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Citrus tristeza virus (CTV), a member of the Closteroviridae, has a 19.3-kb positive-stranded RNA genome that
is organized into 12 open reading frames (ORFs) with the 10 3� genes expressed via a nested set of nine or ten
3�-coterminal subgenomic mRNAs (sgRNAs). Relatively large amounts of negative-stranded RNAs comple-
mentary to both genomic and sgRNAs accumulate in infected cells. As is characteristic of RNA viruses,
wild-type CTV produced more positive than negative strands, with the plus-to-minus ratios of genomic and
sgRNAs estimated at 10 to 20:1 and 40 to 50:1, respectively. However, a mutant with all of the 3� genes deleted
replicated efficiently, but produced plus to minus strands at a markedly decreased ratio of 1 to 2:1. Deletion
analysis of 3�-end genes revealed that the p23 ORF was involved in asymmetric RNA accumulation. A mutation
which caused a frameshift after the fifth codon resulted in nearly symmetrical RNA accumulation, suggesting
that the p23 protein, not a cis-acting element within the p23 ORF, controls asymmetric accumulation of CTV
RNAs. Further in-frame deletion mutations in the p23 ORF suggested that amino acid residues 46 to 180,
which contained RNA-binding and zinc finger domains, were indispensable for asymmetrical RNA accumula-
tion, while the N-terminal 5 to 45 and C-terminal 181 to 209 amino acid residues were not absolutely required.
Mutation of conserved cysteine residues to alanines in the zinc finger domain resulted in loss of activity of the
p23 protein, suggesting involvement of the zinc finger in asymmetric RNA accumulation. The absence of p23
gene function was manifested by substantial increases in accumulation of negative-stranded RNAs and only
modest decreases in positive-stranded RNAs. Moreover, the substantial decrease in the accumulation of
negative-stranded coat protein (CP) sgRNA in the presence of the functional p23 gene resulted in a 12- to
15-fold increase in the expression of the CP gene. Apparently the excess negative-stranded sgRNA reduces the
availability of the corresponding positive-stranded sgRNA as a messenger. Thus, the p23 protein controls
asymmetric accumulation of CTV RNAs by downregulating negative-stranded RNA accumulation and indi-
rectly increases expression of 3� genes.

Most positive-stranded RNA viruses of eukaryotes have
multicistronic RNA molecules that must function within cells
that utilize monocistronic mRNAs. To overcome the limita-
tions imposed by the gene expression rules of the host, these
viruses have evolved different gene expression strategies, such
as proteolytic processing of polyproteins into functional pro-
teins, readthrough of stop codons, ribosomal frameshifting to
express C-terminal domains fused to the higher-expressed pro-
tein, and internal ribosome entry sites and subgenomic
mRNAs (sgRNAs) for expression of genes in the 3� portion of
the genome.

The use of sgRNAs for the expression of viral genes is a
common strategy employed by a variety of evolutionarily dis-
similar positive-stranded RNA viruses and allows independent
regulation of timing and amounts of different viral proteins.
sgRNAs can be produced by different mechanisms: by initia-
tion at internal promoter sequences on the genomic negative-
stranded RNA, a process that resembles the recognition of
DNA promoters by DNA-dependent RNA polymerases (1, 17,

31), and by termination during negative-strand synthesis and
transcription of mRNAs from the subgenomic template (25,
28, 29, 32).

Citrus tristeza virus (CTV), a member of the Closterovirus
genus of the Closteroviridae, has a single-stranded, positive-
sense RNA genome of 19.3 kb that is organized into 12 open
reading frames (ORFs) (11, 20). The 5�-proximal ORFs 1a and
1b are translated from the genomic RNA. ORF 1a encodes a
349-kDa polyprotein containing two papain-like protease do-
mains plus methyltransferase-like and helicase-like domains.
ORF 1b encodes an RNA-dependent RNA polymerase-like
domain that is thought to be translated by a �1 frameshift that
continues translation, producing a �400-kDa polyprotein (11).

Ten 3� ORFs are expressed through a series of 3�-coterminal
sgRNAs (9) (Fig. 1A, CTV9). Temporal and quantitative reg-
ulation of transcription of CTV sgRNAs results in expression
of some sgRNAs early and in large amounts (19). The 3�-most
sgRNA, which encodes a 23-kDa RNA-binding protein (15),
accumulates earliest (19). Higher levels of transcription tend to
be associated with positions nearer the 3� terminus, but the
different levels of transcription of CTV sgRNAs are not strictly
related to position in the genome. For example, the more
abundantly transcribed sgRNAs result from positions 1 (p23),
2 (p20), and 5 (CP) from the 3� terminus of the genome, while
others are transcribed less abundantly (19, 22) (also see Fig.
1C, CTV9).
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FIG. 1. Replication of wild-type CTV (CTV9) and deletion mutant CTV-�Cla in N. benthamiana mesophyll protoplasts, showing accumulation
of positive- and negative-stranded genomic and sgRNAs. (A) Schematic diagram of the genome organization and expression of 3�-terminal ORFs
of CTV (CTV9) and CTV replicon CTV-�Cla, showing the putative domains of papain-like proteases (PRO), methyltransferase (MT), helicase
(HEL), and RNA-dependent RNA polymerase (RdRp) and ORFs (open boxes) with numbers and translation products. HSP70 h, HSP70
homolog; CPm, minor coat protein; CP, major coat protein; (2/11), represents fusion of ORFs 2 and 11. The nested set of sgRNAs are shown below
the CTV genome organization, with the ORF presumably expressed from each sgRNA represented as a black box. The approximate positions of
the 5� termini of sgRNAs driven by controller elements for the respective ORFs are indicated by bent arrows at the 5� end of each ORF. (B)
Demonstration of the specificity of strand-specific riboprobes. Northern blot hybridizations of full-length plus-sense and nearly full-length (nt 3691
to 19296) minus-sense in vitro-produced RNA transcripts were hybridized with 3� 900-nt positive- or negative-stranded digoxigenin-labeled RNA
probes. Exposure times are identical. Reactive probes were greatly overexposed to show the degree of selectivity. Note that each probe hybridized
to only the opposite-polarity RNA strands. (C) Northern blot hybridization of RNAs from protoplasts transfected with CTV9 and CTV-�Cla at
3 and 4 dpi. Double-stranded RNA (dsRNA) from CTV-infected bark tissue was included in Northern blot hybridizations as a standard to equalize
the strand-specific riboprobes. The positions of genomic and sgRNAs corresponding to ORFs 2 through 11 are indicated by arrowheads and
arrows, respectively. The exposure time of blots is indicated at the bottom of the figure. Positive- and negative-stranded RNAs are indicated by
(�) RNA and (�) RNA, respectively.
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CTV sgRNAs appear to have properties intermediate be-
tween those of the “alphavirus-like supergroup” and the coro-
naviruses and arteriviruses of the Nidovirales. CTV has a large
number (9 or 10) of 3�-coterminal sgRNAs, similar to corona-
viruses (14, 30). However, CTV sgRNAs are contiguous with
the genomic RNA (8, 12) similar to those of members of the
alpha-like viruses (3, 17, 32), thus lacking the common 5�
leader of coronaviruses and arteriviruses.

In the alpha-like viruses, sgRNAs are generally thought to
be produced by internal initiation of transcription on the full-
length negative strand (17). Although small amounts of corre-
sponding negative- or double-stranded sgRNAs can be found
among these viruses, we have shown that the labeling kinetics
were not consistent with the idea that negative-stranded
sgRNAs are templates for sgRNA synthesis (6). In contrast,
the Closteroviridae, like the Coronaviridae, produce much
larger amounts of negative-stranded sgRNAs. The labeling
kinetics of coronavirus sgRNAs suggest that the negative
strands are replicative templates for independent transcription
of sgRNAs (2, 25), but the function of the CTV negative-
stranded sgRNAs remains unknown (8).

There is little information concerning the regulation of pos-
itive versus negative strands of sgRNAs, although there is
information related to the ratios of these genomic RNAs. The
genomic RNAs of positive-stranded RNA viruses generally are
produced with a large excess of positive to negative strands.
For example, the ratio is 10:1 for flaviviruses (4), 50 to 100:1
for coronaviruses (13), 100:1 for Brome mosaic virus (BMV) (7,
16), and 1,000:1 for Alfalfa mosaic virus (AMV) (18). Although
we did not quantify the ratios previously, reexamination of the
Northern hybridization blots (22) suggests plus-to-minus
strand ratios in the range of 50:1 for wild-type CTV RNAs.
Thus, CTV genomic RNA and its sgRNAs appear to fall within
the range of the genomic RNAs of the above viruses in plus-
to-minus strand ratios. In contrast, we noticed that mutants
with all of the 3� genes deleted replicated well but produced
plus-to-minus strand ratios of nearly 1:1 (22).

Mechanisms that control the ratio of positive to negative
strands of the genomic RNA of members of the alphavirus
supergroup have been examined. In BMV, replication of
RNAs 1 and 2 in the absence of RNA 3 results in a nearly 1:1
ratio of plus to minus strands (16). The addition of RNA3
enhanced the production of positive-stranded genomic RNAs
1 and 2 by 29-fold, whereas the negative-stranded RNAs de-
creased by only 4-fold. The central region of RNA 3 containing
the sgRNA promoter was found to be the determinant for the
enhanced plus-strand RNA accumulation. In AMV, a frame-
shift in the CP gene resulted in a 100-fold reduction in plus-
strand RNA accumulation and a 3- to 10-fold increase in minus
strand accumulation (34). Sindbis virus (SIN) replication con-
sists of two phases, an initial exponential phase associated with
a short-lived replication complex produces positive and nega-
tive strands of the genomic RNA in an approximately 1:1 ratio,
and a linear phase that amplifies the positive-stranded genomic
RNAs is associated with a stable replication complex (27). The
N-domain of nonstructural protein (nsp) 2 of SIN plays an
essential role in “conversion” from synthesis of templates to
synthesis of progeny RNAs (26).

Here, we report the examination of factors affecting the
accumulation of positive- and negative-stranded RNAs of

CTV. Deletion mutagenesis revealed that the p23 gene was
responsible for asymmetric accumulation of positive- and neg-
ative-stranded sgRNAs. Additionally, mutations in the p23
ORF suggested that the p23 protein regulated the accumula-
tion of sgRNAs. The major effect of the p23 gene product
appeared to be the downregulation of negative-stranded
sgRNA accumulation with only a modest increase in positive-
stranded sgRNA accumulation. Thus, alterations that caused
CTV to produce plus-to-minus ratios of RNAs near unity re-
sulted primarily from increased negative-stranded RNA accu-
mulation rather than decreased positive-stranded RNA syn-
thesis like the alpha-like viruses described above.

MATERIALS AND METHODS

Generation of CTV mutants. The full-length cDNA clone pCTV9 and self-
replicating deletion mutants pCTV-�Cla and pCTV-�Cla333 were described
previously (Fig. 1) (8, 22). The nucleotide (nt) numbering and sequences of the
primers used in this study are according to Karasev et al. (11), GenBank acces-
sion number NC001661. The deletion mutants CTV-�p33-CPm, CTV-�p33-p18,
and CTV-�p6-p20 were generated by digesting pCTV9 with PstI (nt 11624) and
SnaBI (nt 15790), PstI (nt 11624 and 17208) or PmeI (nt 11872) and MscI (nt
17946) restriction endonuclease enzymes, respectively, followed by religation
(see Fig. 2A). When deletions were introduced by restriction enzyme digestion
that created noncompatible ends, the single-stranded ends were blunt-ended
with T4 DNA polymerase (New England Biolabs, Beverly, Mass.) prior to liga-
tion.

CTV-p23, CTV-p20-p23, CTV-p13-p23, CTV-p18-p23, CTV-CP-p23, and
CTV-CPm-p23 were generated by PCR-amplifying DNA fragments and ligating
into CTV-�Cla333 between the StuI and NotI restriction endonuclease sites (see
Fig. 3A). CTV-CPm-p20, CTV-CPm-p13, CTV-CPm-p18, and CTV-CPm-CP
were obtained by ligating PCR-amplified DNA fragments between the XhoI and
StuI restriction endonuclease sites into CTV-�Cla333 (see Fig. 4A). Deletions,
frameshifts, and amino acid substitutions in the p23 ORF were introduced by
PCR using mutagenic oligonucleotides, followed by overlap extension PCR (10)
of the region between nt 18174 and 19296, comprising p23 sgRNA controller
element sequences plus the p23 ORF. The PCR products were ligated into
CTV-�Cla333 between the XhoI and NotI restriction endonuclease sites. The
region between nt 15898 and 16845, comprising the coat protein (CP) sgRNA
controller element sequences plus the CP ORF, was ligated into CTV-�Cla333
and CTV-p23 between the XhoI and StuI and the XhoI and PstI restriction sites
to obtain CTV-CP and CTV-CP/p23, respectively. Deletions, frameshifts, and
amino acid codon changes were confirmed by nucleotide sequencing.

Protoplast transfection and Northern blot analysis of viral RNAs. The pro-
cedures for the isolation of mesophyll protoplasts from Nicotiana benthamiana
and polyethylene glycol-mediated transfections were carried out as described
previously (22, 23). SP6 RNA polymerase-derived transcripts from CTV cDNAs
were generated in vitro from NotI-linearized plasmids as described by Saty-
anarayana et al. (22). Protoplasts were harvested at 3 and 4 days postinoculation
(dpi). The isolation of total nucleic acids from the pelleted protoplasts was
carried out as described by Satyanarayana et al. (22). The 3�-terminal 900 nt of
CTV-T36 in pGEM-7Zf (Promega) were used to make positive- and negative-
stranded RNA-specific riboprobes with digoxigenin-labeled UTP using either
SP6 or T7 RNA polymerase.

The accumulation of plus- and minus-stranded RNAs from �3 � 104 proto-
plasts transfected with CTV mutants was analyzed by Northern blot hybridiza-
tions using 3�-strand-specific riboprobes. Double-stranded RNA (�100 ng) that
consists of equal amounts of plus- and minus-strand RNAs from CTV-T36-
infected bark tissue was included in Northern blot hybridizations to equalize the
strand-specific riboprobes. The relative amounts of positive- and negative-
stranded RNAs accumulated from CTV mutants were quantified at 4 dpi using
different exposures of Northern blots by scanning and densitometry with the
OS-SCAN program (Oberlin Scientific, Oberlin, Ohio). Results presented rep-
resent at least three to five independent protoplast transfections using two to
three independent clones of each mutant.

Immunoblot analysis. Total protein from the phenolic phase of CTV-�Cla-,
CTV-CP-, and CTV-CP/p23-transfected protoplasts at 4 dpi was acetone pre-
cipitated. The immunoblot analysis of CTV CP was conducted using the ECL
Western blotting system (Amersham Pharmacia Biotech, Piscataway, N.J.) and
anti-CTV CP serum at a 1:5,000 dilution. Secondary goat anti-rabbit immuno-
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globulin (Ig)-horseradish peroxidase-conjugated antibodies were used at a
1:2,000 dilution.

RESULTS

Production of CTV RNAs. Accumulation of positive- and
negative-stranded CTV genomic and sgRNAs was examined
by comparing the wild-type virus to a series of deletion mutants
derived from pCTV9 (22). N. benthamiana mesophyll proto-
plasts were inoculated with in vitro-produced RNA transcripts,
followed by Northern blot hybridizations of progeny RNAs
using 3� positive- and negative-stranded RNA-specific ribo-
probes. The specificity of the riboprobes was demonstrated by
hybridizing them to 0.5 �g of full-length or nearly full-length in
vitro transcripts of each polarity of the viral RNA. Each probe
hybridized to only the cRNA under the stringency conditions
used for analysis of CTV RNAs from transfected protoplasts
(Fig. 1B).

Wild-type CTV produced positive- and negative-sense
genomic and nine distinguishable sgRNAs whose bands were
visible in Northern blot hybridizations after long exposures
(data not shown). However, the bands corresponding to the
longer negative-stranded RNAs were not visible from expo-
sures that clearly defined the smaller sgRNAs (Fig. 1C, CTV9).
The ratios of positive- to negative-stranded RNAs were esti-
mated for the genomic and the abundantly produced sgRNAs
(CP, p20, and p23) at 4 dpi from Northern blot hybridization
films of different exposures using double-stranded RNA prep-
arations (Fig. 1C) as standards to equalize the strand-specific
riboprobes. Genomic RNA appeared to accumulate at ratios
of approximately 10 to 20:1 of plus to minus strands, whereas
CP, p20, and p23 sgRNAs accumulated at a ratio of �40 to
50:1 positive to negative strands (Fig. 1C, CTV9).

However, while the smaller sgRNAs transferred from gels to
membranes reliably, we were less confident of quantification of
the genomic RNAs due to the difficulty of transferring �15- to
20-kb RNAs. Thus, we did not attempt to quantify the genomic
RNA ratios in subsequent experiments, but general compari-
sons can be made by observing the Northern hybridization
blots throughout the subsequent figures.

Previously we reported that the CTV replicon, CTV-�Cla, in
which all 3� genes (p33-p23) are deleted, was capable of rep-
lication in protoplasts (Fig. 1) (22). CTV-�Cla replicated effi-
ciently, accumulating two RNA molecules detected by 3�
probes corresponding to the genomic RNA (�11.8 kb) and a
chimeric p33/p23 sgRNA (�0.87 kb) (Fig. 1C, CTV-�Cla). In
several different experiments, the sgRNA of CTV-�Cla accu-
mulated at ratios between �1.5:1 and �2.5:1 of positive- to
negative-stranded RNAs. The accumulation of positive strands
of the chimeric sgRNA produced by CTV-�Cla was similar to
those of the most highly abundant sgRNAs of the wild-type
virus (Fig. 1C), but the amount of corresponding negative
strands of the sgRNA was considerably higher (�70- to 80-
fold). The near symmetry in the accumulation of positive- and
negative-stranded sgRNAs of CTV-�Cla appeared to result
primarily from increased accumulation of the negative-
stranded sgRNA (Fig. 1C, CTV-�Cla).

Mapping the region responsible for increased accumulation
of negative-stranded sgRNAs. Deletion of all of the 3� genes of
CTV, resulting in CTV-�Cla, caused a large increase in the

accumulation of negative-stranded RNAs to approximately the
same level as that of the positive strands (Fig. 1A and 1C,
CTV-�Cla). We attempted to identify a smaller subset of se-
quences that, when deleted, caused the increased accumula-
tion of negative-stranded sgRNAs (Fig. 2A). The progeny
RNAs produced in protoplasts infected with mutants with a
series of smaller deletions in the CTV genome were analyzed
by Northern blot hybridizations using strand-specific ribo-
probes to detect the accumulation of positive- and negative-
stranded sgRNAs.

Mutants CTV-�p33-CPm, CTV-�p33-p18, and CTV-�p6-
p20 replicated efficiently and accumulated positive- and nega-
tive-stranded sgRNAs in approximately similar amounts to
that of the wild-type virus (Fig. 2B, a to c). We chose to
quantify at 4 dpi the plus-to-minus strand ratios only for the
p23 sgRNA from these deletion mutants because p23 is the
only common ORF present in all the mutants. The plus-to-
minus strand ratios of p23 sgRNA from CTV-�p33-CPm,
CTV-�p33-p18, and CTV-�p6-p20 were estimated to be 42:1,
35:1, and 37:1, respectively. Deletion mutant CTV-�p33-p23
(CTV-�Cla), in which the deletion extended into the p23 gene,
replicated efficiently but produced plus- and minus-stranded
sgRNAs at a ratio of 1.5:1 (Fig. 2B, d). A substantial increase
in the accumulation of negative-stranded sgRNA was observed
in CTV-�p33-p23 (CTV-�Cla) with no significant decrease in
the accumulation of positive-stranded sgRNA compared to
that of wild-type CTV and the other deletion mutants (Fig.
2B). These results suggested that the sequences in the 3� region
of the genome near the p23 ORF were probably responsible
for the increased accumulation of negative-stranded sgRNAs.

Examination of the role of 3� genes in the accumulation of
sgRNAs. To determine whether sequences or ORFs more 5� of
the p23 gene affected sgRNA accumulation, we examined the
effect of 3� genes on the accumulation of minus-sense sgRNAs
by inserting genes additively into a minimal derivative of CTV,
CTV-�Cla333. A segment of approximately 150 to 220 nt up-
stream of each ORF was included in each case with the expec-
tation that these sequences would provide a controller element
for synthesis of the sgRNA. The CTV replicon CTV-�Cla333
replicates efficiently in protoplasts without producing any
sgRNA (8).

CTV-p23 contained p23 ORF and 219 nt upstream of the
p23 gene to provide the sgRNA controller element (Fig. 3A,
a). In vitro-produced RNA transcripts of CTV-p23 were used
to inoculate N. benthamiana protoplasts, resulting in accumu-
lation of both plus- and minus-sense genomic and sgRNAs
(Fig. 3B, a). The p23 sgRNA accumulated at a ratio of �30:1
positive- to negative-stranded sgRNA, which was only slightly
less than that of the wild-type virus and much greater than that
of CTV-�Cla. The sgRNAs produced by CTV-p20-p23 and
CTV-p13-p23, with one or two additional genes, consisted of
relatively large amounts of positive strands and less negative
strands (Fig. 3B, b and c). The positive-to-negative strand
ratios of the p23 sgRNA of both mutants were estimated to be
34:1.

Mutants CTV-p18-p23, CTV-CP-p23, and CTV-CPm-p23
allowed examination of the effect of multiple genes on the
accumulation of positive- and negative-stranded sgRNAs (Fig.
3A, d to f). These mutants replicated efficiently and produced
genomic and sgRNAs of positive and negative polarity (Fig.
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3B, d to f), with positive-to-negative-strand ratios of the p23
sgRNA of �38 to 42:1, similar to that of wild-type CTV. Thus,
the asymmetric accumulation of sgRNAs appeared to map to
the p23 gene.

To examine whether other sgRNAs responded similarly to
the presence or absence of the p23 region, we created a series
of mutants with the 3�-most genes progressively deleted. We
observed previously that smaller CTV RNAs more efficiently
infect N. benthamiana protoplasts than do larger CTV RNAs
(24). CTV-CPm-p23 (Fig. 3A, f) was used to generate mutants
with progressive deletion of ORFs because it produced a plus-
to-minus strand ratio of sgRNAs similar to that of the wild-
type virus and its smaller size made it easier to manipulate and
infect protoplasts than the full-genome RNA.

CTV-CPm-p20 contained the CPm, CP, p18, p13, and p20
genes and only the 3� portion of the p23 ORF (the same
portion contained in CTV-�Cla, which does not produce p23
sgRNA because of loss of the p23 sgRNA controller element)

(Fig. 4B, b). Analysis of positive- and negative-stranded
sgRNAs accumulated from CTV-CPm-p20-transfected proto-
plasts revealed a reduction in asymmetric production of the
sgRNAs due to a 12- to 15-fold increase in the accumulation of
negative-stranded sgRNAs compared to CTV-CPm-p23. The
p20 sgRNA ratio of positive to negative strands of CTV-CPm-
p20 was 6:1 (Fig. 4B, compare a and b). CTV-CPm-p13, CTV-
CPm-p18, and CTV-CPm-CP (Fig. 4A, c to e) replicated effi-
ciently, with ratios of positive to negative strands of the
sgRNAs closest to the 3� end in all three constructs determined
to be approximately 3 to 5:1.

The low plus-to-minus sense RNA ratio from the constructs
without the p23 ORF was largely due to increased accumula-
tion of negative-stranded sgRNAs, while the deletion of p23
and other 3� genes had little effect on the accumulation of
positive-stranded genomic or sgRNAs (Fig. 4B). Again, the
major factor affecting sgRNA asymmetry was mapped to the
p23 gene. (The increased signal of the genomic RNA of

FIG. 2. Deletion mutations in 3� ORFs of CTV to map the region involved in asymmetric accumulation of RNAs. (A) Schematic representation
of the genome organization of wild-type CTV (CTV9) showing the deletion mutants CTV-�p33-CPm (a), CTV-�p33-p18 (b), CTV-�p6-p20 (c),
and CTV-�p33-p23 (CTV-�Cla) (d). The mutants were generated by deleting the sequences between the dotted lines using the indicated
restriction enzymes. Bent arrows represent the approximate start position of sgRNAs. (B) Northern blot analysis of total RNAs from N.
benthamiana protoplasts transfected with deletion mutants (a to d) at 3 and 4 dpi, showing the accumulation of positive- and negative-stranded
genomic (arrowheads) and corresponding 3�-terminal sgRNAs using strand-specific riboprobes as described for Fig. 1.
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smaller constructs in Fig. 4 was the result of the more efficient
transfection of protoplasts by smaller CTV RNAs, as reported
[24].)

To determine whether the effect of the p23 gene was uni-

form on all of the sgRNAs, we next examined full-length or
nearly full-length CTV with and without the p23 gene. The
mutant CTV9-�p23 contained an in-frame deletion of 84
amino acid codons between nt 18532 and 18783 in the p23 gene
with predicted translation of amino acids 1 to 46 and 131 to 209
of p23 (Fig. 5A). CTV9-�p23 replicated and accumulated pos-
itive-stranded genomic and sgRNAs similar to CTV-�p33 and
wild-type CTV (23), but CTV9-�p23 had a �10- to 15-fold

FIG. 3. Effect of 3�-most ORFs on the accumulation of positive-
and negative-stranded RNAs by sequential addition of genes. (A)
Schematic diagram of CTV-�Cla333 and 3� ORF(s) inserted additively
from p23 to CPm into CTV-�Cla333 between the XhoI and NotI
restriction endonuclease sites (a to f). Nucleotide numbers represent
the sequences present in CTV-�Cla333. All insertions contained a
constant 3� end (nt 19296) and variable 5� ends as indicated. Approx-
imate positions of the 5� termini of the sgRNAs are indicated with bent
arrows. (B) Northern blot analysis of accumulation of positive- and
negative-stranded RNAs from N. benthamiana protoplasts transfected
with CTV mutants (a to f) at 3 and 4 dpi. The blots were hybridized
with 3� positive- and negative-stranded RNA-specific riboprobes along
with double-stranded RNAs (ds) from CTV-infected plants as a stan-
dard to equalize strand-specific riboprobes. The positions of the
genomic and corresponding sgRNAs of 3�-end genes are represented
by arrowheads and arrows, respectively.

FIG. 4. Effect of presence or absence of p23 gene and sequential
deletion of 3�-end genes on the accumulation of positive- and negative-
stranded RNAs. (A) Schematic representation of mutants with se-
quential deletion of genes in CTV-CPm-p23 (a to e). The deletions
were made by keeping a constant 5� end (nt 15118) and variable 3�
ends as indicated. (B) Accumulation of positive- and negative-stranded
RNAs from protoplasts transfected with mutants a to e at 3 and 4 dpi.
Northern blots were hybridized with the 3� positive- and negative-
stranded RNA-specific riboprobes as described for Fig. 3. Genomic
RNA and corresponding sgRNAs of 3�-end genes are represented by
arrowheads and arrows, respectively. Dotted lines between lanes in
Northern blots represent the corresponding sgRNA as shown to the
left side of the blot.
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increase in accumulation of negative-stranded sgRNAs (Fig.
5B).

Putative role of p23 protein in sgRNA asymmetry. To ex-
amine whether the p23 region functioned to downregulate
negative-stranded sgRNA accumulation via a cis-acting RNA
sequence or whether the p23 protein was needed, we made
mutations in the p23 ORF to disrupt protein production or
function with minimal disruption of a potential cis-acting RNA
element. We generated mutant p23FS, which contained a �1
frameshift at nt 18408 with the addition of nucleotide U, which
was predicted to result in the translation of only the first five
native p23 codons followed by 10 nonviral codons. This mutant
replicated efficiently and accumulated both positive- and neg-
ative-stranded sgRNAs (Fig. 6B, b). The frameshift in p23
resulted in a 23- to 30-fold increase in the accumulation of
negative-stranded sgRNA over that of CTV-p23, whereas the
accumulation of positive-stranded sgRNA was decreased by
only �1- to 2-fold (Fig. 6B, b; Table 1). These results suggested
that the p23 protein was responsible for the downregulation of
the accumulation of minus-stranded sgRNAs.

To further examine the putative function of the p23 protein,
a series of in-frame deletion mutants were examined. Two of
the deletions were designed to remove the RNA binding do-
main which contained a predicted zinc finger domain (15).
Mutant p23�5–45aa contained a deletion of amino acid codons
5 to 45 between nt 18406 and 18528. Mutant p23�46–90aa had

a deletion of amino acid codons 46 to 90 between nt 18529 and
18663, and mutant p23�91–180aa contained a deletion be-
tween nt 18664 and 18933, encoding amino acids 91 to 180.
The region between nt 18934 and 19020, encoding amino acids
181 to 209, was deleted to obtain p23�181–209aa (Fig. 6A). All
these mutants replicated efficiently and produced genomic and
sgRNAs of positive and negative polarity (Fig. 6B).

FIG. 5. Effect of p23 deletion in wild-type CTV (CTV9) on the
accumulation of positive- and negative-stranded RNAs. (A) Genomic
map of wild-type CTV9 (top part) and expanded view of p33 and p23
ORFs showing deletions made to obtain CTV-�p33 (23) and CTV9-
�p23. (B) Northern blot analysis of accumulation of positive- and
negative-stranded RNAs from CTV9-�p23 (a to c, three independent
clones), CTV-�p33 (d), and wild-type CTV9 (e) at 4 dpi. Blots were
hybridized with 3� positive- and negative-stranded RNA-specific ribo-
probes. Genomic RNA and corresponding sgRNAs of 3�-end genes
are indicated by arrowheads and arrows, respectively. sgRNAs from
CTV9-�p23 (a to c) migrated slightly faster than those from CTV-
�p33 (d) or wild-type CTV9 (e) due to a deletion in the p23 gene.

FIG. 6. Analysis of p23 gene function in asymmetric accumulation
of sgRNAs. (A) Schematic diagram of CTV-p23 with a �1 frameshift
(p23FS) at nt 18408, mutants with deletion of amino acids 5 to 45
(p23�5–45aa), 46 to 90 (p23�46–90aa), 91 to 180 (p23�91–180aa), and
181 to 209 (p23�181–209aa). Positions of deletions are indicated by
dotted lines and corresponding nucleotide numbers. Boxes and solid
lines represent translatable and nontranslatable sequences, respec-
tively. (B) Northern blot analysis of accumulation of positive- and
negative-stranded p23 sgRNAs from N. benthamiana protoplasts trans-
fected with wild-type CTV-p23 (a), the frameshift mutant (b), and
deletion mutants (c to f) at 3 and 4 dpi using 3� positive- and negative-
stranded RNA-specific riboprobes. Double-stranded RNA (ds) from
CTV-infected plants was included in Northern blots as a standard to
equalize strand-specific riboprobes. Positions of genomic RNA and
p23 sgRNA are indicated by arrowheads and arrows, respectively.
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While there were small effects on the accumulation of the
positive-stranded sgRNA in these mutants, substantial in-
creases in the accumulation of negative-stranded sgRNA were
observed (Table 1). Deletion of amino acid codons 5 to 45
caused an increase in the accumulation of the positive-
stranded sgRNA by �1- to 2-fold and negative-stranded
sgRNA by �8 to 12-fold compared to CTV-p23 (Fig. 6B,
compare a and c; Table 1). Deletion of amino acid codons 46
to 90 and 91 to 180 caused the greatest increase in the accu-
mulation of negative-stranded sgRNA, approximately 24- to
34-fold, but the accumulation of the positive-stranded sgRNA
was decreased by only 1- to 2-fold (Fig. 6B, compare d and e
with a; Table 1). Mutant p23�180–209aa accumulated positive
to negative strands at an approximately 16 to 35:1 ratio, similar
to that of CTV-p23 (Fig. 6B, compare a and f; Table 1). The
slight increase in the accumulation of negative-stranded
sgRNA in p23�180–209aa can be attributed to an increase in
the overall level of replication (Fig. 6B, f).

Analysis of zinc finger domain in asymmetric accumulation
of sgRNAs. Deletion mutations in p23 suggested that amino
acid residues 46 to 180 were critical for asymmetric accumu-
lation of sgRNAs. The p23 protein was previously shown to
contain an RNA-binding domain between amino acid residues
50 and 86, a region containing several basic amino acid resi-
dues and a putative zinc finger domain (15). The conserved
cysteine and histidine amino acids are thought to be zinc-
coordinating residues of a zinc finger domain. We examined
the requirement for the zinc finger domain by replacing these
cysteine and histidine residues with alanine. The two cysteine
residues at positions 68 and 71 were replaced with alanines to
obtain CTV-p23-C68A/C71A (Fig. 7A). The histidine residue at
position 75 and cysteine at position 85 were replaced with
alanine residues to obtain CTV-p23-H75A and CTV-p23-C
85A, respectively (Fig. 7A). All of the mutants replicated effi-
ciently in protoplasts. However, replacement of conserved cys-
teine residues with alanine resulted in a 12- to 15-fold increase
in the accumulation of negative-stranded sgRNAs and a 1- to
2-fold decrease in positive-stranded sgRNAs (Fig. 7B, b and
d). The replacement of the histidine residue with alanine had
only a minor effect on asymmetry in sgRNA accumulation,
accumulating plus- and minus-stranded sgRNAs similarly to
the wild-type virus (Fig. 7B, c).

p23 increases gene expression. The above observations sug-
gest that p23 regulates the accumulation of negative-stranded
sgRNAs. It is possible that deletion of p23 results in an in-
crease in double-stranded RNAs and a substantial decrease in

FIG. 7. Analysis of the zinc finger domain of p23 in asymmetric
accumulation of sgRNAs. (A) Schematic diagram of p23 ORF with
zinc finger domain (ZF). The amino acid sequences of the basic region
and proposed zinc finger domain of p23 are shown. The conserved
cysteine and histidine residues presumably bound to the zinc ions are
circled, and basic amino acid residues are marked with asterisks. The
positions of the conserved cysteine and histidine residues in the p23
protein are indicated. Point mutations were introduced to change C68
and C71 to alanine residues (p23-C68A/C71A), H75 to alanine (p23-
H75A), and C85 to alanine (p23-C85A). (B) Northern blot analysis of
accumulation of plus- and minus-stranded p23 sgRNAs from N.
benthamiana protoplasts transfected with CTV-p23 (a) and mutants
with alterations in the zinc finger domain (b to d) at 3 or 4 dpi. The
blots were hybridized with 3� positive- and negative-stranded RNA-
specific riboprobes. Double-stranded RNA (ds) from CTV-infected
plants was included in the Northern blot to equalize the strand-specific
riboprobes. Genomic RNA and p23 sgRNA are indicated by arrow-
heads and arrows, respectively.

TABLE 1. Effect of frameshift and deletion mutations in p23 ORF on the accumulation of positive- and negative-stranded p23 sgRNAs from
CTV-p23

Construct
Plus-to-minus strand sgRNA ratio

Accumulation of sgRNA over wild-type level (fold change)

Plus-strand sgRNA Minus-strand sgRNA

Expt 1 Expt 2 Expt 3 Expt 1 Expt 2 Expt 3 Expt 1 Expt 2 Expt 3

CTV-p23 49:1 30:1 46:1
p23FS 1.7:1 1.2:1 1.4:1 �0.9 �1.1 �1.1 �26.5 �22.7 �30.3
p23�5–45aa 12:1 5.6:1 5:1 �2.0 �1.8 �1.6 �8.1 �11.1 �12.4
p23�46–90aa 1.5:1 1.1:1 1.1:1 �0.8 �1.0 �1.2 �27.2 �25.8 �33.7
p23�91–180aa 1.3:1 1.1:1 1.1:1 �0.7 �1.2 �1.3 �27.4 �23.8 �32.2
p23�181–209aa 35:1 16:1 28:1 �2.0 �2.0 �1.3 �3.1 �3.8 �2.8
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single-stranded sgRNAs that could function as mRNAs.
Therefore, we examined the effect of the p23 gene on the
expression of the major coat protein (CP) gene in the presence
and absence of p23 (CTV-CP/p23 and CTV-CP, respectively).
The region between nt 15898 and 16845, comprising the inter-
genic region 5� of the CP ORF that contained the sgRNA
controller element (8) and the complete CP ORF, was inserted
into CTV-�Cla333 to obtain CTV-CP (Fig. 8A, a). CTV-CP
contained the complete CP gene under its own promoter plus
only the 3� part of p23 ORF without its sgRNA controller
element and was unable to express the p23 protein. CTV-CP/
p23 contained complete CP and p23 genes (Fig. 8A, b).

Both CTV-CP and CTV-CP/p23 replicated efficiently and
produced positive- and negative-stranded genomic and
sgRNAs. CTV-CP produced the CP sgRNA and a truncated
p18 sgRNA, whereas CTV-CP/p23 produced those plus the
p23 sgRNA (Fig. 8B). The p18 sgRNA was produced because
its controller element is located in the 3� end of the CP ORF
(8). The positive- and negative-stranded CP sgRNAs accumu-
lated at ratios of 50:1 and 4.5:1 in the presence and absence of
the p23 gene (CTV-CP/p23 and CTV-CP), respectively (Fig.
8B, compare a and b). The presence of the p23 ORF in CTV-

CP/p23 resulted in a decrease in the accumulation of negative-
stranded CP sgRNA of 11- to 17-fold and an increase in the
accumulation of positive-stranded CP sgRNA of only 1- to
2-fold.

Total protein from CTV-CP- and CTV-CP/p23-inoculated
protoplasts was analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by a West-
ern blot immunoassay using CP-specific polyclonal antibodies.
The presence of the p23 ORF resulted in a substantial increase
in the expression of CP by CTV-CP/p23, approximately 12- to
15-fold more than by CTV-CP (Fig. 8C).

DISCUSSION

The positive- to negative-stranded RNA ratio of CTV
RNAs, approximately 40 to 50:1, falls within the range of that
of the genomic RNAs of most positive-stranded RNA viruses,
particularly the more similar alphavirus supergroup and large
complex viruses of the Nidovirales. However, we noticed that a
CTV mutant with all of the 3� genes deleted replicated effi-
ciently but produced plus-to-minus strand ratios of genomic
and sgRNA that were greatly altered, with almost as much
negative-stranded RNAs as positive-stranded RNAs (22). By
examining a series of mutants in this study, the cause of the
altered ratio was mapped to the p23 gene. More precise mu-
tations suggested that the p23 protein controlled the ratio of
plus to minus strands of CTV. These data suggest that the p23
protein slightly increased the accumulation of plus strands but
greatly decreased the accumulation of minus strands.

The loss of function due to a �1 frameshift after the fifth
amino acid codon suggests that the p23 protein, not the RNA
sequence, is responsible for the drastic upregulation of minus-
stranded sgRNA accumulation. Examination of the sequences
of p23 proteins from different strains of CTV showed remark-
able conservation both of the basic region and of cysteine and
histidine residues in a putative zinc finger domain, suggesting
their functional importance (15). Zinc finger-containing pro-
teins are ubiquitous proteins in eukaryotes that bind to nascent
RNA, template DNA, or subunits of the transcriptional ma-
chinery (5). Our deletion analysis suggests that the N-terminal
amino acids (5 to 45) and the C-terminal amino acids (181 to
209) were not absolutely required for the in vivo function of
the p23 gene, whereas internal amino acids, including the zinc
finger domain, were indispensable for asymmetric accumula-
tion of plus- and minus-stranded sgRNAs.

The change of conserved Cys-68, Cys-71, and Cys-85 to Ala
in p23 resulted in loss of asymmetric amplification, suggesting
importance for the putative zinc finger domain in regulation of
the ratio of positive- to negative-stranded RNAs. However,
mutation of the His-75 to Ala had little effect. López et al. (15)
demonstrated that the CTV p23 gene product binds RNA in
vitro, with the RNA-binding domain mapping between amino
acid residues 50 and 86, which include the putative zinc finger
domain. However, mutation of the conserved cysteines and
histidine in the putative zinc finger domain did not prevent
RNA binding (15). These data suggest that the in vivo function
of the p23 protein has greater requirements than RNA bind-
ing. Recently, Tijms et al. (33) reported that a zinc finger
domain containing nsp1 of the nidovirus Equine arteritis virus is
crucial for sgRNA synthesis. However, this protein is required

FIG. 8. Effect of p23 ORF on the expression of other genes. (A)
Schematic diagrams of CTV-CP (a) and CTV-CP/p23 (b). Bent arrows
represent the approximate positions of the 5� termini of the sgRNAs
driven by the controller element for the corresponding ORF. (B)
Northern blot analysis of accumulation of positive- and negative-
stranded RNAs from mesophyll protoplasts transfected with CTV-
�Cla, CTV-CP (a), and CTV-CP/p23 (b) at 4 dpi. The blots were
hybridized with 3� positive- and negative-stranded RNA-specific ribo-
probes, and double-stranded RNA (ds) was included in Northern blots
to equalize the probes. 1, p33/p23 chimeric sgRNA produced under
p33 controller element; 2, CP sgRNA; 3, p18 sgRNA produced from
p18 sgRNA controller element present in the 3� end of the CP ORF;
4, p23 sgRNA. (C) Western immunoblot analysis of CP from proto-
plasts transfected with CTV-�Cla, CTV-CP, and CTV-CP/p23. Virions
from wild-type CTV (CTV9) were used as a positive control.
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for sgRNA synthesis, whereas the CTV p23 protein appears
only to reduce negative-strand accumulation.

The p21 gene product of Beet yellows virus (BYV), a related
Closterovirus, is positionally analogous to the CTV p23 ORF
and was reported to greatly affect replication of the viral RNAs
(21). However, the BYV p21 gene and the CTV p23 gene
appear to function very differently. Deletion of the p21 gene of
BYV reduced RNA synthesis by �80%. In contrast, not only
did deletion of the p23 gene of CTV have little effect on
positive-stranded genomic RNA accumulation, as reported
previously (22), it resulted in a net increase in total CTV viral
RNA accumulation due to the increase in negative strands.

Because there is little information concerning mechanisms
affecting positive-to-negative strand ratios of sgRNA, we can
only compare CTV to mechanisms that control the ratio of
positive to negative strands of genomic RNAs. The validity of
this comparison is increased by the general similarity of the
plus-to-minus ratios of CTV genomic and sgRNA for the dif-
ferent mutants (examine Fig. 1 to 8), even though we have
difficulty quantifying the large genomic RNAs to calculate ra-
tios.

Regulation of CTV genomic and sgRNA plus-to-minus ra-
tios appears to differ considerably from those of the examined
alpha-like viruses. In BMV, the change to asymmetrical repli-
cation due to the addition of RNA 3 to RNAs 1 and 2 results
in a large amplification of genomic plus strands (16). A similar
amplification of positive strands appeared to be induced by the
AMV coat protein (34). A change in the replicase complex
converts SIN replication from the symmetrical phase, which
produces positive and negative strands of the genomic RNA in
an approximately 1:1 ratio, to the asymmetrical phase, which
produces exclusively positive strands (26, 27). A common fea-
ture of these systems is that mutation reduced the amount of
positive strands produced with relatively little effect on pro-
duction of negative strands. In contrast, in the absence of the
p23 protein, CTV accumulated increased amounts of negative
strands with little effect on positive strands.

It is not clear at this time why a virus would have a gene
product to reduce negative-stranded RNA accumulation. It
appears that the p23 protein serves as a switch to convert
replication from symmetrical to asymmetrical production of
positive- and negative-stranded RNAs. SIN does this by con-
verting the replication complex from an unstable to a stable
form (26). Perhaps the addition of the p23 protein to the CTV
replication complex functions similarly, with the major differ-
ence being that the p23 protein did not appreciably amplify
accumulation of the amount of positive strands. It is possible
that the p23 protein, which has been shown to be an early
protein (19), binds to the 3� end of the positive-sense RNA to
reduce the synthesis of negative strands.

A long-standing conundrum of virology has been the ques-
tion of the in vivo relationship of complementary positive and
negative strands of RNA: whether they exist in a double-
stranded helix in the cell or only become double-stranded
during extraction. The large amount of negative strands cor-
responding to the CTV RNAs revives the question of whether
the positive-stranded sgRNAs are available as mRNAs in the
presence of almost equal amounts of negative-stranded
sgRNAs. We were able to examine this phenomenon by mea-
suring protein synthesis in vivo from an mRNA with little

cRNA compared to an mRNA with almost equal amounts of
cRNA. The presence of the p23 gene resulted in an 11- to
17-fold decrease in the amount of minus strands of the CP
sgRNA with only a �1- to 2-fold increase in positive strands,
yet caused a 12- to 15-fold increase in the production of CP.
The presence of complementary strands of the sgRNAs was
associated with reduced translatability of those mRNAs, sug-
gesting that they were made unavailable, perhaps as double-
stranded RNAs. Thus, the p23 protein both reduces negative-
stranded RNA accumulation and indirectly enhances gene
expression.
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