MPMI Vol. 16, No. 10, 2003, pp. 936—944. Publication no. M-2003-0730-01R. © 2003 The American Phytopathological Society

Cucumber mosaic virus Infection Transiently Breaks
dsRNA-Induced Transgenic Immunity

to Potato virus Y in Tobacco

Neena Mitter, Emy Sulistyowati, and Ralf G. Dietzgen

Queensland Department of Primary Industries, Agency for Food and Fibre Sciences, Agricultural Biotechnology and
Cooperative Research Centre for Tropical Plant Protection, The University of Queensland, St. Lucia Qld 4072, Australia

Submitted 10 April 2003. Accepted 14 June 2003.

Post-transcriptional gene silencing (PTGS), an intrinsic
plant defense mechanism, can be efficiently triggered by
double stranded (ds)RNA-producing transgenes and can
provide high level virus resistance by specific targeting of
cognate viral RNA. The discovery of virus-encoded sup-
pressors of PTGS led to concerns about the stability of
such resistance. Here, we show that Cucumber mosaic virus
(CMV) is able to suppress dsRNA-induced PTGS and the
associated Potato virus Y (PVY) immunity in tobacco. CMV
suppression supported only a transient PVY accumulation
and did not prevent recovery of the transgenic plants from
PVY infection. CMV inoculation resulted in strongly in-
creased transgene mRNA levels due to suppression of
PTGS, but accumulation of PVY-specific small interfering
(si)RNA was unaffected. However, PVY accumulation in
previously immune plants resulted in increased PVY
siRNA levels and transgene mRNA was no longer detected,
despite the presence of CMYV. Transgene mRNA returned
to high levels once PVY was no longer detected in CMV-
infected plants. Recovered and chronically CMV-infected
tissues were immune to further PVY infection.

Additional keywords: PTGS suppression, transgenic virus re-
sistance.

Post-transcriptional gene silencing (PTGS) is an evolution-
ary conserved mechanism that recognizes double-stranded
(ds)RNA as a signal to trigger the cytoplasmic sequence-spe-
cific degradation of cognate RNA (Matzke et al. 2001; Sharp
2001; Waterhouse et al. 2001). It is associated with the produc-
tion of small interfering (si)RNAs (21 to 25 nt) of both sense
and antisense orientation derived from the input dsRNA. Such
siRNAs have been detected in vivo in plants (Hamilton and
Baulcombe 1999), Caenorhabditis elegans (Parish et al. 2000),
Drososphila melanogaster (Zamore et al. 2000), trypanosomes
(Djikeng et al. 2001), and mammals (Carmell et al. 2003).
PTGS can be triggered locally and spread systemically
throughout the plant via a mobile silencing signal that can
cross a graft junction (Fagard and Vaucheret 2000). Dicer, an
ATP-dependent RNase III-like ribonuclease specifically
cleaves dsRNA into siRNAs (Bernstein et al. 2001), which ap-
pear to act as guide RNAs that target an associated nuclease
complex, called RISC (RNA induced silencing complex)
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(Hammond et al. 2000), to homologous RNAs through se-
quence complementarity (Bass 2000).

In higher plants, PTGS functions as a natural antiviral de-
fense mechanism (Baulcombe 1999; Carrington et al. 2001;
Ding 2000; Dougherty and Parks 1995; Marathe et al. 2000;
Voinnet 2001). It can be induced by highly transcribed sense
transgenes (Que et al. 1997; Vaucheret et al. 1997) or by trans-
genes coding for dsRNA, i.e., inverted repeat sequences sepa-
rated by a stuffer (Chuang and Meyerowitz 2000; Sijen et al.
2001b; Stam et al. 1998; Waterhouse et al. 1998). A branched
pathway model for sense and dsRNA-induced PTGS has re-
cently been proposed (Beclin et al. 2002). According to this
model, dsRNA is the branch point between PTGS induction by
sense- or dsRNA-encoding transgenes. Sense transgenes ap-
pear to give rise to dsRNA by steps involving AGOI,
SGS2/SDEI1, SGS3, and SDE3 proteins, whereas these are dis-
pensable for dsRNA-induced PTGS. Transgenes encoding vi-
rus-derived dsRNA have been reported to be more efficient in
conferring high-level virus resistance in plants than sense or
antisense viral transgenes (Wang et al. 2000; Wesley et al.
2001). DsRNA-encoding transgenes are likely to become the
preferred choice for providing genetically modified virus resis-
tance in the future because a single copy is sufficient to
achieve immunity, no viral proteins are expressed, short incom-
plete sequences can be used, and targeted RNA is degraded in
almost all independently transformed plants.

The existence of suppressors of PTGS, encoded by RNA and
DNA viruses (Voinnet et al. 1999), poses questions about the
stability of PTGS-based resistance in transgenic plants (Mitter
et al. 2001). Experiments with transgenic plants expressing the
helper component-protease of potyviruses show that it sup-
presses maintenance of PTGS and results in the elimination of
siRNAs but does not interfere with either the production and
intercellular spread of the silencing signal or silencing-associ-
ated DNA methylation (Llave et al. 2000; Mallory et al. 2001).
In contrast, the 2b protein of Cucumber mosaic virus (CMV)
does not reverse already established PTGS; however, the sig-
nal-mediated spread of PTGS into new tissues is suppressed
(Brigneti et al. 1998; Li and Ding 2001; Lucy et al. 2000). In-
hibition of the mobile silencing signal, alteration in the methy-
lation of transgene DNA in the nucleus, and reduction in the
level of siRNAs by transgenically expressed 2b protein has re-
cently been reported for sense transgene-induced silencing of
the B-glucuronidase (GUS) reporter gene (Guo and Ding
2002).

In this scenario of plants and viruses fighting it out, plants in
terms of PTGS and viruses in terms of suppression of PTGS, our
aim was to gain insight into the mechanism of PTGS suppres-



sion, which may lead to loss of resistance. So far, the mechanism
of PTGS suppression by a virus-encoded suppressor has been ex-
amined for either agroinfiltration-induced silencing or sense
transgene-induced silencing. In contrast, we have investigated
the suppression of dsRNA-induced PTGS by CMYV, using a to-
bacco line carrying a single copy dsRNA-encoding transgene to
target Potato virus Y (PVY), similar to the ones shown to be po-
tent initiators of PTGS (Smith et al. 2000). Preliminary investiga-
tions revealed that the immunity to PVY in this transgenic line
can break down upon infection with CMV (Mitter et al. 2001).
The present investigation examines the suppression by CMV of
dsRNA-induced PTGS over a period of six months in terms of
effects on transgene transcripts and siRNA levels, as well as the
extent of PVY and CMV accumulation and virus resistance.
Voinnet (2001) recently pointed out that expression of suppres-
sors outside the context of a natural virus infection, either as
highly transcribed transgenes or from heterologous virus vectors,
may provide an exaggerated picture of their involvement in nor-
mal infections. This adds further significance to our experimental
system, because we have studied the mechanism of suppression
of dsRNA-induced immunity as it may happen in a field of trans-
genic crops exposed to naturally occurring viruses.

RESULTS

CMY interferes with PTGS

in newly emerged leaves, making PVY-immune

transgenic tobacco plants susceptible to PVY infection.
Transgenic T1 and T2 progeny tobacco plants of line #16,

which carry an inverted repeat PVY Nla transgene (Fig. 1),

were immune to PVY. PVY was not detected in plants from
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Fig. 1. Schematic representation of the Potato virus Y Nla hairpin stuffer
T-DNA construct present in line #16 transgenic tobacco plants.

this line at any time during the experiments in terms of both
visual symptoms and enzyme-linked immunosorbent assay
(ELISA), while untransformed controls showed typical PVY
symptoms from 10 days after inoculation. T1 generation line
#16 plants were inoculated with CMV (C), PVY (P), and CMV
followed by PVY (C+P) at various time intervals to determine
the time required for PTGS to become impaired sufficiently to
allow PVY replication. The leaf inoculated with CMV was
designated leaf O and other leaves above were numbered ac-
cording to their proximity to leaf 0. PVY was inoculated on a
leaf already present at the time of CMV inoculation (leaves 1
or 2) in the cases of C+Py, C+P,, and C+P; plants (Fig. 2). Two
weeks postinoculation with CMV (wpiC), all C and C+P line
#16 and untransformed tobacco plants were judged infected
with CMV by the presence of typical mosaic symptoms, and
this was confirmed by ELISA. PVY symptoms and ELISA
confirmed the presence of PVY in all untransformed P or C+P
plants at this stage but not in any of the similarly treated im-
mune line #16 plants (Table 1). Thus, dsRNA-induced PVY
immunity in line #16 plants was maintained for a period of up
to 2 weeks, despite the presence of CMV. However, symptoms
of PVY infection were observed on some of the C+P plants of
line #16 from three wpiC, indicating breakdown of resistance.
At six wpiC, PVY was still not detected by ELISA in leaves
1 and 2, which were present on C+P line #16 plants at the time
of CMYV inoculation (data not shown), but PVY was detected
in leaf 4 onwards in 4/11 C+P,, 5/12 C+P,, and 9/12 C+P;
plants (Fig. 3). In contrast, PVY was detected in all leaves
tested of similarly treated untransformed tobacco plants, irre-
spective of their presence or absence at the time of CMV in-
oculation (data not shown). The relative titers of PVY in in-
fected line #16 plants varied from leaf to leaf and plant to plant
(Fig. 3), and PVY was detected only when CMV was also pre-
sent in the same leaf (data not shown). Even though PVY was
able to infect C+P line #16 plants, the relative PVY titers
tended to be lower as compared with untransformed C+P
plants (Fig. 3). Furthermore, the movement of PVY in the
transgenic plants was restricted relative to the untransformed
C+P plants. For example, only 1/4 C+P,, 1/5 C+P,, and 2/9
C+P; plants of line #16 that were infected with PVY also accu-
mulated PVY in the youngest leaf (Fig. 3, leaf 8). These obser-
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Fig. 2. Designations of tobacco leaf positions and experimental design for Cucumber mosaic virus (CMV) and Potato virus Y (PVY) inoculations. CI =
CM V-inoculated leaf 0 (black); PI = PV Y-inoculated leaf (gray); C+P, = PVY inoculated on leaf 1 on the same day as CMV; C+P, = PVY inoculated on
leaf 1, 2 days after CMV; C+P; = PVY inoculated on leaf 2, 7 days after CMV; C+P;, = PVY inoculated on leaf 3, which emerged after about 10 days of
CMV inoculation. Leaves 1 and 2 above CM V-inoculated leaf 0 were present at the time of CMV inoculation; leaf 3 was the first leaf that emerged after
CMYV inoculation; and leaves 4 and onward are subsequent systemic leaves that emerged after CMV inoculation.
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vations indicate that PVY replication and movement was im-
paired to some degree in line #16 plants, despite breakdown of
immunity and the presence of CMV.

Based on the observation that longer periods of time be-
tween CMV inoculation and challenge of line #16 plants with
PVY led to a larger proportion of susceptible plants, an experi-
ment was designed wherein PVY was inoculated on newly
emerged leaf 3 ten days after CMV inoculation (C+Py,) (Fig.
2). T2 generation plants of line #16 were inoculated with CMV
alone (3 plants), buffer (3 plants), and CMV followed by PVY
(13 plants). Three plants of untransformed tobacco per treat-
ment were used as controls. At three wpiC, PVY was detected
in leaf 4 of all C+Pq line #16 plants, indicating a 100% break-
down of PVY immunity (data not shown). The reduced PVY
accumulation in young leaves of plants showing breakdown of
immunity (Fig. 3) prompted us to continue monitoring these
plants to investigate if suppression might fail over time.

PVY fails to establish a stable systemic infection
in PTGS-suppressed transgenic tobacco.

The accumulation and movement of CMV or CMV and PVY
in two C and four C+Py line #16 plants selected from the
above experiment, as well as in similarly treated untransformed
tobacco plants, was determined by ELISA of individual leaves
present at 3, 5, 10, 16, 19, and 23 wpiC. Each leaf was tested
only once, and the data of the entire experiment are shown in
Figure 4. CMV was detected throughout in all leaves tested of
untransformed tobacco (data not shown) as well as line #16 C
and C+P plants, with CMV titers varying from leaf to leaf (Fig.
4). In the four C+P,, plants of line #16 that had tested PVY
positive in leaf 3, PVY was detected only up to leaf 12 (plant
1), leaf 7 (plant 2), leaf 8 (plant 3), and leaf 6 (plant 4) (Fig. 4).
No PVY symptoms were observed in new leaves of these
plants 8 to 10 wpiC, whereas clear symptoms of both CMV
and PVY persisted on all leaves of untransformed tobacco
plants throughout the experiment. It therefore appears that
PVY could not maintain a systemic infection in C+Pq line #16
plants, despite the continued presence of CMV. The basis for
this recovery was investigated by inoculation of two fully ex-
panded young leaves each of these recovered C+Py, line #16
plants with fresh PVY inoculum 16 wpiC. PVY did not reinfect
plants at this stage and was not detected by ELISA in the
inoculated or three subsequent leaves sampled two weeks
postinoculation with PVY. In a repeat experiment, five differ-
ent C+Py, line #16 plants that had recovered from PVY infec-
tion showed similar results when reinoculated with PVY nine
wpiC. However, even C plants of line #16 could not be infected
with PVY, whereas PVY was able to infect mock- or CMV-
inoculated untransformed plants of the same age. This indicates
that chronically CM V-infected line #16 plants, as well as recov-
ered line #16 plants, were immune to PVY infection.

Virus infection affects transgene mRNA levels.

Quantitative real time reverse transcriptase-polymerase
chain reaction (Q-RT-PCR) was used to measure transgene
mRNA levels in extracts of total plant RNA. We devised Q-
RT-PCR assays that specifically targeted either the PVY Nla
hairpin sequence or the unique Lettuce necrotic yellows virus
(LNYV) stuffer. Both assays detected in vitro transcripts of the
transgene with similar efficiency across five orders of magni-
tude (data not shown). Neither Nla nor stuffer mRNA se-
quences were detected in leaves of mock-inoculated line #16
plants, confirming active PTGS targeting the transgene (data
not shown). Following CMV infection of five line #16 plants,
the stuffer and Nla sequences of the transgene mRNA were de-
tected from leaf 3 onwards, but not in leaves 0, 1, and 2 (Fig.
5, shown for one plant). Thus, both dsRNA and stuffer se-
quences of the transgene mRNA were detectable in leaves that
emerged after CMV inoculation, indicating suppression of
PTGS. Both transgene mRNA sequences accumulated with the
same timecourse in PTGS-suppressed CMV-infected plants
(Fig. 5). However, the steady-state level of the single-stranded
stuffer sequence exceeded that of the NIa dsRNA by a factor of
about 5 to 15 (Fig. 5). Comparable results were obtained with
the other four plants (data not shown).

All subsequent Q-RT-PCR experiments targeted the stuffer
sequence because this facilitated detection of the transgene
mRNA in the presence of PVY. Leaf samples from C and
C+P line #16 plants were taken for RNA extraction at the
same timepoints used for ELISA analysis so that virus titers
and transgene mRNA levels could be correlated (Fig. 4). As
in the C plant above (Fig. 5), in these C and C+P, plants,
transgene mRNA was not detected in leaves 0, 1, and 2 (data
not shown) but was detected starting from leaf 3 (Fig. 4).
However, following high level accumulation in the first few
systemic leaves of C+Pj, plants, transgene mRNA was no
longer detected in three to four successive leaves (Fig. 4).
This renewed degradation of transgene mRNA in the pres-
ence of CMV correlated with PVY accumulation in the same
leaves. However, transgene mRNA levels rebounded in sub-
sequent leaves and remained high, while PVY was no longer
detectable (Fig. 4).

CMY suppression
of PTGS does not affect accumulation of siRNAs.

SiRNAs provide the specificity and are a hallmark of the
plant’s PTGS mechanism. Using riboprobes specific for the
transgene Nla sequence in RNA blot analyses, similar levels of
both sense and antisense polarity siRNAs were detected in line
#16 plants. These siRNAs were 23 to 25 nt in length and were
present in leaves of mock-inoculated line #16 plants (Fig. 6A,
lanes 1 to 3) but were absent from leaves of untransformed to-
bacco plants (Fig. 6A, lanes 11 and 12). Similar relative

Table 1. Accumulation of Cucumber mosaic virus (CMV) and Potato virus Y (PVY) in a leaf fully emerged at the time of CMV inoculation in transgenic

line #16 and untransformed tobacco plants

Virus inoculum?

Virus detected by ELISA/host plant” C+P, C+P, C+P, C P

CMV/utr 0.75 to 1.08 (3)° 0.40 to 0.92 (3) n.d.d 0.32t0 0.43 (2) 0.01 to 0.02 (2)
CMV/Line #16 0.54 t0 2.17 (11) 0.24 to 1.23 (12) 0.41 to 1.30 (12) 0.34 t0 2.09 (10) 0.00 to 0.01 (3)
PVY/utr 0.48 to 0.69 (3) 0.37t0 0.77 (3) n.d. 0.00 to 0.01 (2) 0.73 t0 0.84 (2)
PVY/Line #16 0.03t0 0.18 (11) 0.01 t0 0.15 (12) 0.01t0 0.13 (12) 0.00 to 0.09 (9) 0.03 to 0.05 (3)

4 CMV (C), PVY (P), CMV followed by PVY on the same (C+Py), 2 (C+P,), or 7 (C+P) days later.

Y CMV and PVY accumulation in untransformed (utr) and transgenic line #16 tobacco plants 2 weeks postinoculation; samples with enzyme-linked
immunosorbent assay (ELISA) readings >0.2 after 1-h substrate incubation were considered as positive.

¢ Mean of duplicate ELISA readings for the leaf two positions above the CM V-inoculated leaf (leaf 2); range of absorbance readings for the number of

plants tested in brackets.
4 n.d. = not determined.
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amounts of siRNAs were present in line #16 C plants, 6 (Fig. PTGS did not have a significant effect on the accumulation of

6A, lanes 4 to 10) and 18 (Fig 6C, lanes 11 and 12) wpiC. transgene-specific siRNAs.
Comparable results were obtained with three other mock-in- Nla-specific siRNAs also accumulated to high levels in un-
oculated and C plants of line #16 (data not shown). Thus, the transformed PV Y-infected plants (Fig. 6B, lanes 1 to 4) and are

presence of CMV and the suppression of dsRNA-induced likely to be the result of virus-induced PTGS. The levels of
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Fig. 3. Serological detection of Potato virus Y (PVY) in previously immune line #16 plants following Cucumber mosaic virus (CMV) infection and
suppression of posttranscriptional gene silencing. The accumulation of PVY was measured by enzyme-linked immunosorbent assay (ELISA) (absorbance
=405 nm after 1 h of substrate incubation) 6 weeks postinoculation with CMV. For each of five systemic leaves (4 to 8) of 11 or 12 individual C+P, (PVY
inoculated on leaf 1 on the same day as CMV), C+P, (PVY inoculated on leaf 1, 2 days after CMV), and C+P; (PVY inoculated on leaf 2, 7 days after
CMV) plants per treatment. UTR = untransformed tobacco plants. All leaves with an ELISA reading >0.2 were considered infected.
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siRNA generated in response to PVY infection in untrans-
formed tobacco appeared significantly higher than the levels of
siRNA in mock- and CM V-inoculated line #16 tobacco plants
(Fig 6B, compare lanes 1 to 4 with lanes 5 to 9). On the other
hand, PVY-infected C+P line #16 plants showed elevated lev-
els of siRNA, similar to PVY-infected untransformed plants.
For example, in C+P;, plant 12 (Fig. 3), which showed break-
down of immunity, increased levels of siRNA were detected in
leaves 5 and 7 (Fig. 6C, lanes 1 and 3), which accumulated
PVY (Fig. 3), but not in leaf 6 (Fig. 6C, lane 2), which did not
accumulate PVY (Fig. 3). In contrast, the accumulation of
siRNA in C+P; plant 1 (Fig. 3), which remained immune to
PVY, was comparable to that of mock, C, or P plants of line
#16 (Fig. 6C, compare lanes 4 to 6 with lanes 7 to 9). In sum-
mary, the increase in PVY levels results in an increase of Nla-
specific siRNAs that was not influenced by CMV. Further-
more, there was no obvious correlation between the amount of
siRNAs and immunity.

DISCUSSION

We have recently demonstrated that CMV infection can sup-
press PTGS-based viral immunity to PVY in tobacco plants car-
rying a PVY dsRNA transgene (Mitter et al. 2001). Such trans-
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The leaves tested at one timepoint were not tested again.
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genes appear to be more effective in inducing PTGS than sense
or antisense RNAs (Smith et al. 2000; Wang and Waterhouse
2002; Wang et al. 2000). To further characterize PTGS suppres-
sion and its effects on transgenic virus resistance over a longer
period of time, we used a well-defined system of transgenic
dsRNA-induced viral immunity. The transgenic tobacco line #16
fulfills this requirement on the basis of several criteria: 1) it car-
ries a dsSRNA transgene of the PVY Nla sequence, ii) it contains
a single copy of the transgene, iii) plants are immune to PVY in
homozygous as well as hemizygous states, iv) immunity to PVY
is based on PTGS, as witnessed by the presence of siRNAs de-
rived from the Nla sequence, and v) transgene mRNA transcripts
are undetectable by Q-RT-PCR.

The 2b protein of CMV has been shown to act as a suppres-
sor of green fluorescent protein (GFP) silencing in Nicotiana
benthamiana following agroinfiltration (Brigneti et al. 1998)
and of sense transgene-induced GUS silencing in N. tabacum
(Guo and Ding 2002). The experimental procedure of agroinfil-
tration-activated PTGS followed by virus vector-mediated ex-
pression of a suppressor has been very useful in demonstrating
the concept of PTGS and its suppression (Qiu et al. 2002;
Voinnet et al. 1999, 2000). In our model system, we studied the
phenomenon of PTGS suppression as it might happen in the
field when a transgenic silenced plant becomes infected by a
heterologous virus that encodes a suppressor of PTGS. The re-
sults are significant from a practical point of view, as dSRNA
transgene-induced PTGS is more effective and is being her-
alded as a new strategy for gene knock-out of undesirable traits
as well as for producing virus-resistant plants.

CMV has been reported to suppress silencing of nonviral
sense transgenes in newly emerging leaves of tobacco and
Arabidopsis (Beclin et al. 1998). The viral dsRNA transgene-
induced immunity to PVY in line #16 plants was similarly sup-
pressed in leaves that had emerged after CMV inoculation. As
a result, PVY-inoculation on leaves that had already formed at
the time of CMV inoculation resulted in limited breakdown of
immunity, e.g., 36% of C+P, and 75% of C+P; line #16 plants
(Fig. 3). When PVY was inoculated on leaves that emerged af-
ter CMYV inoculation, 100% breakdown was observed. Further-
more, transgene mRNA was only detected in leaves that
emerged after CMV inoculation, confirming that CMV does
not reverse established PTGS. It has been reported that CMV
2b protein has no effect in tissues in which PTGS is already es-
tablished but prevents its initiation in newly emerging tissues
(Brigneti et al. 1998; Li et al. 1999). Thus, it is likely that
CMV 2b protein is responsible for breakdown of immunity in
our CMV-infected dsRNA transgenic plants. Uneven CMV
distribution appears to have an effect on suppression of trans-
gene silencing and concurrent breakdown of PVY immunity in
line #16 plants. At the extreme, PVY did not accumulate in
leaves where CMV was not present (Fig. 3). The presence of
CMV was also essential for the suppression of a silenced sense
GUS transgene (Beclin et al. 1998).

During suppression of GFP silencing by CMV 2b, some new
leaves, which emerged after the first few GFP-expressing leaves,
“recovered” from silencing suppression and showed no GFP
expression (Lucy et al. 2000). The breakdown of PVY immunity
due to CMV supported only a transient PVY infection and did
not prevent recovery of the transgenic plants (Fig. 4). The recov-
ery and PVY clearance following an initial virulent PVY infec-
tion is phenotypically similar to that reported by Lindbo and
associates (1993). However, suppression of coat protein-medi-
ated resistance to Potato virus A (PVA) by PVY infection of
transgenic N. benthamiana did not lead to recovery, and the
plants remained PVA-infected (Savenkov and Valkonen 2001).

We investigated the infection and recovery phases of the
suppressed plants in terms of siRNA and transgene mRNA ac-
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cumulation. CMV infection did not affect NIa siRNA levels in
line #16 plants (Fig. 6). Guo and Ding (2002) reported that
CMV 2b expression did not eliminate GUS siRNAs in reacti-
vated GUS-silenced tobacco plants; however, they noted a de-
crease in siRNA levels. This difference may be due to the in-
duction of PTGS by dsRNA and sense RNA transgenes, re-
spectively. The continued presence of Nla siRNAs in CMV-
infected, suppressed tissues indicates that dSRNA degradation
is incomplete and thereby does not significantly influence
siRNA levels. Incomplete suppression of intracellular silenc-
ing, possibly due to CMV 2b not being expressed in every cell,
has been reported by Guo and Ding (2002). It has been sug-
gested that siRNAs provide a molecular marker for dsRNA-
induced transgenic virus resistance (Kalantidis et al. 2002), but
this is not the case when PTGS in such plants is suppressed by
CMV 2b. Despite the presence of Nla siRNAs in CMV-
infected line #16 plants, PVY was able to replicate, though not
to its full potential, providing further evidence for continued
but diminished PTGS defense activity.

However, a significant increase in Nla siRNAs was wit-
nessed in PVY-infected leaves of line #16 plants, due to in-
creased availability of PVY target RNA (Fig. 6). Studies of
RNA interference (RNAIi) in Drosophila melanogaster (Lipardi
et al. 2001) and C. elegans (Sijen et al. 2001a ) suggest a tar-
get-dependent amplification of the siRNA population. A cyclic
amplification process in which RNA-dependent RNA poly-
merase is primed by existing siRNAs has been shown to sub-
stantially augment the potency of RNAIi (Sijen et al. 2001a). A
similar mechanism capable of amplifying siRNAs appears to
be operating in systemically silenced plants (Klahre et al.
2002). Nla siRNAs were also detected at high levels in PVY-
infected untransformed plants. Accumulation of siRNAs in vi-
rus-infected plants has been shown to be due to virus-induced
PTGS (Hamilton and Baulcombe 1999). In untransformed
plants, PVY continues to replicate despite PTGS, whereas in
line #16 plants, the dsSRNA transgene provides an additional
defense factor leading to recovery.

Our results support the hypothesis that suppression of
dsRNA-induced PTGS by CMV prevents efficient degradation
of transgene mRNA, but they do not indicate how and where
this might happen. The transgene mRNA was detected only in
leaves that emerged after CMV inoculation of line #16 plants
but not in PVY-immune, silenced plants. The two components
of the transgene mRNA, Nla hairpin and LNYV stuffer, accu-
mulated with the same timecourse but to different steady-state
levels (Fig. 5). DsRNA and stuffer transgene transcript se-
quence were detected with similar efficiency in vitro, but less
dsRNA accumulated in vivo. This suggests that the dsRNA se-
quence was more efficiently degraded than the single-stranded
stuffer sequence. In C+P line #16 plants, the initial phase com-
prised of breakdown of immunity and increased transgene
mRNA levels after CMV infection. In the second phase, PVY
was able to multiply. This correlated with decrease in trans-
gene mRNA, possibly due to enhanced PTGS in the presence
of target RNA or the saturation of 2b function. In the third
phase, plants recovered from PVY infection and the transgene
mRNA levels increased once again, due to the presence of
CMV. We hypothesized that renewed increase in transgene
mRNA levels in recovered tissues would be indicative of the
susceptible state of the plant. However, the recovered tissues of
line #16 plants were immune to PVY reinfection. Surprisingly,
chronically CM V-infected line #16 plants also could not be in-
fected with PVY, whereas similarly treated untransformed
plants of the same age supported PVY replication. This indi-
cates that chronic CMV infection of line #16 transgenic plants,
rather than recovery from PVY infection, leads to an antiviral
state, the breadth of which will need to be investigated further.



Thus, CMYV infection can induce initial breakdown of immu-
nity in dsRNA-silenced plants. However, high transgene
mRNA levels, i.e., suppression of PTGS by CMV, are not cor-
related with maintenance of the PV Y-susceptible state.

MATERIALS AND METHODS

Plants and viruses.

Transgenic tobacco line #16 was generated by Agrobacte-
rium—mediated transformation of N. tabacum cv. W38 with a
single copy of a PVY hairpin loop construct (Mitter et al.
2001; M. Jobin-Décor and M. W. Graham, unpublished
data). The construct comprised an inverted repeat of 735 nt
of the PVY Nla protease gene separated by a 362-nt stuffer
sequence derived from the 4b gene of LNYV under the con-
trol of a Cauliflower mosaic virus 35S promoter (Fig. 1)
within the backbone of the binary vector pART 27 (Gleave
1992). Transgenesis of the T1 and T2 progeny plants of this
line was confirmed by PCR of the aphA gene encoding the
NPTII selectable marker. CMV isolate 207 (subgroup 1A)
and PVY isolate 10 (Shukla et al. 1988) were obtained from
the Queensland Department of Primary Industries’ plant
virus collection and were maintained in cv. W 38 tobacco
plants. All experiments were carried out in a glass house
under physical containment.

Virus inoculations and detection.

Virus inoculum was prepared by grinding 1 g of infected to-
bacco leaf in 10 ml of 10 mM sodium phosphate buffer, pH
7.4, containing 0.1% sodium sulphite. Untransformed and line
#16 tobacco plants at the 4-leaf stage were mechanically inocu-
lated on leaf positions as defined in Figure 2. All CMV and
buffer inoculations were done on leaf 0, and PVY inoculations
in the case of P plants were done on leaf 1. For coinoculations,
PVY was inoculated on leaf 1 on the same day as CMV
(C+Py); on leaf 1, 2 days after CMV inoculation (C+P,); on
leaf 2, 7 days after CMV inoculation (C+P;); and on leaf 3, af-
ter about 10 days of CMV inoculation (C+P,g). Leaves 1 and 2
were present on the plant at the time of CMV inoculation,
whereas leaves 3 and onward emerged after CMV inoculation.
Visual symptoms of CMV and PVY infection were recorded
starting 2 wpiC.

Replication and movement of CMV and PVY in inoculated
plants was confirmed by double antibody sandwich ELISA
(Clark and Adams 1977). Three 8-mm diameter disks per leaf
were ground in 500 pl citrate buffer (0.5 M citrate, 0.5 mM
EDTA, 0.05% Tween 20, 0.2% bovine serum albumin, pH 8.0)
and were briefly centrifuged, and duplicate 100-ul samples
were tested. Commercial ELISA kits for detection of CMV and
PVY (Sanofi Diagnostics Pasteur, Chaska, MN, U.S.A.) were
used with some modifications. Antibodies and alkaline phos-
phatase conjugate were diluted 1:200 in coating buffer and
PBS-Tween containing 1% skim milk, respectively. Substrate
absorbance was measured at 405 nm after 1 h of incubation,
using an ELISA plate reader (Dynex Technologies, Chantilly,
VA, U.S.A)).

Q-RT-PCR.

Total plant RNA was extracted from 100 mg of leaf mate-
rial using the RNeasy plant mini kit (Qiagen, Clifton Hill,
Victoria, Australia). On-column digestion of DNA during
RNA purification was done with RNase-free DNase 1
(Qiagen). To ensure complete DNA digestion, the eluted
RNA samples were subjected to a second DNase treatment.
DNase was inactivated by adding 0.5 mM EDTA and heating
at 65°C for 15 min. In vitro transcripts of the transgene were
generated from a plasmid carrying the dsRNA transgene, us-

ing the MAXIscript T3 in vitro transcription kit (Ambion,
Austin, TX,U.S.A.). A 10-fold dilution series (10* to 10%
molecules) of RNA transcripts was analyzed for template
quantification of Nla and LNYV sequences. Analysis was
done by Q-RT-PCR, using TagMan chemistry (Applied Bio-
systems, Melbourne, Australia). Oligonucleotide primers and
probes were designed using Primer Express software (Ap-
plied Biosystems) to target the Nla hairpin and LNYV stuffer
sequence in the transgene transcript. The primers Nla Taq F1
(5'-TGCATCGTCGATCATCACAGA- 3'), Nla Taq R1 (5'-
TTTCAATCCAATGCTTCCAGAAT-3"), LNYV 4b F (5'-
TGCCAAGAAGAAGGAGCTAAA-3'), and LNYV 4b R
(5'-TGGGACTTGCCTCATTATAACA-3") were synthesized
by Sigma Genosys (Sydney, Australia). The 5'FAM-labeled
TagMan probes for Nla (5'-CAAGCCCACCACTTACAATA-
TACCGGGC-3') and LNYV (5'-AATCGTAACGTCTTCC-
GGATCGAACA-3") were supplied by Applied Biosystems.
The TagMan one-step RT-PCR kit and a model 7700 Se-
quence detector system (Applied Biosystems) were used. The
RT-PCR reaction (25 pl) was optimized to contain 50 ng of
template plant RNA, 100 nM each forward and reverse prim-
ers, and 100 nM TagMan probe. Thermal cycling conditions
were 48°C for 30 min, 95°C for 10 min, 45 cycles of 95°C
for 15 s and 60°C for 1 min, followed by 25°C for 2 min. All
reactions were carried out in duplicate, and reactions lacking
reverse transcriptase were included to monitor for any DNA
contamination. RNA extracted from LNY V-infected N. gluti-
nosa was used as a positive control, and RNase-free water
and RNA extracted from untransformed tobacco were used as
negative controls. Relative transcript levels were calculated
as rtl = 272 where ACt is the difference between cycle
threshold and total number of cycles.

Extraction and detection of siRNAs.

Total RNA extraction and enrichment for low molecular
weight RNAs was done as described by Han and Grierson
(2002). Sense- and antisense-specific riboprobes correspond-
ing to the NIa gene were generated using the MAXIscript T7
in vitro transcription kit (Ambion, Austin, TX, U.S.A.). Low
molecular weight RNAs were visualized on ethidium bro-
mide-stained 1% agarose gels as approximately 250-bp
bands, to enable equal loading for siRNAs. siRNAs were
separated on 15% polyacrylamide, 7 M urea, and TBE
(Sambrook et al. 1989) gels, were transferred onto Hybond
NX membrane (Amersham Biosciences, Piscataway, NJ,
U.S.A.) by electrophoretic transfer using a Trans-Blot semi-
dry apparatus (Bio-Rad, Regents Park, Australia), and were
UV-crosslinked. Oligonucleotide size markers of 20 bp, 25
bp, and 30 bp were labeled with 3*P-UTP, using T4 polynu-
cleotide kinase (MBI Fermentas, Hanover, MD, U.S.A.).
Membranes were prehybridized at 50°C for 2 h and hybrid-
ized at 42°C overnight, using Superhyb solutions (Molecular
Research Center Inc., Cincinnati, OH, U.S.A.). The blots
were washed at 50°C with 2x SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), 0.5% sodium dodecyl sulfate
(SDS) for 10 min, 1x SSC, 0.5% SDS for 15 min, and 0.5x
SSC, 0.5% SDS for 10 min, and were exposed to AGFA
Curix X-ray film between intensifying screens at —70°C.
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