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Different tombusviruses were able to support the replication of either homologous or heterologous defective
interfering (DI) RNAs, and those infected plants usually developed typical attenuated symptoms. However, in
some helper virus-DI RNA combinations the inoculated plants were necrotized, although they contained a high
level of DI RNA, suggesting that the accumulation of DI RNA and the resulting suppression of genomic RNA
replication were not directly responsible for the symptom attenuation. Moreover, the 19-kDa protein product
of ORF 5, which is known to play a crucial role in necrotic symptom development, accumulated at the same
level in the infected plants in the presence of protective homologous DI RNA and in the presence of nonpro-
tective heterologous DI RNA. It was also demonstrated, by chimeric helper viruses, that the ability of
heterologous DI RNA to protect the virus-infected plants against systemic necrosis is determined by the
5'-proximal region of the helper virus genome. The results presented suggest that DI RNA-mediated protection
did not operate via the specific inhibition of 19-kDa protein expression but, more likely, DI RNAs in protective
DI-helper virus combinations specifically interacted with viral products, preventing the induction of necrotic

symptoms.

Defective interfering (DI) RNAs are shortened forms of
viral genomes that have generally lost all essential viral genes
for movement, replication, and encapsidation. DI RNAs re-
quire the presence of a helper virus to provide frans-acting
factors necessary for replication and often multiply and accu-
mulate at the expense of the helper virus from which they
originated. Interference with the helper virus frequently results
in remarkable symptom attenuation (16, 18). The most exten-
sively studied plant virus DI RNA systems are those found in
association with tombusviruses and carmoviruses (18, 25).

The genome of a tombusvirus is a linear, single-stranded
monopartite RNA molecule of positive polarity, about 4,700 nu-
cleotides long, that contains five open reading frames (ORFs)
coding for proteins with approximate molecular masses of 33,
92,22, and 19 kDa and for the coat protein (41 kDa) (18). The
genomic RNA (ca. 4,700 nucleotides) acts as mRNA for the pro-
duction of a 33-kDa protein (p33; ORF 1), and by readthrough
of an amber termination codon, a 92-kDa protein (p92; ORF
2) is synthesized. It was demonstrated elsewhere that both p33
and p92 are required for viral replication (6, 12, 23). The 41-
kDa coat protein (ORF 3) is translated from the subgenomic
RNA 1 (sgl RNA) (18). The two nested ORFs (4 and 5) are
located at the 3’ terminus of the virus genome, encoding a 22-
kDa (p22) protein and a 19-kDa (p19) protein, respectively.
Both p22 and p19 are translated from sg2 RNA (18). p22 is
required for cell-to-cell movement (6, 15, 20) and is also in-
volved in symptom determination (21). Although the precise
function of p19 has not been elucidated, it has an important
role in necrotic symptom development (6, 15, 21). It is also
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suggested that p19 participates in virus spread in a host-specific
manner (22).

Several reports from different laboratories demonstrated the
presence and generation of DI RNAs in infection with tom-
busviruses: tomato bushy stunt virus cherry strain (TBSV-Ch
[9]), Cymbidium ringspot virus (CymRSV [2, 3]), cucumber
necrosis virus (7, 14), carnation Italian ringspot virus (CIRV
[17]), and tomato bushy stunt virus pepper isolate (TBSV-P
[this paper]). Sequence analyses revealed that tombusvirus DI
RNAs possess a common structural arrangement containing
conserved sequence blocks derived from the 5'-proximal ter-
minus, an internal region of the replicase gene, and the 3'-
proximal terminus of the viral genome (18, 26). The presence
of DI RNAs in virus-infected plants suppresses the virus
accumulation and attenuates the lethal necrotic symptoms
regardless of whether DI RNA was in the inoculum or was
provided by transgenic Nicotiana benthamiana plants ex-
pressing CymRSV DI-13 RNA (11). The implications of tom-
busvirus DI RNAs in symptom attenuation were considered on
two levels. A general competition for viral replicase between
the genomic RNA and the more competitive DI RNAs prob-
ably occurs (10), and symptom attenuation appears via a selec-
tive inhibition of expression of p19 and p22, which are impor-
tant symptom determinants (24).

The aim of the present study was to analyze the mechanism
of DI RNA-mediated symptom attenuation in tombusvirus-
infected plants containing either homologous or heterologous
DI RNAs. For this purpose, we used the previously described
biologically active cDNA clones of genomic RNAs of CymRSV
(6) and CIRV (3) and the corresponding DI RNAs (DI-13
RNA of CymRSV [11] and DI-7 RNA of CIRV [17]). In ad-
dition, a new tombusvirus (TBSV-P) was isolated from pepper
plants (Capsicum annum L.) in a Hungarian greenhouse. The
virus genome was cloned and sequenced, and a full-length
TBSV-P cDNA clone was prepared (4), from which highly
infectious in vitro RNA transcripts could be transcribed with
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FIG. 1. Accumulation of DI RNA in CymRSV DI-13 RNA-expressing trans-
genic plants challenge inoculated with different tombusviruses. The ethidium
bromide-stained 1.2% agarose gel shows total RNA samples extracted 7 days
after inoculation from systemically infected transgenic (trg) or nontransgenic
N. benthamiana plants challenge inoculated with different tombusviruses as in-
dicated above the lanes. Symbols @ and O indicate whether the necrotic symp-
toms appeared or not, respectively, on the systemically infected leaves. Mock
indicates the mock-inoculated transgenic and nontransgenic plants. AMCV, ar-
tichoke mottled crinkle virus; NRV, Neckar river virus; PLCV, pelargonium leaf
curl virus.

T7 RNA polymerase (6). DI RNAs, related to TBSV-P, were
generated by inoculation of Nicotiana clevelandii with synthetic
genomic RNA followed by serial subinoculation. The predom-
inant DI-like RNA was purified, cloned, and sequenced as
previously described (17). The entire sequence of TBSV-P DI
RNA (DI-5) was 550 nucleotides long, completely derived
from the genomic RNA displaying a typical tombusvirus DI
RNA composition (18). The full-length cDNA clone of TBSV-
P DI-5 RNA was prepared (11) in order to transcribe DI-5
RNA in vitro.

Symptom development and DI RNA accumulation in DI
RNA-expressing transgenic plants challenge inoculated with
different tombusviruses. Previously prepared CymRSV DI-13
RNA-expressing transgenic N. benthamiana plants (11) were
used to analyze the ability of different members of the genus
Tombusvirus to support the replication and accumulation of
heterologous DI RNA. Typically, three leaves of N. benthami-
ana transgenic plants were inoculated with 1 pg of the follow-
ing per leaf: sucrose gradient-purified artichoke mottled crin-
kle virus, Moroccan pepper virus (MPV) (13), Neckar river
virus (13), or pelargonium leaf curl virus (13) or in vitro-
transcribed genomic RNA of CymRSV, CIRV, and TBSV-P.
A group of six transgenic plants were inoculated with each of
the above-listed viruses in two repeated experiments. All vi-
ruses used for inoculation were able to support the replication
of the expressed CymRSV DI-13 RNA with similar efficiencies,
and no DI RNA accumulation was observed in control non-
transgenic plants (Fig. 1). Surprisingly, the infected transgenic
plants displayed different symptoms. The typical DI RNA-me-
diated attenuated symptoms developed in plants inoculated
with CymRSV, artichoke mottled crinkle virus, CIRV, pelar-
gonium leaf curl virus, and Neckar river virus, while the non-
transgenic control plants were all necrotized (data not shown).
In contrast, each of the MPV-infected transgenic plants
showed apical necrosis and died 2 to 3 weeks postinoculation
(data not shown), although they contained a high level of DI
RNA (Fig. 1). Furthermore, the TBSV-P-infected DI-13 trans-
genic plants exhibited only partial protection against chal-
lenge virus. Approximately 20% of the inoculated plants
were necrotized and died, and the 80% of plants surviving
were also strongly stunted and partially necrotized. The DI
RNA accumulation in all of these plants was similar, regardless
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of whether they were necrotized and died or were protected
(Fig. 1).

Symptom modulation of CIRV, CymRSYV, and TBSV-P DI
RNAs coinoculated with homologous or heterologous helper
viruses. Further studies were undertaken to test the replication
and symptom modulation of related tombusvirus DI RNAs in
the presence of homologous and heterologous helper virus
genomes. In vitro RNA transcripts of CymRSV, CIRV, and
TBSV-P (1 ng of each) were coinoculated into N. benthamiana
(six plants) with in vitro-synthesized CymRSV DI-13 RNA (3),
CIRV DI-7 RNA (17), and TBSV-P DI-5 RNA (250 ng of
each), respectively. As was expected, all of the helper virus ge-
nomes supported the replication of both homologous and het-
erologous DI RNAs; however, some variation in DI RNA am-
plification occurred (Fig. 2A). The symptoms of these plants
inoculated with different helper virus-DI combinations varied
from complete protection to complete necrosis. CymRSV- and
CIRV-infected plants showed typical attenuated symptoms,
regardless of whether the inoculum contained homologous or
heterologous DI RNAs (Fig. 2B). In contrast, plants inoculat-
ed with TBSV-P and the DI-7 RNA of CIRV were necrotized
and died 5 to 7 days later than the control plants inoculated
with helper virus alone, although the DI-7 RNA replicated
very efficiently (Fig. 2). The TBSV-P-CymRSV DI-13 RNA
combination exhibited only slight protection (Fig. 2B), simi-
larly to the TBSV-P-infected DI-13 transgenic plants. The ac-
cumulation of CymRSV DI-13 RNA in these plants was as
high as that of homologous DI-5 RNA. All control plants in-
oculated only with different helper viruses died (Fig. 2B). We
should emphasize that there was no variation in the developed
symptoms (necrosis or protection) among the plants which
were inoculated with the same inoculum. The only exception
was the TBSV-P-CymRSV DI-13 RNA inoculum, with the
plants displaying intermediate and variable symptoms (Fig.
2B).

Effect of homologous and heterologous DI RNA accumula-
tion on the replication of TBSV-P in N. benthamiana plants. A
group of seven N. benthamiana plants was inoculated with
TBSV-P and either TBSV-P DI-5 (protective) or CIRV DI-7
(nonprotective) RNA. As was expected, all plants inoculated
with TBSV-P and TBSV-P DI-5 RNA showed typical DI
RNA attenuated symptoms, while coinoculation of TBSV-P with
CIRV DI-7 RNA resulted in complete necrosis (Fig. 2B). In
previous experiments, total RNA extracts from different sys-
temically infected leaves of the same plants showed consider-
able variation in the level of genomic and DI RNAs (data not
shown), indicating that the virus did not invade infected plant
tissues homogeneously. To reduce sampling mistakes and es-
timate the helper virus/DI RNA ratio characteristic for the
whole plant, total RNA extracts were made from samples
taken from three different systemically infected leaves from the
same plant and homogenized together. RNA was extracted
from these mixed samples and analyzed (6). The presence of
DI RNA in the TBSV-P inoculum usually, but not always,
resulted in a restricted genomic RNA accumulation, regardless
of whether the DI RNAs were protective (TBSV-P DI-5 RNA
[Fig. 3, lanes 3 to 9]) or nonprotective (CIRV DI-7 RNA [Fig.
3, lanes 10 to 16]). The DI/genomic RNA ratio in inoculated
plants varied between 1:1.4 and 1:94 for TBSV-P and TBSV-P
DI-5 RNA and between 1:1 and 1:29 for TBSV-P and CIRV
DI-7 RNA (Fig. 3). The observed high variation in the DI/ge-
nomic ratio did not result in variability in symptom develop-
ment. For example, a high level of genomic RNA was detected
in the presence of TBSV-P DI-5 RNA, but the plants were
protected from necrosis (Fig. 3, lane 7), while in contrast, the
replication of genomic RNA was highly reduced in the pres-
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FIG. 2. Symptom development and the accumulation of DI and genomic RNAs in plants inoculated with in vitro RNA transcripts of genomic and DI RNAs of
CymRSYV, CIRV, and TBSV-P. (A) Ethidium bromide-stained 1.2% agarose gel showing total RNA samples extracted 7 days after inoculation from N. benthamiana plants
inoculated with homologous or heterologous helper virus-DI combinations. Different helper viruses are indicated at the top and DI RNAs are indicated at the bottom of the
gel. Symbols are defined in the legend to Fig. 1. (B) Photo presentation of symptom development in the plants inoculated with CymRSV, CIRV, and TBSV-P (indicated
at the left) in the presence of heterologous and homologous DI RNAs (indicated at the bottom). The photos were taken 3 weeks after inoculation. M, mock infection.
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FIG. 3. The accumulation of TBSV-P genomic RNA in the presence of
TBSV-P DI-5 RNA (homologous) and CIRV DI-7 RNA (heterologous). The
ethidium bromide-stained 1.2% agarose gel shows total RNA samples extracted
7 days after inoculation from N. benthamiana plants inoculated with homologous
or heterologous helper virus-DI combinations as indicated at the top of the gel.
Symbols are defined in the legend to Fig. 1. The numbers underneath indicate
the DI genomic/RNA ratios, which were measured on the photograph by Anal-
ysis 2.0 (Soft-Imaging Software GmbH). A series of viral RNA samples contain-
ing 50, 75, 100, 150, 200, 300, 500, and 1,000 ng of RNA were used to create a
standard curve to determine the amount of genomic and DI RNAs in the total
nucleic acid extracts.

ence of various amounts of CIRV DI-7 RNA, but the plants
were necrotized (Fig. 3, lanes 11 to 16). This experiment was
repeated five times, and the results were always the same:
considerable variation in the level of DI and genomic RNAs,
regardless of which DI-helper virus combination was used.
However, this variation was not reflected in the symptoms.
Plants inoculated with TBSV-P and DI-5 RNAs always showed
attenuated symptoms. In contrast, inoculation of plants with
TBSV-P and DI-7 RNAs resulted in complete necrosis. These
results clearly demonstrate that the general restriction of
helper virus genomic RNA accumulation does not play a cru-
cial role in DI RNA-mediated symptom attenuation and a
relatively low level of protective DI RNA is sufficient for pro-
tection.

Accumulation of p19 and subgenomic RNA in the presence
of protective and nonprotective DI RNAs. The absence of p19
or the analogous product of ORF 5 of tombusviruses resulted
in symptom attenuation, and the infected plants were pro-
tected from apical necrosis and death (6, 15, 21). Therefore, we
analyzed p19 and its sg2 RNA accumulation in TBSV-P-in-
fected plants in the presence of TBSV-P DI-5 (protective) and
CIRV DI-7 (nonprotective) RNAs. Northern and Western
blot analyses of the same samples indicated that the accumu-
lation of sg2 RNA and p19 correlates with the reduced accu-
mulation of the genomic RNA regardless of the protective
(TBSV-P DI-5) (Fig. 4, lanes 3 and 4) or the nonprotective
(CIRV DI-7) (Fig. 4, lanes 6 and 7) nature of coreplicating DI
RNAs. However, no correlation was found between the level
of expressed p19 and necrotic syndrome. For instance, a low
level of p19 was detected in the plant containing nonprotective
CIRV DI-7 RNA just prior to the development of generalized
necrosis (Fig. 4B, lane 5), and in contrast, an almost-wild-type
level of p19 was detected in the TBSV-P DI-5-protected plant
(Fig. 4B, lane 3). It was found again that symptom attenuation
is exclusively dependent on the protective or nonprotective
nature of DI RNA used for inoculation. The experiment shown
in Fig. 4 was repeated three times, and the results demon-
strated that the accumulation of homologous and heterologous
DI RNAs in TBSV-P-infected plants did not specifically inhibit
the expression of sg2 RNA or that of p19, but that inhibition
occurred via a general restriction of virus replication. Further-
more, the level of p19, just above detection, was sufficient for
the development of necrotic syndrome, which is very charac-
teristic of tombusvirus infection.
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The 5'-terminal region of the helper virus genome deter-
mined the protective nature of the DI RNA. The DI-7 RNA of
CIRV was able to protect the CymRSV- but not the TBSV-
P-infected plants against the virus-induced lethal necrosis (Fig.
2B). This striking difference in the interference of CIRV DI-7
RNA with the two different helper viruses prompted us to
attempt to identify which part of the viral genome interacts
with DI RNA. For this purpose, CymRSV-TBSV-P chimeras
were constructed (Fig. 5A), by exchanging viral genes and
sequences with the common restriction sites (4). RNA tran-
scripts from all CymRSV-TBSV-P chimeras were infectious
and were able to elicit necrotic symptoms on the systemically
infected N. benthamiana plants (data not shown). Then, plants
were coinoculated with the different chimeras and TBSV-P
DI-5 or CIRV DI-7 RNAs, and the appearance of necrotic
symptoms on the systemically infected leaves was monitored.
Coinoculation experiments demonstrated that all of the chi-
meras were able to support the replication both of TBSV-P
DI-5 and of CIRV DI-7 RNAs efficiently (Fig. 5B). As was
expected from previously reported experiments, TBSV-P DI-5
RNA protected the infected plants against all of the chimeras.
However, the symptom-modulating ability of CIRV DI-7 RNA
depended on the helper virus construction. Plants inoculated
with TBSV-P or chimeras L1, L3, L5, L7, and L9, containing
the 5’ noncoding sequence and ORF 1 of TBSV-P in the
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FIG. 4. Accumulation of viral RNAs and p19 in the plants inoculated with
TBSV-P plus TBSV-P DI-5 or CIRV DI-7 RNA. Samples were taken from three
different leaves of one plant and were first homogenized and then divided into
halves which were used for Northern (A) and Western (B) blot analyses (19).
Lane numbers correspond to the sample number from which both RNA and
protein were extracted. A 3?P-labeled probe specific to the 3’ terminus of TBSV-
P was used for hybridization. The polyclonal antibody used was raised against
CymRSV p19 expressed in bacterial strain BL21 and then purified with a gluta-
thione-Sepharose 4B column according to the manufacturer’s protocol (Phar-
macia Biotech). GST indicates the cleaved fusion component of the expressed
recombinant protein. M and p19 indicate mock-inoculated plants and purified
p19, respectively. The asterisk indicates the position of dimer form TBSV-P
DI-5. Other symbols are defined in the legend to Fig. 1.
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FIG. 5. Viral symptoms and RNA accumulation in N. benthamiana plants
inoculated with TBSV-P DI-5 or CIRV DI-7 RNA in the presence of CymRSV,
TBSV-P, and their chimeras. (A) Schematic representation and induced symp-
toms of the CymRSV-TBSV-P chimeras in the presence of the indicated DI
RNAs. The organization of CymRSV and TBSV-P genomic RNAs is shown
above with the ORFs and the approximate molecular masses of the encoded
proteins. The common restriction endonuclease sites used for constructing chi-
meras are indicated. The symptom phenotypes indicated at the right represent
the typical symptoms characteristic for the indicated inocula. Six plants were
inoculated with each inoculum, and the experiment was repeated three times. (B)
Accumulation of helper virus genomic RNA in the presence of TBSV-P DI-5
RNA and CIRV DI-7 RNA. The helper viruses are indicated on the top, and DI
RNAs are indicated below. Symbols are defined in the legend to Fig. 1.

presence of CIRV DI-7 RNA, showed necrotic symptoms on
the systemically infected leaves 10 to 14 days postinoculation
(Fig. 5). In contrast, those plants inoculated with CymRSV or
chimeras L2, L4, L6, L8, and L10, containing the 5" noncoding
sequence and ORF 1 of CymRSV, were protected in the
presence of CIRV DI-7 RNA (Fig. 5). It is worth noting that
the comparison of ORF 1 of CymRSV and that of TBSV-P
shows only 83% amino acid sequence identity, whereas the
readthrough product (ORF 2) shows 90% amino acid se-
quence identity. These observations indicated that the 5'-prox-
imal region of the viral genomes, including the 5 noncoding
sequence and ORF 1, determines the nature of interference
between DI RNA and helper virus.
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The replication ability of different DI RNAs in different
tombusvirus-infected plants suggests that the cis-acting ele-
ments required for DI RNA replication (5, 8) are probably
common to all tombusviruses. Although heterologous DI RNAs
accumulated as efficiently as homologous DI RNAs, in some
heterologous DI RNA-helper virus combinations they were
not able to attenuate the helper virus-induced necrotic symp-
toms. This happened when CymRSV DI-13 RNA-expressing
transgenic plants were challenged with MPV or TBSV-P or
when nontransgenic plants were coinoculated with CymRSV
DI-13 or CIRV DI-7 RNAs in the presence of TBSV-P tran-
scripts. The same level of DI RNA accumulation in plants
inoculated with TBSV-P and in plants inoculated with protec-
tive (TBSV-P DI-5) or nonprotective (CIRV DI-7) DI RNAs
strongly suggests that the symptom attenuation effect of DI
RNA is not a simple consequence of the competition of DI and
helper virus genomic RNAs for the factors required for viral
replication. More likely, DI RNAs in a protective helper vi-
rus-DI combination specifically interfere with a viral protein(s)
which is able to elicit the necrotic plant response, while in the
nonprotective DI-helper virus combination this interference
does not occur properly. It is noteworthy that this is the first
report about efficiently replicating DI RNA which is not able to
protect infected plants against helper virus-induced apical ne-
crosis in any tombusvirus system.

It has been demonstrated elsewhere that p19 plays an im-
portant role in the necrotic symptom development caused by
tombusviruses (6, 15) and p19 is suggested to be solely respon-
sible for necrotic syndrome in tombusvirus infection (21). In
addition, previous study of TBSV-Ch suggested that the pro-
tective effect of DI RNA occurs due to the selective reduction
in the abundance of sg2 RNA, from which p19 and p22 are
expressed (24). Our analysis of the accumulation of TBSV-P
genomic and sg RNAs as well as that of the virus-encoded p19
in the presence of homologous (protective) TBSV-P DI-5
RNA and heterologous (nonprotective) CIRV DI-7 RNA did
not support this hypothesis. The results obtained showed that
the replication of DI RNA in virus-infected plants, regardless
of its protective or nonprotective nature, frequently (but not
always) causes a remarkable reduction in the replication of the
helper virus genome, but the accumulation of either sg RNA
was not disproportionally affected by DI RNA replication. The
same results were observed with tobacco plant protoplasts in-
fected with TBSV-Ch and DI RNA (10). The overall reduction
of the viral replication may directly account for the reduced
level of p19 in infected plants. The inhibitory effect of DI RNA
on helper virus replication is likely the consequence of direct
competition for factors necessary for replication. The reduced
accumulation of helper viral RNAs is clearly not responsible
for symptom attenuation, which was observed at equal levels in
the presence of protective and nonprotective DI RNAs. It is
more likely that the inhibition of viral replication resulted in
symptom delay. In addition, we could not find any direct cor-
relation between the amount of p19 and necrotic symptom
development in our system. A very low amount of p19 was also
sufficient to induce necrotic symptoms. The construction of
chimeric viruses containing sequences derived from CymRSV
and TBSV-P has allowed us to determine viral sequences re-
quired for symptom attenuation in the presence of DI RNA.
We found that chimeras which contained the 5’ leader se-
quence and ORF 1 of CymRSV caused attenuated symptoms,
while those which contained the 5’ leader sequence and ORF
1 of TBSV-P developed necrotic symptoms in the presence of
CIRV DI-7 RNA. In contrast, all of the chimeras caused at-
tenuated symptoms in the presence of TBSV-P DI-5 RNA.
These findings strongly suggest a crucial role for the 5'-proxi-
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mal region of the viral genome in the mechanism of DI RNA-
mediated symptom attenuation.

The mechanism of the interference between the helper virus
genome and DI RNA in tombusvirus-infected plants is un-
known. However, based on the presented data and our recent
observation, with chimeras between CymRSV and CIRV, that
a specific interaction between p33 (ORF 1) and p19 (ORF 5)
is required to induce necrotic syndrome in tombusvirus-in-
fected plants (1), a model can be proposed for the mechanism
of DI RNA-mediated symptom attenuation. We suggest that
the DI RNA-mediated symptom attenuation depends on the
ability of DI RNA to prevent a direct or indirect interaction
between p19 and p33. Maybe the protective DI RNA can
specifically bind to the p33, thus inhibiting the suggested in-
teraction between p33 and p19. This model coincides with the
presented observation that the protective nature depends on
the 5'-terminal region of helper virus, including the coding
region of p33. However, at the moment we do not have direct
evidence for the binding of DI RNA to p33; therefore, further
analysis is needed for understanding the molecular mechanism
of DI RNA-mediated symptom attenuation. Our unique sys-
tem, with protective and nonprotective DI-helper virus combi-
nations, could be a powerful tool for this purpose.

Nucleotide sequence accession number. The nucleotide se-
quences of TBSV-P genomic and DI-5 RNAs are available in
the EMBL and GenBank nucleotide databases under acces-
sion no. U80935 (genomic RNA) and AF038044 (DI-5).
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