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Many plant RNA viruses are associated with one or more subviral RNAs. Two subviral RNAs, satellite RNA
C (satC) and defective interfering RNA G (diG) intensify the symptoms of their helper, turnip crinkle virus
(TCV). However, when the coat protein (CP) of TCV was replaced with that of the related Cardamine chlorotic
fleck virus (CCFV), both subviral RNAs attenuated symptoms of the hybrid virus TCV-CPgy. In contrast,
when the translation initiation codon of the TCV CP was altered to ACG and reduced levels of CP were
synthesized, satC attenuated symptoms while diG neither intensified nor attenuated symptoms. The determi-
nants for this differential symptom modulation were previously localized to the 3'-terminal 100 bases of the
subviral RNAs, which contain six positional differences (Q. Kong, J.-W. Oh, C. D. Carpenter, and A. E. Simon,
Virology 238:478-485, 1997). In the current study, we have determined that certain sequences within the
3'-terminal stem-loop structures of satC and diG, which also serve as promoters for complementary strand
synthesis, are critical for symptom modulation. Furthermore, the ability to attenuate symptoms was correlated
with weakened binding of TCV CP to the hairpin structure.

Many plant RNA viruses are associated with one or more
nonessential subviral RNAs, including defective interfering
RNAs (DI RNAs) and satellite RNAs (satRNAs), which de-
pend on a helper virus for replication, encapsidation, and
movement in plants (26). DI RNAs are fairly ubiquitous in
animal virus systems and relatively rare among plant viruses
(34, 57). On the other hand, satRNAs are almost exclusively
associated with plant viruses (33). DI RNAs are generated as
a consequence of errors in viral genome replication, and in-
terference with the replication of the helper virus frequently
results in substantial symptom attenuation (6, 9, 14, 35). How-
ever, some DI RNAs increase the symptom severity of their
helper viruses, such as the DI RNA of broad bean mottle virus
(32), DI RNA G (diG) of turnip crinkle virus (TCV) (19) and
the DI RNA of bovine diarrhea virus (50). Unlike DI RNAs,
which are shortened versions of viral genomic RNAs, satRNAs
usually share little sequence similarity with their helper virus.
As molecular parasites of their helper viruses, satRNAs can
have dramatic effects on symptoms, ranging from amelioration
to severe exacerbation (33).

There are several mechanisms that satRNAs can use to
attenuate symptoms. In many hosts, disease attenuation by
cucumber mosaic virus (CMV) satRNAs is accompanied by a
reduction in virus accumulation (12, 13). In contrast, CMV
satRNA symptom attenuation of the closely related tomato
aspermy virus is not always accompanied by a noticeable de-
crease in the level of viral RNA (25). Symptom modulation by
satRNAs is thought to involve a trilateral interaction among
the host plant, satRNA, and helper virus. The involvement of
the host was demonstrated when particular subspecies of to-
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bacco determined whether the Y-satellite RNA of CMV pro-
duced yellow or green mosaic symptoms (22). The involvement
of the helper virus in satRNA symptom modulation was dem-
onstrated by Sleat et al. (43), who showed that symptom mod-
ulation of CMV satRNAs mapped to RNA2 of CMV. How-
ever, it is not known if cis sequences on RNA?2 or if one of the
encoded products is the determinant for symptom modulation.
The smaller satRNAs, including those of CMV and TCV, do
not encode any functional open reading frames (ORFs), indi-
cating that the satRNA determinants for symptom modulation
must lie within the RNA sequence. Sequences in satRNAs
responsible for symptom intensification have been mapped to
specific nucleotide residues which, when altered, can affect the
host response (10, 21, 28, 30, 37, 41-43, 58). In contrast, se-
quence determinants important for symptom attenuation are
less well defined.

We are studying symptom modulation of TCV subviral
RNAs in the host Arabidopsis thaliana. TCV is a single-
stranded, positive-sense RNA virus with a 4,054-base genome
that serves as the mRNA for the two subunits (p28 and p88) of
the viral RNA-dependent RNA polymerase that is required for
virus replication (56) (Fig. 1A). Two subgenomic RNAs are
synthesized during virus infection (4, 52) that encode the
movement proteins p8 and p9 (18) and the coat protein (CP)
p38 (Fig. 1A), which is also required for virus movement (8). In
addition to the subgenomic RNAs, TCV is associated with
several subviral RNAs (Fig. 1B). satD is a typical satRNA that
shares little sequence similarity with the helper TCV genomic
RNA (Fig. 1B) and has no effect on virus symptoms (20, 36,
38). satC is an atypical satRNA that contains a 5’ domain of
189 bases, similar to the entire sequence of the avirulent satD
(88% similarity) and a 3" domain of 166 bases, similar to two
regions of mostly untranslated sequence at the 3’ end of TCV
genomic RNA (90% sequence similarity) (Fig. 1B and C). satC
is a virulent satRNA, intensifying symptoms in all hosts where
TCV produces visible symptoms (20). For example, satC al-
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FIG. 1. Genomic and subviral RNAs used in this study. (A) Genomic RNAs. ORFs and untranslated regions are represented by thick and thin boxes, respectively.
The percent sequence similarity between TCV and CCFV genomes is shown. TCV-CPm has a point mutation in the CP initiation codon as indicated, which causes
translation initiation at an upstream CUG codon resulting in two additional N-terminal amino acids and a reduction in CP levels to 20% of that of the wt (54). (B)
Subviral RNAs associated with TCV. Similar sequences among TCV genomic and subviral RNAs are shaded alike. The sizes of the RNAs are given. (C) Alignment
of the 3’-end sequences of satC, diG, and the TCV genomic RNA, which is identical to satC* (TCV/Cx) (16). Only differences among the RNAs are indicated. Lines
indicate absence of the bases in satC and diG, compared with TCV or satCx. The six positional differences between satC and diG are shaded. The last two positions
(5 and 6) each have two consecutive nucleotide differences between the two subviral RNAs.

tered the normal slight stunting and slightly mottled and crin-
kle leaves associated with TCV infection of turnip to severe
stunting with dark-green, very stunted and crinkled leaves (19,
37). In most ecotypes of A. thaliana, infection by TCV alone
caused moderate stunting symptoms, while inclusion of satC in
the inoculum resulted in the death of the plant by about 16
days postinoculation (dpi) (20, 39).

While satC intensified the symptoms of wild-type (wt)
TCV, it attenuated the moderate symptoms induced by TCV-
CPccpv (Fig. 1A), a variant in which the TCV CP is replaced
with the CP of the related Cardamine chlorotic fleck virus
(CCFV) (15). Symptom attenuation was correlated with an
80% reduction in TCV-CP gy levels in inoculated leaves and
protoplasts (15, 17). satC also attenuated the symptoms of
about 70% of plants inoculated with TCV-CPm (Fig. 1A), a
variant with a single nucleotide alteration in the translation
initiation codon of the CP (17). Lack of TCV-CPm symptoms
was correlated with nearly undetectable levels of viral genomic
RNA in uninoculated leaves (16, 17). Unlike attenuation in
TCV-CP(cpy, satC attenuation of TCV-CPm symptoms did
not involve a large reduction in virus accumulation in inocu-
lated leaves or protoplasts but rather was associated with a
reduction in virus long-distance movement (17). Plants in-

fected with TCV-CPm accumulated 20% of the wt level of a
CP that has two additional amino acids at its N terminus (54).
However, symptom attenuation by satC was mainly due to the
reduced levels of CP synthesized in TCV-CPm-infected plants,
as opposed to the altered N terminus (54).

diG, a second virulent subviral RNA associated with TCV,
shares a similar but not identical 3’-terminal segment with
satC. It is composed (from 5’ to 3") of 10 bases from the 5’ end
of satD, 12 bases of unknown origin, 99 bases from near the 5’
end of TCV, and then 225 bases of a TCV untranslated 3'-
terminal sequence (94% sequence similarity with TCV), in-
cluding an imperfect repeat of 36 bases (Fig. 1B and C). As
with satC, diG intensifies the symptoms of wt TCV and atten-
uates the symptoms of TCV-CPcp,. However, unlike satC,
diG has no effect on symptoms of TCV-CPm (16).

In this report, we have determined that two positions located
within the 3'-terminal stem-loop structures of satC and diG are
responsible for their different symptom modulation properties.
Furthermore, symptom modulation can be directly correlated
with affinity of CP binding to the 3’-terminal stem-loop struc-
tures. These results provide the first direct link between virus-
encoded products and symptom modulation by subviral RNAs.
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TABLE 1. Oligonucleotides used in this study
Applicati . - Position in satC a .
pplication Oligonucleotide or diG Sequence Polarity”

Site-directed mutagenesis C5' 1-19 (satC) 5" GGGATAACTAAGGGTTTCT 3’ +
Cs5C* 329-356 (satC) 5" GGGCAGGCCCCCCCCCCGCGCGAGGAGGGAGG 3’ -
Co6G 329-356 (satC) 5" GGGCAGGCCCCCCCCCCGAGGAGGGAGG 3’ -
C56G 329-356 (satC) 5" GGGCAGGCCCCCCCCCCGCGAGGAGGGAGG 3’ -
G5’ 1-19 (diG) 5" GGGATAAAAAGGAGGCTTA 3’ +
G5C 313-344 (diG) 5" GGGCAGGCCCCCCCCCCG—AGGAGGGAGGCT 3’ -
G6C 313-344 (diG) 5" GGGCAGGCCCCCCGTCCGCGAGGAGGGAGGCT 3’ -
G56C 313-344 (diG) 5" GGGCAGGCCCCCCGTCCG—AGGAGGGAGGCT 3’ -

RT-PCR DM4 206223 (satC) 5" GGGACCAAAAACGGCGGC 3’ +
GM4 206-223 (diG) 5" TGGCAGCACTGTCTAGCT 3’ +
T17 adapter 5" CCACTCGAGTCGACATCGA(T),; 3’
Adapter 5" CCACTCGAGTCGACATCGA 3’
(dT)18 S"TTTTTTTTTTTTTTTTTIT 3’
284 284-301 (satC) 5" ATCCCGAAAGGGTGGGCT 3’ -

RNA gel blot analysis 293 274-293 (satC) 5" CTTTCGGGATTTTAGTGGTT 3’ -

260-279 (diG)

CP-RNA binding T7CG3’ 292-301 (satC) 5" GTAATACGACTCACTATAGGGTGGGCT 3’ +

CG3’ 344-356 (satC) 5" GGGCAGGCCcceee 3 -
“ Underlined, boldface sequences are inserted or mutated sequences. —, deletion of the nucleotides present in the wt diG sequence in G5C and G56C.

b Polarity refers to homology (+) or complementarity (—) with plus strands of subviral RNAs.

MATERIALS AND METHODS

Virus strains and plasmid constructions. Plasmids containing full-length
¢DNAs of TCV (pT7TCVms) (29), TCV-CPm (pT7TCV-CPm) (17), TCV-
CPccpy (PT7T/C) (15), satC [pT7satC(+)] (44), satC* (pT7satC*) (16), and diG
(pT7diG) (19) downstream from a T7 RNA polymerase promoter have been
described.

For construction of pT7satC56G, oligonucleotide C56G (oligonucleotides are
listed in Table 1) was used with oligonucleotide C5" in a PCR with pT7satC(+)
as a template. The PCR product was digested with Spel and Smal, and the
smaller fragment was gel purified and ligated to pT7satC(+), which had been
previously digested with Spel and Smal. Plasmids pT7satC5C* and pT7satC6G
were generated in a similar fashion, except that oligonucleotide C56G was
replaced with C5C* and C6G, respectively. Plasmids pT7diG56C, pT7diG5C,
and pT7diG6C were generated in a similar fashion, except that the template for
PCR was replaced with pT7diG, oligonucleotide C5’ was replaced with G5', and
oligonucleotide C56G was replaced with G56C, G5C, and G6C, respectively.

Preparation and inoculation of A. thaliana protoplasts. Protoplasts were pre-
pared from callus cultures derived from A. thaliana ecotype Col-0 embryos as
previously described (17). Protoplasts (5 X 10°) were inoculated with 20 ug of
genomic RNA transcripts synthesized by T7 RNA polymerase in vitro as previ-
ously described (17).

RNA gel blot analysis. Four micrograms of total RNA isolated from proto-
plasts (39) was denatured by heating in 50 to 70% formamide and then subjected
to electrophoresis through nondenaturing 1.5% agarose gels. RNA was then
transferred to a NitroPlus membrane (Micron Separations, Inc., Westboro,
Mass.) and subjected to hybridization with an oligonucleotide probe specific for
TCV and its associated subviral RNAs (Table 1) or a probe specific for plant
ribosomal RNAs (39) as previously described (52, 53).

Plant growth and inoculations. Plants were grown in growth chambers at 20°C
as described by Li and Simon (20). Seedlings of A. thaliana ecotypes Col-0 and
Di-0 at the six- to eight-leaf stage were subjected to mechanical inoculation of the
oldest leaf pair with 4 pl of inoculation buffer containing 0.15 mg of the helper
virus RNA transcripts per ml, as described previously (17). For experiments
examining the effects of wt and mutant subviral RNAs on symptom modulation,
full-length transcripts (0.015 mg/ml) synthesized from the cloned cDNA of the
respective subviral RNA were included in the 4-pl inoculum.

3’-end sequence analysis by reverse transcriptase (RT) PCR. Five micrograms
of total RNA isolated from Col-0 plants infected with TCV and a respective
subviral RNA were denatured in 50 to 70% formamide and separated on a 1.5%
nondenaturing agarose gel, and the RNA species corresponding to the subviral
RNA was purified. Poly(A) tails were added to the 3’ ends with poly(A) poly-
merase (Amersham) as previously described (2). cDNAs were synthesized with a
primer containing a 19-base sequence joined to 17 thymidylate residues (Table 1)
as previously described (2). PCR was carried out with a primer specific for either
satC (DM4) or diG (GM4) (Table 1) and either the 19-base sequence described
above or oligonucleotide (dT);g (Table 1). PCR products were cloned into the
Smal site of pUC19 and sequenced with oligonucleotide 284(—), which is specific
for both satC and diG (Table 1).

Virus purification. Approximately 10 g of TCV-or CCFV-infected A. thaliana
Col-0 plants harvested at 14 dpi was mixed with 30 ml of 0.2 M sodium acetate
(pH 5.2) and 30 pl of B-mercaptoethanol and ground in a mortar on ice. The
supernatant was collected by being filtered through two layers of cheesecloth and
incubated on ice for 30 min followed by centrifugation at 8,000 rpm in an SS34
rotor (Sorvall) to pellet cell debris. To precipitate virus particles, 10 ml of fresh
40% polyethylene glycol (molecular weight, 6,000; Sigma) dissolved in 1 M NaCl
was added per 40 ml of supernatant, and the mixture was incubated on ice for 30
min, followed by centrifugation at 8,000 rpm in the rotor described above. The
pellet was resuspended in 10 to 20 ml of 0.05 M sodium acetate (pH 5.5),
incubated on ice for 1 h, and then subjected to centrifugation at 8,000 rpm in the
rotor described above. The supernatant was then subjected to further centrifu-
gation at 37,000 rpm for 90 min at 4°C in an SW41 rotor (Beckman). The pellet
was resuspended in 0.01 M sodium phosphate buffer (pH 7.0) containing 2.5%
glycerol and then clarified by a brief centrifugation. The dissolved virions were
subjected to chromatography on a DEAE-agarose gel A (Bio-Rad) column
(1.5-cm diameter by 10-cm height) preequilibrated with the same buffer. After
the column was washed with 6 column volumes of buffer, elution was carried out
with an NaCl gradient (0 to 1 M of NaCl in the same buffer) over 5 h with a flow
rate of 0.35 ml/min. Fractions (1.5 ml each) were collected, and virion concen-
trations were determined by measuring the absorbance at 260 nm. About 2 pg of
virions was subjected to electrophoresis on a sodium dodecyl sulfate (SDS)-12%
polyacrylamide gel, and the fractions containing CP free of contaminating host
proteins were collected. The virions in the fractions were then reprecipitated by
mixing with a one-quarter volume of 40% polyethylene glycol in 1 M NaCl, as
described above.

Coat protein purification. Virions (5 mg/ml) were dissociated by incubation on
ice for 1.5 h in 0.1 M Tris-HCI (pH 8.5), 5 mM EDTA, and 1.0 M NaCl with a
protease inhibitor mixture (0.5 wM phenylmethylsulfonyl fluoride [PMSF], 50
1M tosylphenylchloroketone [TPCK], and 10 wg of a,-macroglobulin per mg of
virus). Fifty milliliters of a 50% solution of polyethyleneimine (Sigma) was
dispersed in 350 ml of deionized water, adjusted to pH 8.5, and diluted to a final
concentration of 5% (wt/vol) (11). The polyethyleneimine solution was added by
rapid mixing to dissociated virus to a final concentration of 0.5 mg/ml, and
incubation on ice was continued for 15 min. RNA was then removed by centrif-
ugation for 10 min at 15,000 X g. The resulting supernatant containing TCV or
CCFV CP was applied to a 1.5- by 30-cm column of Sephacryl S200HR equili-
brated with a solution of 0.1 M Tris-HCI (pH 8.5), 0.5 M NaCl, and 5 mM
EDTA. Fractions (1.5 ml) were collected and analyzed by SDS-polyacrylamide
gel electrophoresis, and those with intact CP free of RNA were pooled and
precipitated with an equal volume of saturated (NH,),SO, by incubation on ice
for 15 min, followed by centrifugation at 4°C in a microcentrifuge at maximum
speed for 30 min. The pellet was resuspended in 50% saturated (NH,),SO, and
subjected to additional centrifugation to collect the precipitate. The final pellet
was resuspended in 250 pl of 0.01 M Tris-HCI (pH 8.0) and 25 mM NaCl and
then dialyzed for 16 h at 4°C against two changes of the same buffer. CP
concentrations were determined by the Bradford assay (1).
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Preparation of radiolabeled and unlabeled RNAs for CP-RNA binding. DNA
templates used to generate RNA transcripts of C3’ and C56G3’ were amplified
from ¢cDNA clones pT7satC(+) (44) and pT7satC56G (this study), respectively,
by PCR with oligonucleotide primers T7CG3’ and CG3' (Table 1). The DNA
template used to generate RNA transcripts of SK70 was pBluescript SK(+)
(Stratagene) previously digested with Smal.

For preparation of radiolabeled RNAs, in vitro transcription reactions were
performed with a final volume of 20 pl containing 40 mM Tris-HCl (pH 8.0);
6 mM MgCl,; 10 mM NaCl; 2 mM spermidine; 10 mM dithiothreitol; 20 U of
RNasin (Promega); 0.5 mM each of ATP, GTP, and CTP; 19 uM UTP; 50 pnCi
of [a-**P]JUTP (3,000 Ci/mmol; Amersham); 40 U of T7 RNA polymerase (New
England Biolabs); and either 2.5 ug of plasmid DNA or 0.625 pg of PCR-
generated template. Reactions were incubated for 1.5 to 2 h at 37°C. Transcrip-
tion products were extracted once with phenol-chloroform and precipitated with
ammonium acetate-isopropanol in the presence of 5 pg of yeast tRNA. The
pellets were resuspended in a small volume of deionized water and applied to a
8% polyacrylamide gel containing 7 M urea. The gel was covered with Saran
Wrap and subjected to brief autoradiography. Gel slices containing radiolabeled
RNAs were excised and soaked overnight with constant shaking in a buffer
containing 25 mM Tris-HCI (pH 7.5), 400 mM NaCl, and 0.1% SDS. Superna-
tants were extracted with phenol-chloroform once, followed by ammonium ac-
etate-isopropanol precipitation.

For preparation of unlabeled competitor RNAs, in vitro transcription reac-
tions were performed as described above except that the 50 p.Ci of [a-*’P]JUTP
was replaced with 481 puM UTP. Transcripts were treated with DNase I (Gibco
BRL) to remove template DNA, followed by phenol-chloroform extraction and
ammonium acetate-isopropanol precipitation in the presence of 5 pg of yeast
tRNA.

CP-RNA binding assays. >?P-labeled RNAs were incubated in 0.2 M Tris-HCI
(pH 8.0), 2 mM MgCl,, and 160 mM KCl for 10 min at 65°C and cooled to room
temperature over 15 min. The binding of CP to RNA was performed as described
previously (40) with the following modifications: the reaction volume was in-
creased to 20 pl with half of the reaction mixture applied to the gel; 5%
polyacrylamide was used for electrophoresis at 4°C. For quantitative analysis,
several independent experiments were performed, autoradiograms were scanned
by a laser densitometer, and results quantified by Molecular Analysis software
(Bio-Rad).

For competition assays, binding reactions were initiated by the addition of a
saturating amount of CP to mixtures containing *?P-labeled C3’' RNA (100 pM)
and increasing concentrations (0 to 1.62 puM) of unlabeled competitor RNAs
(C3" and C56G3" RNA). The incubation mixtures were fractionated by poly-
acrylamide gel electrophoresis and analyzed by autoradiography.

RESULTS

Differential modulation of TCV-CPm symptoms by satC and
diG maps to the 3’-terminal hairpins that are also the pro-
moters for minus-strand synthesis. The symptom intensifica-
tion property of satC was mapped previously to the TCV-
similar region of the satRNA, most of which is also shared with
diG (37). To determine if this region was also responsible for
the differential symptom modulation properties of satC and
diG when associated with TCV-CPm, satC*, a hybrid RNA
composed of the 5’ 256 bases of satC joined to the 3’ 103 bases
of TCV, was previously constructed (TCV and diG share very
similar 3’ ends) (Fig. 1B and C). satC* behaved like diG by
intensifying the symptoms of wt TCV, attenuating the symp-
toms of TCV-CPicpy, and not affecting the symptoms of
TCV-CPm (16). These results suggested that the 3'-terminal
100 bases of satC and the corresponding regions in satC* and
diG, which contain six positional differences (Fig. 1C), were
responsible for differential symptom modulation.

To further define the sequences in the 3’-terminal 100 bases
of satC and diG responsible for symptom modulation differ-
ences, mutations were introduced into each of the six posi-
tional differences to convert the nucleotides in one subviral
RNA to the other. Corresponding alterations at positions 1
through 4 had no effect on the symptom modulation properties
of satC or diG when coinoculated with TCV, TCV-CPm, or
TCV-CPpy Onto A. thaliana ecotype Col-0 (TCV-suscepti-
ble) and Di-0 (TCV-resistant) plants (data not shown; while
Di-0 plants are resistant to TCV, they are fully susceptible to
TCV-CPm and TCV-CP gy [15, 29], since high levels of TCV
CP are necessary to induce resistance [54]). The variances at
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positions 1 through 4 also had no effect on accumulation of
satC or diG in protoplasts coinoculated with TCV (data not
shown).

Additional satC and diG mutants were constructed by con-
verting one or both of the variances at positions 5 and 6 into
the corresponding nucleotides from satC, diG, or satC*. Re-
ciprocal exchanges of position 5 and/or 6 between satC and
diG generated mutants satC6G (satC with position 6 of diG)
and satC56G (satC with positions 5 and 6 of diG; other mu-
tants are similarly named), as well as diG mutants diG5C,
diG6C, and diG56C. Conversion of position 5 of satC to that of
satC* generated mutant satC5C*. When TCV was the helper
virus, all mutant subviral RNAs mimicked their parental wt
subviral RNAs in intensifying the symptoms of Col-0 (Fig. 2A
and data not shown). To determine if the alterations were
maintained during subviral RNA accumulation in plants, sub-
viral RNAs accumulating in uninoculated leaves at 14 dpi were
cloned by RT-PCR as described in Materials and Methods. All
satC56G and satC5C* mutants that were sequenced main-
tained their original mutations (Table 2). diG6C and diG56C
were mainly stable, with five of six clones retaining the original
alterations. satC6G and diG5C were unstable with only 1 of 18
and 5 of 12 clones remaining unchanged, respectively (Table
2). These results indicate that the subviral RNAs were most
stable when both positions 5 and 6 were either satC- or diG
like. In addition, satC tolerated the 4-base addition from satC*
at position 5, and diG tolerated the two base changes at posi-
tion 6. Because of the instability of satC6G and diG5C, these
mutants were eliminated from further analysis.

All subviral RNA variants attenuated the symptoms of TCV-
CPccpv, as did the parental satC and diG (Fig. 2B). When
TCV-CPm was the helper virus, satC attenuated the symptoms
of TCV-CPm, while satC56G exhibited the symptom modula-
tion ability of diG by not affecting symptoms (Fig. 2C). This
result indicates that conversion of the nucleotides in positions
5 and 6 from satC to diG in an otherwise wt satC molecule was
sufficient to convert satC to the phenotype of diG. diG56C,
which has the reciprocal exchange in diG, gained the ability to
attenuate the symptoms of TCV-CPm (Fig. 2C). These results
indicate that positions 5 and 6 were responsible for the differ-
ential modulation of TCV-CPm symptoms by the subviral
RNAs. satC5C* and diG6C, however, gave inconsistent re-
sults: in Col-0, 50% of plants inoculated with TCV-CPm and
satC5C* had attenuated symptoms, with the remaining plants
exhibiting only TCV-CPm symptoms. On the other hand,
diG6C acquired the phenotype of satC. Using ecotype Di-0,
50% of the plants inoculated with TCV-CPm and diG6C had
attenuated symptoms, while satC5C* exhibited diG-like symp-
tom modulation properties (data not shown). These latter re-
sults are possibly due to structural considerations, described in
the Discussion.

The location of positions 5 and 6 coincides with a 3'-terminal
hairpin that comprises a major portion of the promoter for
minus-strand satC synthesis (3, 45, 46). The nucleotide differ-
ences in this region between satC and diG affect the size of the
hairpin (Fig. 3A), according to computer-generated predic-
tions (59). In wt satC, the lack of 2 nucleotides (nt) in position
5 and the presence of AC as opposed to GG residues in
position 6 result in a hairpin with a 7-bp stem and a nine-base
loop. diG, on the other hand, contains a 10-bp stem and a
five-base loop, similar to the hairpin of TCV (or satC*), which
is composed of a 10-bp stem and a seven-base loop (Fig. 3A).
Since the mutations altered the structure of the hairpin pro-
moter, the effect of the alterations on subviral RNA accumu-
lation in protoplasts was assessed (Fig. 3B). At 40 h postinocu-
lation, all satC derivatives accumulated to similar levels (Fig.
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FIG. 2. Symptom modulation by the TCV subviral RNAs coinoculated with the helper TCV (A), TCV-CPcpy (B), and TCV-CPm (C). Seedlings of A. thaliana
ecotypes Col-0 and Di-0 at the six- to eight-leaf stage were inoculated with buffer alone (Mock), helper virus genomic RNA without any subviral RNA (None), or with
satC (C), satC56G (C56G), satCx (Cx), diG (G), and diG56C (G56C), as indicated below the plants. Representative plants were photographed at 17 dpi. The helper
virus used to inoculate the plant is shown on the right. Di-0 plants are resistant to infection by TCV. T/C, TCV-CPcgy; CPm, TCV-CPm.

3B, lanes 2 to 4). In contrast, alterations in diG to the corre-
sponding satC nucleotides increased the accumulation of diG,
although the levels reached (lanes 6 to 8) were still lower than
those of satC and satC-derived mutants (lanes 1 to 4). These
results indicate that the introduced mutations did not nega-
tively affect the accumulation of the subviral RNAs in proto-
plasts.

TCV CP preferentially binds to the 3’-terminal hairpin of
diG. The ability of TCV subviral RNAs to reduce virus sys-
temic movement and thereby attenuate symptoms depends on
the presence of reduced levels of the TCV CP (54). Reduction
in TCV CP levels was achieved by either altering the initiation
codon of the CP ORF (16, 17), mutating the subgenomic RNA
promoter for the CP mRNA (54), or substituting the CP of the
related virus CCFV for the TCV CP (15). The involvement of
the TCV CP in satC- but not diG-mediated symptom attenu-
ation led to the suggestion that the CP might bind differentially
to the 3’ regions of satC and diG (54). The model suggested
that lower affinity of binding to satC might allow, in the pres-
ence of reduced amounts of TCV CP, the binding of a factor
required for TCV movement.

To determine if there is differential CP affinity for the 3’
ends of satC and satC56G (which is phenotypically like diG)
and whether any differences can be correlated with symptom
modulation, gel retardation experiments were performed with
a 64-nt fragment from the 3’-terminal region of satC (C3’) and
a 66-nt fragment from the 3'-terminal region of satC56G
(C56G3’) (Fig. 4). The TCV CP bound C3’ with an affinity
similar to that of a nonviral control RNA of 70 nt (SK70),

indicating that the CP binds nonspecifically to the 3’ end of
satC. The affinity of the CP for the diG-like 3’ end of C56G3’
was consistently twofold higher than the nonspecific binding to
C3'. The higher affinity of the TCV CP for the diG-like 3’ end
was confirmed by competition experiments, where increasing
concentrations of unlabeled competitor RNAs were added to a
fixed amount of *?P-labeled C3’ RNA in the presence of sat-
urating levels of CP. In repeated experiments, C56G3" RNA
was a better competitor for CP binding than C3’ (Fig. 5).
Since the symptoms of TCV-CP .y Were attenuated by all
wt and mutant subviral RNAs, the binding of the CCFV CP to
C3’ and C56G3’ RNAs was tested (Fig. 6A and B). No binding
of CCFV CP to radiolabeled C3’ or C56G3" RNA was ob-
served in the presence of up to 20 M CP (Fig. 6, lanes 4 to 9).
Altogether, these results indicate a correlation between CP
binding affinity for the 3’-terminal stem-loops of satC and diG

TABLE 2. Stability of the mutations in the 3’ ends of satC and diG

Mut:z Analyzed No. of clones with No. of clones with

utants .. . . a
clones original mutations alterations'

satC5C* 9 9 0

satCoG 18 1 16(C); 1(C56G)

satC56G 8 8 0

diG5C 12 5 7(G56C)

diG6C 6 5 1(G56C)

diG56C 6 5 1(G6C)

“ The nature of the altered clone is indicated in parentheses. C, wt satC.
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as predicted by the computer structure program MFOLD (Genetics Computer Group, University of Wisconsin, Madison). Similar 3'-terminal stem-loop structures are
assigned to the same class (class I through IV). Subviral RNAs that have been previously studied for symptom modulation (16) are shaded. Mutations in each mutant
subviral RNA are shown in italics and underlined. V, location of deleted nucleotides in diG5C and diG56C that are present in wt diG. (B) Accumulation of wt and
mutant subviral RNAs in protoplasts. A. thaliana protoplasts (5 X 10°) were inoculated with 20 ug of wt TCV with (lanes 1 to 9) or without (lane 10) the addition of
2 pg of wt or mutant subviral RNAs, as shown above each lane. Total RNA extracted at 40 h postinoculation was subjected to RNA gel blot analysis with a probe specific
for TCV and the subviral RNAs (Table 1) or rRNA (39). Species corresponding to TCV genomic RNA (gRNA), the two subgenomic RNAs (1.72 and 1.45 kb), and

the subviral RNAs and their dimer forms are indicated.

and symptom modulation, with reduced or absence of binding
corresponding to symptom attenuation by the subviral RNAs.

DISCUSSION

3'-terminal stem-loops of satC and diG are involved in
symptom modulation. The differential symptom modulation
properties of satC and diG, when coinoculated with TCV-

CPm, have allowed for the determination of the region of the
subviral RNAs that is involved in symptom modulation. When
satC contained positions 5 and 6 of diG, the satRNA acquired
the modulation properties of diG. Likewise, diG with positions
5 and 6 of satC gained the ability to attenuate the symptoms of
TCV-CPm. Symptom attenuation properties were not corre-
lated with replication competence in protoplasts. While diG
and satC* (nonattenuating) replicated more poorly than satC
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FIG. 4. Gel retardation analysis of TCV CP binding to RNA fragments. (A)
TCV CP binding to the C3’ (64 nt), C56G3’ (66 nt) and SK70 (70 nt) RNAs.
32p-labeled RNAs (100 pM) were incubated in the presence of a series of
increasing concentrations of CP, indicated above each gel. Incubation mixtures
were subjected to electrophoresis on a 5% polyacrylamide gel that was fixed and
dried prior to autoradiography. (B) Quantification of the results presented in
panel A and two additional independent experiments (data not shown). Auto-
radiograms were scanned by densitometry, and the fractions of unbound RNA
remaining in the presence of different CP concentrations were determined and
plotted against CP concentrations. Each point represents the average of three
experiments. Standard deviation bars that are not within the limits of the symbols
are shown.

(attenuating), nonattenuating satC56G accumulated to levels
equal to those of attenuating satC (Fig. 3B).

Alterations at positions 5 and 6 affected replication by being
located within a stable 3’-terminal stem-loop structure of satC,
which together with a six-base single-stranded tail comprises
the promoter for minus-strand synthesis (Fig. 3A) (3, 45, 46).
The 3" ends of diG and TCV genomic RNA (as well as all
other sequenced viral genomic RNAs of the genus Carmoviri-
dae) can also fold into hairpins that likely perform similar
functions (45). Bases in position 5 and 6 of satC are located in
the loop of the 3’-terminal hairpin. In contrast, while bases in
position 5 are within the diG loop, the GG residues in position
6 of diG contribute to forming a longer stem.

The satC and diG mutants with alterations at positions 5
and/or 6 can be divided into four classes according to the
composition of their 3’-terminal stem-loops (Fig. 3A). When
satC contains positions 5 and 6 from diG (satC56G), the hair-
pin has the 10-bp stem and five-base loop of diG (class I).
satC6G and diG5C have hairpins with 9-bp stems and five-base
loops (class II). The hairpins of satC5C* and diG6C have a
10-bp stem that is interrupted with a single-base asymmetrical
bulge and a six- or four-base loop, respectively (class III).
diG56C contains the shorter hairpin (7-bp stem and nine-base
loop) of satC (class IV).

When the symptom modulation properties of the wt and
mutant subviral RNAs are viewed in terms of their 3'-terminal
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hairpins, a correlation was found between class I and class
IV hairpins and the ability to attenuate the symptoms of
TCV-CPm. satC containing a hairpin similar to diG or TCV
(satC56G and satC*) lost the ability to attenuate the symptoms
of TCV-CPm, while diG with the 3’-terminal hairpin of satC
(diG56C) gained the satC ability to attenuate TCV-CPm symp-
toms (Fig. 2C).

The mutants with asymmetrical bulges in their 3'-terminal
hairpins (class III) gave mixed results in their ability to atten-
uate TCV-CPm symptoms. The inconsistent results obtained
may be due to the mixed presence of satC- and diG-like 3'-
terminal stem-loop structures due to the location of the asym-
metrical bulge, which may destabilize the upper stem region.
Thus, the subviral RNAs may spend a portion of time with a
satC-like 7-bp stem and the remaining portion with a longer
diG-like 10-bp stem. It is possible that early events in the
infection process dictate whether TCV is able to initiate a
systemic infection and that these events are influenced by a
relatively small number of subviral RNA and/or genomic RNA
interactions.

The alterations present in class II mutants satC6G and
diG5C were not stable in plants (Table 2). Based on analysis of
the computer-predicted structures (Fig. 3A), it is not clear why
this instability exists. Given the apparent stability of the hair-
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FIG. 5. Competition for CP binding between 3’-terminal RNA fragments of
satC and satC56G. (A) Autoradiogram of a representative competition binding
assay between the 3?P-labeled C3’ RNA and increasing concentrations (indicated
above each lane) of unlabeled C3’ (lanes 1 to 8) and C56G3’ (lanes 9 to 16)
RNAs. (B) Quantification of the results from two independent experiments.
Autoradiograms were scanned by densitometry, and the fractions of unbound
32P-labeled C3’ RNA in the presence of different competitor concentrations
were determined and plotted against the competitor concentrations. Each point
represents the average of two experiments. Standard deviation bars that are not
within the limits of the symbols are shown.
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amide gel that was fixed and dried prior to autoradiography.

pins pictured, it is unlikely that the mutations altered the
structure of full-length satC or diG such that the 3'-terminal
hairpins no longer formed. Both mutants contained the five-
base loop sequence CUCGG. Evidence from in vivo genetic
selection studies of the 3'-terminal hairpin suggests that the
sequence of the loop may play a role in the fitness of the
hairpin to promote minus-strand synthesis (3). However,
satC6G accumulated in protoplasts to levels equal to those of
satC, and diG5C accumulated better in protoplasts than did
diG. While it is possible that the instability of the class II
mutants in plants was also manifested during 40 h of replica-
tion in protoplasts, additional as-yet-unknown parameters re-
garding the viability of subviral RNAs with class II hairpins
cannot be ruled out.

The involvement of a 3’-terminal hairpin structure of a
satRNA in symptom modulation has been found for several
other virus systems. For example, structural studies of a nec-
rogenic strain of CMV satRNA identified one helix and two
tetraloop regions at 3" ends of the plus-strand RNAs correlat-
ing with necrogenicity (31). A more recent report (48) showed
that tomato necrosis, but not chlorosis, is induced by high
levels of minus-strand necrogenic D4 satRNA expressed via a
potato virus X vector in the absence of natural helper CMV.
The necrogenic determinant was identified as an octanucle-
otide loop and adjacent base-paired stem of a thermodynam-
ically stable hairpin in the 5’ end of the minus strand (corre-
sponding to the 3" end of the plus strand) of all necrogenic
satRNAs (48). Studies of peanut stunt virus satRNA-mediated
symptom modulation in tobacco also revealed that a hairpin
located in the 3’ end of the satRNA is a determinant for
symptom attenuation (27, 28). Attenuation and/or nonattenu-
ation of a particular peanut stunt virus satRNA was related to
the stabilization or destabilization of the stem region of the
hairpin. It was suggested that the hairpin forms a tertiary
structure with a distantly located bulged loop which then in-
teracts with putative host and/or viral components, leading to
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the suppression of viral symptoms (28). However, there is yet
no evidence for host involvement (5, 23).

Mechanisms of symptom modulation by TCV-associated
subviral RNAs. The level of TCV CP synthesized by the helper
virus determines whether the subviral RNAs intensity, attenu-
ate, or have no effect on symptoms associated with TCV (15,
54). Our current finding that the structure of the 3’-terminal
hairpin is important for symptom modulation suggested an
interaction between the CP and the hairpin structure. Analysis
of TCV CP binding affinity to the 3'-terminal stem-loop struc-
tures of satC and satC56G in vitro (Fig. 4 through 6) revealed
differential binding that correlated with the ability to attenuate
symptoms. The affinity of TCV CP for the 3’-terminal stem-
loop of satC56G was twofold greater than for that of the
similar region of satC or a nonviral RNA fragment. This result
suggests that in the presence of reduced levels of CP, the
hairpin of satC might not be bound as extensively to CP,
leaving it free to bind to an additional viral or host factor and
leading to a reduction in systemic movement of TCV genomic
RNA and symptom attenuation, as previously proposed (54).
The inability of up to 20 pM of CCFV CP to bind to the 3’ end
of either satC or satC56C supports the model, since both
subviral RNAs are able to restrict the systemic movement of
TCV-CPccpy-

As depicted in Fig. 7, the model suggests that the 3'-terminal
stem-loop structures of both satC and diG may be targeted by
either the viral CP or a putative host factor (X) that is involved
in virus long-distance movement. The presence of high levels
of viral CP (as in TCV-infected plants) may exclude the bind-
ing of X to the 3’ ends of these two subviral RNAs. Therefore,
the putative X is available to assist systemic movement of viral
RNA through the plant (Fig. 7A). In contrast, in the presence
of reduced levels of CP (as in TCV-CPm-infected plants), X
outcompetes the CP for binding to the 3’-terminal stem-loop
structure of satC, and sequestration of X by satC leads to
restriction of virus long-distance movement and results in
symptom attenuation (Fig. 7B). On the other hand, the higher
affinity of the stem-loop structure of diG for the TCV CP
excludes the binding of X, leading to systemic infection by
TCV-CPm (Fig. 7B). Why the symptoms are not then intensi-
fied by diG is not known. When TCV-CPcy, is the helper
virus, X is able to bind, and movement is restricted (Fig. 7C)
because the CCFV CP, which shares only 65% identity with
TCV CP (29), does not bind to the 3'-terminal stem-loop
structures of satC and diG (Fig. 6).

There are several other possible ways that access to the free
3" ends of the subviral RNAs could restrict virus movement.
First, while the packaging signals on the subviral RNAs have
not been mapped, it is possible that free subviral RNA 3’ ends
could interfere with the packaging of the genomic RNA. How-
ever, this mechanism is unlikely, since few, if any, virions are
present in TCV-CPm-infected cells (17, 54), and thus TCV
must be able to spread systemically without a packaging re-
quirement (although CP is required for TCV movement) (8).

Alternatively, since virions are not detected in TCV-CPm-
infected protoplasts (17, 54), some other type of viral RNA-CP
complex could be engaged in virus movement. Symptom atten-
uation by satC of TCV variants producing reduced levels of CP
could therefore result from satC competing with the viral ge-
nomic RNA for limited amounts of CP, thus reducing or elim-
inating genomic RNA-CP complexes required for systemic
movement of the virus.

A third possibility explaining how the subviral RNAs restrict
TCV movement is that a free 3'-terminal hairpin of the sub-
viral RNA activates a homology-based posttranscriptional
gene-silencing mechanism, a mechanism which involves a se-
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FIG. 7. Putative model for symptom modulation by TCV subviral RNAs in
Arabidopsis. In this model, the TCV CP (indicated by small gray circles) binds
directly to the 3’ ends of satC and diG and competes for binding with a putative
host factor, X (indicated by large black circles), that is involved in virus long-
distance movement. I, symptom intensification; R, resistance (i.e., symptom
attenuation); U, unaffected symptoms. (A) When high levels of CP are present,
CP outcompetes X for binding to the 3’-terminal stem-loops of both satC and
diG, leaving X available for virus long-distance movement (i.e., systemic infec-
tion). (B) When low levels of CP are present, X outcompetes the CP for binding
to the 3'-terminal stem-loop of satC but not that of diG, and sequestration of X
by satC restricts virus movement and results in symptom attenuation. In contrast,
CP outcompetes X for binding to the 3'-terminal stem-loop of diG, due to the
higher affinity of the diG-like hairpin for binding to CP. Why symptoms are not
intensified under these conditions is not known. (C) X outcompetes non-TCV
CP such as CCFV CP (indicated by small brick-patterned circles) for binding to
the 3’ ends of both satC and diG, and sequestration of X by the subviral RNAs
restricts virus movement and results in symptom attenuation. Note that satC and
diG are more abundant in the absence of TCV CP than in the presence of TCV
CP as previously found (16).

quence-specific degradation process that affects all highly ho-
mologous transcripts (7, 24, 55). Cosuppression was suggested
as one of the mechanisms of transgenic resistance, mediated by
a mild variant satRNA of groundnut rosette virus (49). How-
ever, satC only moderately affects the level of viral RNA in
either inoculated protoplasts (54) or inoculated leaves (17). In
addition, although diG has greater sequence similarity (94%)
with the TCV genome in the 3’-terminal region than satC
(88%) (Fig. 1C), it does not attenuate the symptoms of TCV-
CPm (Fig. 2C) (16).

In summary, symptom attenuation by TCV subviral RNAs is
correlated with weakened and/or absent binding of the helper
virus CP to the 3’-terminal stem-loop structure of the subviral
RNAs. This study provides the first direct evidence linking
subviral RNA symptom modulation with determinants from
the helper virus. Studies of how interaction between the virus
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CP and the 3’-terminal stem-loop of the subviral RNA inter-
feres with virus movement and whether a host factor(s) is
involved are currently underway.
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