5’ ends of the sgRNAs are denoted by “V" and potential base-pairs are denoted by bold dots. The predicted
complementarity for each of the octanucleotide mutants is indicated in each panel. The numbering refers to nt positions on the corresponding

genomic RNA.

From these data, we conclude that modification to the
octanucleotide elements and deletion of three nucleo-
tides between these elements and the putative transcrip-
tion initiation sites had the greatest effect on sgRNA
accumulation. Modification of the putative 5’ start-sites
differentially affected RNA accumulation, with the great-
est reduction observed in TB sgRNA levels.

Only TB6 and CP6 mutant transcripts are able to
infect plants

To analyze the effects of mutations on PVX infection
in vivo, where both TB and CP products would be critical
for cell-to-cell movement, transcripts containing modifi-
cations were inoculated onto N. benthamiana plants. In-
fection was monitored by evaluation of symptom devel-
opment and detection of CP in inoculated and upper
leaves (Table 1). Plants inoculated with wt transcripts or
with mutant transcripts, TB6 or CP6, showed systemic
symptoms by 5 to 7 dpi, and accumulated PVX CP in
inoculated and upper leaves by 7 dpi. In contrast, plants
inoculated with all other mutant transcripts and the repli-
cation-defective control transcripts (p32) did not develop
symptoms for up to 28 dpi and did not contain detectable
levels of CP at 7dpi.

Thus, despite the fact that mutants CP1, CP2, CP3,
and CP6 produced near wt levels of both sgRNA species
and CP in NT1 protoplasts, only the CP6 transcripts were
infectious on plants. These data suggested that elements
in the regions upstream of the sgRNAs may be important
not only for sgRNA accumulation, but may also be in-
volved in other aspects of infection in plants. Alterna-
tively, perhaps subtle differences in sgRNA and corre-
sponding protein levels or kinetics of accumulation are
critical for infection in planta.

DISCUSSION

To begin to understand the process of PVX sgRNA
synthesis, we measured the accumulation of the two

predominant sgRNA species in tobacco protoplasts in-
oculated with infectious transcripts derived from a wt
PVX cDNA clone or from cDNAs containing modifica-
tions in putative subgenomic promoter regions. Time-
course studies indicated that TB sgRNA accumulated
a few hours prior to CP sgRNA, but the relative levels
of the TB sgRNA were approximately 2-fold lower than
those for CP sgRNA at 12 hpi, and 10-fold lower at 42
hpi. Chapman et al. (1992a) reported a similar accumu-
lation pattern for these two PVX sgRNAs, and this gen-
eral pattern of expression has also been reported for
several other plant viruses that express multiple
sgRNAs (Watanabe et al., 1984; Lehto et al., 1990; John-
ston and Rochon, 1995).

TABLE 1

Infectivity on N. benthamiana Plants

CP accumulation®

Mutants Symptoms?® Inoculated Upper
p32 0/11 — —
wt 10/11 + +
TB1 0/11 — —
B2 0/11 - -
B3 0/11 - -
TB4 0/11 - -
TB5 0/11 - -
TB6 10/11 + +
TB7 0/11 - -
CpP1 0/11 - -
CcP2 0/11 - -
CP3 0/11 - -
CP4 0/11 - -
CP5 0/11 - -
CP6 9/11 + +
CP7 0/11 - -

# Symptom development was observed for 28 days postinoculation
(dpi). A total of 11 plants were inoculated.

® CP accumulation was determined by Western analysis of total pro-
teins extracted from inoculated and upper leaves at 7 dpi.
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Our data showed that a conserved octanucleotide ele-
ment upstream of the TB and CP genes is important for
sgRNA accumulation and that modifications in this region
differentially affect levels of the corresponding RNAs. Al-
teration of positions 5-7 in these elements (mutants TB4
and CP4) drastically decreased the corresponding
SgRNA levels, indicating that these positions may func-
tion similarly for both genes. Interestingly, positions 5
and 7 in this element are the most variable among the
potexvirus elements. In contrast, alterations in positions
1, 6, or both 2 and 4 of this element reduced TB sgRNA
accumulation approximately twofold, but did not signifi-
cantly alter CP sgRNA accumulation. If the reduced TB
sgRNA accumulation is a result of reduced synthesis, it
is possible that a twofold reduction in CP sgRNA synthe-
sis may not be detected if the stability of this sgRNA
species is inherently greater. Alternatively, some posi-
tions in the octanucleotide element may function differ-
ently upstream of the two genes.

Mutations designed to alter the sequence between the
conserved element and the translation initiation codons
of the TB and CP genes also exhibited differing effects.
Changing the 5" G of the TB sgRNAs to an A (mutant
TB5) reduced the synthesis of TBsg RNA to 14% of wt
levels, whereas alteration of the 5 G of the CP sgRNA
(mutant CP5) did not significantly reduce this RNA spe-
cies. It may be that the optimum nt for the start of SgRNA
transcription is dependent on the context of a given tem-
plate. Deletion of nt 4474-4476 and 5640-5642 up-
stream of the TB and CP start-sites (mutants TB7 and
CP7), respectively, greatly reduced accumulation of the
corresponding sgRNAs. Because sequence changes
(mutants TB6 and CP6) in these nucleotides did not affect
sgRNA accumulation, these data suggested that the cor-
rect distance between the octanucleotide sequence and
the putative start-site is required. Reductions in SgRNA
accumulation in response to alteration of putative sgRNA
start-sites and sequences immediately upstream have
also been demonstrated for brome mosaic virus (John-
ston and Rochon, 1995) and alfalfa mosaic virus (van der
Vossen et al., 1995).

Many of the mutants displayed some common prop-
erties. Generally, modification to sequences upstream
of one gene did not substantially alter accumulation
of the other major sgRNA species, indicating that the
elements function independently. If sgRNA synthesis
is sequential from the 3’ end of the minus-strand, these
data suggested that CP sgRNA synthesis is not depen-
dent upon prior synthesis of the TB sgRNA. However,
we cannot rule out that alteration of TB sgRNA synthe-
sis may change the timing of CP sgRNA accumulation
and vice versa. For most mutants, genomic plus- and
minus-strand RNA accumulation were not significantly
altered. We were surprised to observe this trend for
mutants CP4 and CP7, which also exhibited inhibition
in CP production. Chapman et al. (1992a) previously

demonstrated that deletion of PVX CP sequence and/
or inhibition of translation of CP resulted in a large
decrease in genomic plus-strand RNA levels and a
smaller change in sgRNA levels, as determined by
Northern blotting. They proposed that CP was required
to stabilize the genomic RNA or affects the asymmetry
between plus- and minus-strand RNA synthesis. It is
possible that these different observations may be a
function of the techniques used for evaluating and
quantitating RNA levels. However, it is more likely that
the data reflect the different modifications introduced
into the PVX genome. Although reduced CP levels may
lead to reduced genomic plus-strand accumulation,
the overall effect on genomic RNA levels may be deter-
mined by the extent to which various aspects of RNA
synthesis or the coordination of this process are af-
fected by a given mutation. A correlation between
SgRNA synthesis and levels of viral RNA was reported
for the coronavirus, mouse hepatitis virus, where inhi-
bition of sgRNA synthesis from a defective-interfering
(DI) RNA resulted in increased DI replication in cis
(Jeong and Makino, 1992), apparently due to increased
minus-strand accumulation (Lin et al., 1994b). Thus,
the increased levels of PVX minus-strand RNA ob-
served in protoplasts inoculated with CP7 may lead to
additional synthesis of genomic plus-strand RNA that
counteracts the absence of CP. Alternatively, because
TB sgRNA levels were not affected in protoplasts inoc-
ulated with the CP4 or CP7 mutants, perhaps very low
levels of CP are generated by internal initiation of
translation on the TB sgRNA and these levels of CP
are sufficient to maintain levels of genomic RNA. Re-
gardless of the mechanism, our data indicate that a
large decrease in sgRNA accumulation somehow com-
pensates for the absence of CP, and the end result is
no substantial decrease in genomic RNA.

Only the TB6 and CP6 mutants, which exhibited wt
levels of all RNA species in protoplasts, were able to
infect plants. Given that both CP and TB are required for
cell-to-cell movement (Beck et al., 1991; Chapman et al.,
1992b; Angell et al., 1996; Oparka et al., 1996), one might
expect that TB1-5 and TB7 mutants, which resulted in
decreased levels of TB sgRNA, would not infect plants.
Similarly, the CP4 and CP7 mutants that did not accumu-
late CP sgRNA or CP were not infectious on plants. How-
ever, it is not clear why mutants CP1-3 and CP5, which
expressed near wt levels of TB and CP sgRNAs and CP,
were not able to infect plants. The CP2 mutation, which
changed a serine codon to threonine near the C-terminus
of the third TB protein, may have altered structure and
or function of this protein and subsequent movement of
the virus. It is possible that modifications in CP1-3 and
CP5 disturbed the timing of CP sgRNA and CP accumula-
tion, which may be critical for coordination of replication
and cell-to-cell movement. Alternatively these sequence
elements and/or affiliated structures may affect interac-
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tions with essential viral and/or host proteins that are
required for movement or virion assembly. Sit et al. (1994)
reported that the 5’ 38—47 nt of another potexvirus, pa-
paya mosaic virus, supported assembly of particles, but
sequences necessary for the assembly of PVX have not
been studied. Encapsidation of sgRNAs has been re-
ported for a few potexviruses, and data presented by
Price (1993) suggested that PVX preparations include
significant populations of smaller particles that contain
RNAs similar in size to sgRNAs. Additional studies will
be needed to determine if elements upstream of the
SgRNAs and elsewhere in the genome are involved in
PVX assembly and/or movement.

Mechanisms proposed for sgRNA synthesis of several
plant viruses invoke internal initiation on minus-strand
RNA, and this process requires signals upstream of the
SgRNAs (Miller et al., 1985; for review, see Duggal et al.,
1994). We showed previously that multiple elements in
the 5’ region of the genomic RNA, or corresponding 3’
region of minus-strand RNA, are important for both geno-
mic and sgRNA accumulation (Kim and Hemenway,
1996). Data presented here indicated that elements up-
stream of the TB and CP genes also affect levels of the
corresponding sgRNASs. It remains to be determined how
these multiple elements in different regions of the ge-
nome regulate subgenomic RNA synthesis. For coronavi-
ruses, long-distance interactions between terminal se-
guences and internal elements have been proposed to
function in a discontinuous transcription process for
SgRNA synthesis (for review, see Lai, 1990). This process
requires several elements that include the 72- to 77-nt
leader sequence, intergenic sequences, and 270 nt at
the 3’ end of the genome (Makino et al., 1991; Liao and
Lai, 1994; Lin et al., 1996; Zhang and Lai, 1996).

For PVX, as well as other potexviruses, there is com-
plementarity between the conserved octanucleotide ele-
ment upstream of the sgRNAs and the 5’ end of the
genome. This complementarity can be modeled on mi-
nus-strand to involve an interaction between the octa-
nucleotide elements and sequences at the 3’ end (Fig.
7). Upstream of TB sgRNA, 9 of 11 residues are predicted
to base pair, and the interaction upstream of the CP
sgRNA would include 10 base pairs. Alignment of these
regions for mutants CP1, CP2, TB1, and TB2 indicates
one less base pair than for wt, whereas CP3 and TB3
pairing are similar to wt because of a GU pair. Proto-
plasts inoculated with these mutants did not exhibit sub-
stantial reductions in sgRNA accumulation, indicating
that changes altering only one base pair or the nt in-
volved in pairing may not be critical for sgRNA synthesis.
In contrast, alignment of TB4 and CP4 transcripts indi-
cates 3 fewer base pairs than wt, and protoplasts inocu-
lated with these mutants exhibited 10-fold reduction in
sgRNA accumulation. Thus, sufficient base pairing may
be needed to facilitate sgRNA synthesis, and this interac-
tion may function by positioning the replication machin-

ery. However, it is likely that such an interaction is not
the only factor in regulation of SgRNA synthesis because
data presented herein showed that sSgRNA accumulation
can be inhibited by modification to sequences other than
the conserved element. In addition, previous mutational
analyses (Kim and Hemenway, 1996) indicated that multi-
ple elements near the 5’ terminus and internal to the 5’
NTR are necessary for plus-strand RNA accumulation.
Studies are underway to further define cis- and trans-
acting functions required for PVX sgRNA synthesis.

ACKNOWLEDGMENTS

This work was supported by Public Health Service Grant GM 49841
to C.H. We thank L. Hanley-Bowdoin, I. T. D. Petty, and Paul Wollenzien
for critical readings of the manuscript.

REFERENCES

An, G. (1985). High efficiency transformation of cultured tobacco cells.
Plant Physiol. 79, 568-570.

Angell, S. M., Davies, C., and Baulcombe, D. C. (1996). Cell-to-cell move-
ment of potato virus X is associated with a change in the size-
exclusion limit of plasmodesmata in trichome cells of Nicotiana
clevelandii. Virology 216, 197-201.

Bancroft, J. B., Rouleau, M., Johnston, R., Prins, L., and Mackie, G. A.
(1991). The entire nucleotide sequence of foxtail mosaic virus RNA.
J. Gen. Virol. 72, 2173-2181.

Baulcombe, D.C., Chapman, S., and SantaCruz, S. (1995). Jellyfish
green fluorescent protein as a reporter for virus infections. Plant J.
7, 1045-1053.

Beck, D. L., Guilford, P.J., Voot, D. M., Andersen, M. T., and Forster,
R.L.S. (1991). Triple gene block proteins of white clover mosaic
potexvirus are required for transport. Virology 183, 695-702.

Bercks, R. (1970). C.M.l./A.A.B. descriptions of plant viruses. In “Potato
virus X,” No. 111. Commonwealth, Kew, England.

Calvert, L. A., Ospina, M. D., and Shepherd, R. J. (1995). Characterization
of cassava vein mosaic virus: A distinct plant pararetrovirus. J. Gen.
Virol. 76, 1271-1278.

Chapman, S., Hills, G., Watts, J., and Baulcombe, D. (1992a). Mutational
analysis of the coat protein gene of potato virus X: Effects on virion
morphology and viral pathogenicity. Virology 191, 223-230.

Chapman, S., Kavanagh, T., and Baulcombe, D. (1992b). Potato virus X
as a vector for gene expression in plants. Plant J. 2, 549-557.

Chia, T.F., Chan, Y.S, and Chua, N.H. (1992). Characterization of
cymbidium mosaic virus coat protein gene and its expression in
transgenic tobacco plants. Plant Mol. Biol. 18, 1091-1099.

Dolja, V. V., Grama, D. P., Morozov, S.Y., and Atabekov, J. G. (1987).
Potato virus X-related single- and double-stranded RNAs. FEBS Lett.
214, 308-312.

Doronin, S.V., and Hemenway, C. (1996). Synthesis of Potato Virus X
RNAs by Membrane-Containing Extracts. J. Virol. 70, 4795-4799.
Duggal, R., Lahser, F. C., and Hall, T. C. (1994). Cis-acting sequences
in the replication of plant viruses with plus-sense RNA genomes.

Annu. Rev. Phytopathol. 32, 287-3009.

Fontes, E. P., Gladfelter, H.J., Schaffer, R. L., Petty, I. T., and Hanley,
B. L. (1994). Geminivirus replication origins have a modular organiza-
tion. Plant Cell 6, 405-416.

Forster, R. L., Bevan, M. W., Harbison, S. A, and Gardner, R. C. (1988).
The complete nucleotide sequence of the potexvirus white clover
mosaic virus. Nucleic Acids Res. 16, 291-303.

Grama, D. P., and Maior, I. I. (1990). The construction of a model of the
envelope proteins of potex-group viruses. Mikrobiol. Zh. 52, 59-66.

Hemenway, C., Weiss, J., O'Connel, K., and Tumer, N. E. (1990). Charac-



PVX SUBGENOMIC RNA ACCUMULATION 197

terization of infectious transcripts from a potato virus X cDNA clone.
Virology 175, 365-371.

Huisman, M. J., Linthorst, H. J., Bol, J. F,, and Cornelissen, J. C. (1988).
The complete nucleotide sequence of potato virus X and its homolo-
gies at the amino acid level with various plus-stranded RNA viruses.
J. Gen. Virol. 69, 1789-1798.

Jelkmann, W., Maiss, E., and Martin, R. R. (1992). The nucleotide se-
quence and genome organization of strawberry mild yellow edge-
associated potexvirus. J. Gen. Virol. 73, 475-479.

Jeong, Y. S., and Makino, S. (1992). Mechanism of coronavirus transcrip-
tion: Duration of primary transcription initiation activity and effects
of subgenomic RNA transcription on RNA replication. J. Virol. 66,
3339-3346.

Johnston, J. C., and Rochon, D. M. (1995). Deletion analysis of the pro-
moter for the cucumber necrosis virus 0.9- kb subgenomic RNA.
Virology 214, 100-1009.

Kim, K. H., and Hemenway, C. (1996). The 5’ nontranslated region of
potato virus X RNA affects both genomic and subgenomic RNA syn-
thesis. J. Virol. 70, 5533-5540.

Kunkel, T. A. (1985). Rapid and efficient site-specific mutagenesis with-
out phenotypic selection. Proc. Natl. Acad. Sci. USA 82, 488-492.
Laemmli, U. K. (1970). Cleavage of structural protein during the assem-

bly of the head of bacteriophage T4. Nature 227, 680-685.

Lai, M. M. (1990). Coronavirus: Organization, replication and expression
of genome. Annu. Rev. Microbiol. 44, 303-333.

Lehto, K., Grantham, G. L., and Dawson, W. O. (1990). Insertion of se-
guences containing the coat protein subgenomic RNA promoter and
leader in front of the tobacco mosaic virus 30K ORF delays its expres-
sion and causes defective cell-to-cell movement. Virology 174, 145—
157.

Liao, C. L., and Lai, M. M. (1994). Requirement of the 5’-end genomic
sequence as an upstream cis-acting element for coronavirus sub-
genomic mRNA transcription. J. Virol. 68, 4727-4737.

Lin, N. S, Lin, B. Y., Lo, N.W., Hu, C.C., Chow, T.Y., and Hsu, Y. H.
(1994a). Nucleotide sequence of the genomic RNA of bamboo mo-
saic potexvirus. J. Gen. Virol. 75, 2513-2518.

Lin, Y.J, Liao, C.L., and Lai, M. M. (1994b). Identification of the cis-
acting signal for minus-strand RNA synthesis of a murine coronavi-
rus: Implications for the role of minus-strand RNA in RNA replication
and transcription. J. Virol. 68, 8131-8140.

Lin, Y. J,, Zhang, X., Wu, R. C., and Lai, M. M. (1996). The 3’ untranslated
region of coronavirus RNA is required for subgenomic mRNA tran-
scription from a defective interfering RNA. J. Virol. 70, 7236-7240.

Makino, S., Joo, M., and Makino, J. K. (1991). A system for study of
coronavirus mRNA synthesis: A regulated, expressed subgenomic
defective interfering RNA results from intergenic site insertion. J.
Virol. 65, 6031-6041.

Memelink, J., van der Vlugt, C. I. M., Linthorst, H. J. M., Derks, A. F. L. M.,
Asies, C.J, and Bol, J. F. (1990). Homologies between the genomes
of a carlavirus (lily symptomless virus) and a potexvirus (lily virus X)
from lily plants. J. Gen. Virol. 71, 917-924.

Miller, W. A., Dreher, T. W., and Hall, T. C. (1985). Synthesis of brome
mosaic virus subgenomic RNA in vitro by internal initiation on (—)-
sense genomic RNA. Nature 313, 68-70.

Milne, R. G. (1988). “The Filamentous Plant Viruses,” Vol. 4, pp. 159-
162.

Morozov, S. Y., Miroshnichenko, N. A,, Zelenina, D. A., Fedorkin, P. N.,
Solovijev, A. G., Lukasheva, L. I., and Atabekov, J. C. (1990). Expres-

sion of RNA transcripts of potato virus X full-length and subgenomic
cDNAs. Biochimie 72, 677-684.

Oparka, K. J., Roberts, A. G., Roberts, I. M., Prior, D. A. M., and Cruz,
S.S. (1996). Viral coat protein is targeted to, but does not gate,
plasmodesmata during cell-to-cell movement of potato virus X. Plant
J. 10, 805-813.

Price, M. (1992). Examination of potato virus X proteins synthesized in
infected tobacco plants. J. Virol. 66, 5658—-5661.

Price, M. (1993). Multipartite nature of potato virus X. J. Virol. 67, 596—
600.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). “Molecular Cloning:
A Laboratory Manual." Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Sit, T. L., Abouhaidar, M. G., and Holy, S. (1989). Nucleotide sequence
of papaya mosaic virus RNA. J. Gen. Virol. 70, 2325-2331.

Sit, T. L., Leclerc, D., and AbouHaidar, M. G. (1994). The minimal 5’
sequence for in vitro initiation of papaya mosaic potexvirus assembly.
Virology 199, 238-242.

Sit, T. L., White, K. A,, Holy, S., Padmanabhan, U., Eweida, M., Hiebert,
M., Mackie, G. A., and AbouHaidar, M. G. (1990). Complete nucleo-
tide sequence of clover yellow mosaic virus RNA. J. Gen. Virol. 71,
1913-1920.

Skryabin, K. G., Morozov, S.Y., Kraev, A. S., Rozanov, M. N., Chernov,
B. K., Lukasheva, L.I., and Atabekov, J. G. (1988). Conserved and
variable elements in RNA genomes of potexviruses. FEBS Lett. 240,
33-40.

Solovyev, A. G., Novikov, V. K., Merits, A., Savenkov, E. |., Zelenina, D. A.,
Tyulkina, L. G., and Morozov, S. (1994). Genome characterization and
taxonomy of Plantago asiatica mosaic potexvirus. J. Gen. Virol. 75,
259-267.

Sriskanda, V. S., Pruss, G., Ge, X,, and Vance, V. B. (1996). An eight-
nucleotide sequence in the potato virus X 3’ untranslated region is
required for both host protein binding and viral multiplication. J. Virol.
70(8), 5266—5271.

Towbin, H., Staehlin, T., and Gordon, J. (1979). Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellose sheets: Proce-
dure and some applications. Proc. Natl. Acad. Sci. USA 76, 4350—
4354,

van der Vossen, E. A. G., Notenboom, T., and Bol, J. F. (1995). Character-
ization of sequences controlling the synthesis of alfalfa mosaic virus
subgenomic RNA in vivo. Virology 212, 663-672.

Watanabe, Y., Emori, Y., Ooshika, I., Meshi, T., Ohno, T., and Okada, Y.
(1984). Synthesis of TMV-specific RNAs and proteins at the early
stage of infection in tobacco protoplasts: Transient expression of the
30K protein and its mRNA. Virology 133, 18-24.

White, K. A., Bancroft, J. B., and Mackie, G. A. (1992). Mutagenesis of a
hexanucleotide sequence conserved in potexvirus RNAs. Virology
189, 817-820.

White, K. A, and Mackie, G. A. (1990). Control and expression of 3’
open reading frames in clover yellow mosaic virus. Virology 179,
576-584.

Xu, H., Leclerc, D., Leung, B., and AbouHaidar, M. G. (1994). The entire
nucleotide sequence and genomic organization of potato aucuba
mosaic potexvirus. Arch. Virol. 135, 461-469.

Zhang, X., and Lai, M. M. (1996). A 5’-proximal RNA sequence of murine
coronavirus as a potential initiation site for genomic-length mRNA
transcription. J. Virol. 70, 705-711.

Zuidema, D., Linthorst, H. J., Huisman, M. J,, Asjes, C.J., and Bol, J. F.
(1989). Nucleotide sequence of narcissus mosaic virus RNA. J. Gen.
Virol. 70, 267-276.



