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Antisense-mediated gene silencing (ASGS) and posttranscriptional
gene silencing (PTGS) with sense transgenes markedly reduce the
steady-state mRNA levels of endogenous genes similar in tran-
scribed sequence. RNase protection assays established that silenc-
ing in tobacco plants transformed with plant-defense-related class
I sense and antisense chitinase (CHN) transgenes is at the post-
transcriptional level. Infection of tobacco plants with cucumber
mosaic virus strain FN and a necrotizing strain of potato virus Y, but
not with potato virus X, effectively suppressed PTGS and ASGS of
both the transgenes and homologous endogenes. This suggests
that ASGS and PTGS share components associated with initiation
and maintenance of the silent state. Small, ca. 25-nt RNAs (smRNA)
of both polarities were associated with PTGS and ASGS in CHN
transformants as reported for PTGS in other transgenic plants and
for RNA interference in Drosophila. Similar results were obtained
with an antisense class I b-1,3-glucanase transformant showing
that viral suppression and smRNAs are a more general feature of
ASGS. Several current models hold that diverse signals lead to
production of double-stranded RNAs, which are processed to
smRNAs that then trigger PTGS. Our results provide direct evidence
for mechanistic links between ASGS and PTGS and suggest that
ASGS could join a common PTGS pathway at the double-stranded
RNA step.

Posttranscriptional gene silencing (PTGS) refers to the trans-
inactivation of homologous genes caused by increased RNA

degradation (1, 2). This is a stable, reversible, epigenetic mod-
ification triggered by sequence-specific signals that, in some
cases, can spread systemically. First described for transgenic
plants, it is now recognized that very similar phenomena occur
in a wide variety of organisms. Examples include quelling in
Neurospora crassa (3) and RNA interference (RNAi) mediated
by double-stranded RNA (dsRNA) in Caenorhabditis elegans (4),
Drosophila melanogaster (5), and mouse (6). The finding that
RNAi can spread systemically; the identification of small, ca.
25-nt sense- and antisense-RNAs (smRNAs) associated with
PTGS in plants and RNAi in Drosophila (7, 8); and the strong
genetic links between quelling, RNAi in C. elegans, and PTGS in
Arabidopsis provide compelling evidence for a common, highly
conserved molecular mechanism (9–12). Although the function
of PTGS in plants is still unclear, the findings that PTGS can be
suppressed by virus-encoded proteins that also suppress anti-
viral defense in the host (13–16) and that PTGS mutants also
affect virus infection (10, 11) strongly support a role in virus
resistance. PTGS-deficient mutants (12) and plants overexpress-
ing viral suppressor proteins (17) can show striking abnormali-
ties, suggesting that PTGS may also be important in normal
development.

Expression of endogenous plant genes can also be posttran-
scriptionally silenced by antisense transformation. Although

little is known about the mechanism for antisense-mediated gene
silencing (ASGS) (18–20), the involvement of dsRNAs and
smRNAs in PTGS (1, 2, 7, 21) supports the early hypothesis
proposed by Grierson et al. (22) and Mol et al. (23) that ASGS
and PTGS are mechanistically linked and that antisense RNAs
(asRNA) have a role in sequence-specific degradation of target
RNAs in both processes (24).

We have obtained direct evidence linking ASGS and PTGS by
comparing the silencing of genes encoding class I chitinases
(CHN) and b-1,3-glucanases (GLU) in tobacco plants trans-
formed with the homologous cDNAs in sense and antisense
orientation. Earlier we showed that all members of the CHN and
GLU gene families can be posttranscriptionally silenced in sense
Nicotiana sylvestris transformants (25–27). Here we report that
posttranscriptional sense- and antisense-silencing of these genes
in tobacco is suppressed by plant viruses known to suppress
PTGS and that smRNAs diagnostic for PTGS (7) are associated
with both forms of silencing. These findings suggest that PTGS
and ASGS share, at least in part, a common mechanism.

Materials and Methods
Plant Material. The transgenic Nicotiana tabacum cv. Havana 425
plants used were single-locus homozygous lines obtained by
Agrobacterium-mediated transformation with Ti-plasmid vectors
carrying chimeric transgenes regulated by caulif lower mosaic
virus 35S RNA expression signals (28). Sense-chitinase line
TSC3.63 (TSC) carries the tobacco chitinase CHN48 cDNA (29)
and a bacterial hptII gene conferring hygromycin resistance, and
shows stochastic silencing starting at the two-leaf stage of
seedling development. Antisense-chitinase line TAC11.7 (TAC)
carries a tobacco chitinase CHN50 cDNA (29) in inverted
orientation and a bacterial nptII gene conferring kanamycin
resistance. Antisense-b-1,3-glucanase line TAG4.4 (TAG) car-
ries a tobacco GLU cDNA in inverted orientation and has been
described (30).
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Virus Infection. Plants at the six-leaf stage were assayed for
expression of the silent and high-expressing phenotypes as
described (25). A fully expanded leaf of plants with ca. nine
leaves was dusted with carborundum (400 mesh) and inoculated
with sap extracts prepared from Havana 425 plants infected with
potato virus X (PVX), a satellite-free cucumber mosaic virus
strain FN (CMV), or a necrotic strain of potato virus Y (PVY).
Infection was verified by RNA blot hybridization using 32P-
labeled cDNA probes specific for the coat protein genes of each
virus kindly provided by D. Gallitelli (University of Bari, Italy).
DNA fragments were labeled by using the Rediprime II random
prime system (Amersham Pharmacia) according to the manu-
facturers instructions.

Hybridization Probes. Unless indicated otherwise, standard mo-
lecular procedures were used (31). The cDNA clones pCHN48
and pGL43 have been described (29, 32). Intronyexon border
sequences were cloned by PCR from N. sylvestris genomic DNA
based on homology to the tobacco CHN50 genomic clone
(positions 2011–2256, GenBank accession no. x64519) and the
tobacco Gla genomic clone (positions 2236–2457, GenBank
accession no. m60402), and then subcloned into pBSIIKS1.
32P-labeled RNA probes were synthesized by in vitro transcrip-
tion from suitably linearized plasmids by using a Stratagene RNA
transcription kit according to the manufacturer’s instructions.

Total RNA Analysis. Total RNA was purified from plant tissues by
using TRIZOL reagent (GIBCOyBRL), followed by RQ1
DNase (Promega) digestion and two phenol extractions. RNA
blot hybridization was performed by using the indicated probes.
Membranes were rehybridized with a cDNA probe correspond-
ing to 18S rRNA to confirm equal loading of the gels. RNase
AyT1 protection assays with a U2 RNA probe as a constitutive
control were performed as described (33). Hybridization signals
were quantified with a PhosphorImager using IMAGEQUANT
software (Molecular Dynamics).

Small RNA Analysis. To enrich for small RNAs, total RNA (100
mg) was applied to the column from the RNeasy plant mini kit
74904 (Qiagen, Chatsworth, CA) following the manufacturer’s
instructions for RNA clean-up until step 3. Small RNAs, which
are present in the flow-through fraction, were precipitated by
adding 70 ml of 3 M Na acetate (pH 4.8) and 540 ml of
2-propanol, separated by 15% PAGE, and electrotransferred to
Hybond-N1 membranes. 32P-labeled CHN and GLU full-length
RNA transcripts were gel-purified and hydrolyzed to fragments
of ca. 150 nt (34). RNA blot hybridizations were carried out at
35°C as described by Hamilton et al. (7).

DNA Analysis. DNA was prepared from plants and analyzed by
Southern blot hybridization using 32P-labeled cDNA probes
prepared from pCHN48 and pGL43 as described (29, 32).

Protein Analysis. Immunoblot analysis of chitinase and b-1,3-
glucanase proteins was performed as described (35), except that
the second antibody was coupled to alkaline phosphatase. Under
the conditions used, the antibodies detect class I and II chitinases
and class I-III b-1,3-glucanases.

Results
Posttranscriptional Silencing in Sense and Antisense Transformants.
The endogenous tobacco genes targeted for silencing were CHN
genes CHN48 and CHN50 encoding mRNAs 94.5% identical in
sequence (29), and GLU genes Gla and Glb encoding mRNAs
97.5% identical in sequence (32). The homozygous, single-locus
transformants used were sense (TSC) and antisense (TAC) lines
carrying tobacco CHN transgenes with transcribed regions
.94.5% identical to those of CHN48 and CHN50, and the

antisense (TAG) line carrying a tobacco GLU transgene with a
transcribed region .97.9% identical to those of Gla and Glb.
The T-DNA loci were partially characterized by Southern blot
analyses (see Figs. 6–8, which are published as supplemental
data on the PNAS web site, www.pnas.org). The TAC locus
consists of an intact T-DNA and a partial direct repeat with an
intact antisense CHN gene. The TSC locus gives rise to a complex
restriction pattern. It consists of three closely linked T-DNA
inserts. One contains a partial inverted repeat with a deletion
extending from the left border into the 39 end of the sense CHN
gene. The TAG locus consists of a single T-DNA with an intact
antisense GLU gene. The fact that no inverted repeats were
detected in the antisense lines supports our view that reduction
of target gene expression in these lines is due to ASGS.

The plants were treated with ethylene to ensure that the
endogenous CHN and GLU genes were transcriptionally active
(36). An RNase AyT1 protection assay (RPA) using CHN50 and
Gla intronyexon probes (see Fig. 9, which is published as
supplemental data) was used to measure the contents of CHN50
and Gla pre-mRNAs as well as CHN48, CHN50, Gla, and Glb
mRNAs in RNA prepared from mature leaves. Posttranscrip-
tional inactivation was detected by comparing the content of
unspliced, primary transcripts, which are not decreased in PTGS
(37), with that of the mature mRNAs in sibling silent and
high-expressing plants. Leaves of transformants were judged to
express the silent phenotype if the protein and mRNA contents
after ethylene treatment were appreciably lower than that of
wild-type plants under comparable conditions in the same
experiment (25).

RPA confirmed that ethylene treatment induced the accumu-
lation of CHN and GLU endogene transcripts in wild-type plants
(Fig. 1 A and B). Accumulation of CHN but not GLU mRNAs
was inhibited in TAC (Fig. 1 A); whereas, accumulation of GLU
but not CHN mRNAs was inhibited in TAG (Fig. 1B), indicating
that ASGS acts in a sequence-specific fashion. In contrast,
PhosphorImager quantitation of signals revealed that CHN50
and Gla pre-mRNAs were induced by ethylene treatment to
comparable levels in TAC, TAG, and wild type (see Fig. 10,
which is published as supplemental data). The fact that accu-
mulation of the homologous mRNAs, but not the pre-mRNAs,
was inhibited in the antisense lines leads us to conclude that
ASGS acts at the posttranscriptional level and does not inhibit
transcriptional induction by ethylene. Similarly, comparison of
CHN50 endogene and CHN48 transgene expression in leaves of
silent (STSC) and high-expressing (HTSC) siblings of the TSC
line (Fig. 1C) confirmed PTGS in the CHN48 sense transformant.

PVY and CMV Suppress PTGS and ASGS. PVY and CMV, but not
PVX, inhibit PTGS in Nicotiana benthamiana (14). CMV has
also been shown to be effective in tobacco and Arabidopsis (38).
We investigated the effect of CMV, PVY, and PVX infection on
PTGS of chitinase in STSC plants, and on ASGS of CHN and
GLU genes in the antisense lines TAC and TAG, respectively.
Infection was confirmed by RNA-blot hybridization with RNA
probes specific for each virus (data not shown). All lines tested,
including control wild-type and HTSC plants, showed typical
systemic symptoms 10–15 days after virus inoculation. Expres-
sion of GLU and CHN genes in wild-type leaves was not induced
by systemic infection with CMV and PVX, but as expected (36)
was induced in leaves showing a necrotic response to PVY
infection (see Fig. 11, which is published as supplemental data).

Strong accumulation of CHN mRNA and CHN protein was
observed in STSC plants infected with CMV or PVY (Fig. 2),
whereas low levels of CHN mRNA and weak expression of CHN
protein were detected before as well as after mock or PVX
inoculations. Because of posttranslational prolylhydroxylation,
CHN48 and CHN50 proteins can be distinguished by immuno-
blotting (39), which revealed that the CHN50 endogene is either
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not expressed or expressed at low levels in plants before ethylene
treatment. In contrast, following ethylene treatment the strong
CHN mRNA signals obtained for CMV- and PVY-inoculated
plants were accompanied by the appearance of both CHN48 and
CHN50 proteins. Taken together, these results show that
systemic infection with CMV and PVY, but not with PVX,
suppresses PTGS of both endogenous CHN genes and CHN
transgenes.

In parallel experiments, we examined the effect of virus
infection on the accumulation of antisense CHN and GLU
transcripts in TAC and TAG antisense transformants, respec-
tively. Very low levels of antisense CHN50 RNA were detected
in TAC plants before inoculation and following mock inocula-
tion and inoculation with PVX (Fig. 3A). In contrast, strong
signals were obtained with the CMV- and PVY-inoculated plants
showing that TAC has the potential to express high levels of

antisense CHN50 RNA and that infection with CMV and PVY
suppressed degradation of the antisense transcripts. Similar
results were obtained for antisense Gla RNA in the TAG plants
(Fig. 3B), although for unknown reasons levels of expression in
this transformed line were very low.

We also examined the effect of viruses on the expression of
endogenes transcriptionally induced by ethylene treatment. In
the case of TAC, strong CHN RNA signals were detected in
CMV-infected plants after ethylene treatment and in PVY-
infected plants both before and after ethylene treatment (Fig.
4A). On the other hand, low-level signals or no signals for CHN
RNA were detected in mock-inoculated plants and in PVX-
inoculated plants before inoculation and before and after eth-
ylene treatment. Similar patterns of GLU RNA were found for
TAG plants (Fig. 4B). Immunoblotting showed that accumula-
tion of both CHN48 and CHN50 proteins was effectively inhib-
ited by antisense transformation and that CMV and PVY

Fig. 1. Pre-mRNA accumulation induced by ethylene treatment is unaffected by PTGS and ASGS. RNase protection assays of total RNA (25 mg) extracted from
leaves of untransformed tobacco (Wt), TAC, TAG, sibling silent (STSC), and high-expressing (HTSC) TSC plants before (2) and after (1) treatment with 20 ppm
ethylene for 2 days. Intronyexon RNA probes for CHN50 (A and C) and Gla (B) mixed with a control U2 RNA probe were used. The positions of the RNA-species
protected and probes before (2RNase) and after (1RNase) RNase digestion protected with tRNA are indicated.

Fig. 2. CMV and PVY, but not PVX, suppress PTGS in TSC. RNA blot hybrid-
ization with a CHN cDNA probe and immunoblot analyses of leaves from
sibling STSC plants (STSC1–STSC4). Tissues were harvested from the inoculated
leaf just before inoculation (0), from leaves showing systemic virus infection
10–15 DPI (V), and from leaves showing systemic virus infection 2 days later
after treatment of plants with 20-ppm ethylene (1ET). Total RNA (10 mg) was
hybridized with a CHN48 cDNA probe, which detects CHN48 and CHN50 RNA
(CHN RNA). The double bands detected with the probe have been described
earlier and may result from alternative polyadenylation (26). Equal loading
was confirmed by rehybridization with a probe for 18S rRNA. Immunoblot
analyses of equal volumes of protein extracts of the same tissues used for RNA
analyses are shown at the bottom. The positions of the class I chitinases CHN48,
its truncated form DCHN48 and CHN50, and the class II chitinases (CHN II) are
indicated.

Fig. 3. CMV and PVY, but not PVX, suppress accumulation of transgene-
encoded antisense transcripts in TAC and TAG. Tissues were harvested from
the inoculated leaf just before inoculation (0) and from leaves showing
systemic virus infection 10–15 DPI of sibling TAC (TAC1–TAC4) and TAG
(TAG1–TAG4) plants. RNA blot hybridization of total RNA (10 mg) by using RNA
probes to detect antisense CHN RNA (A) or antisense GLU RNA (B). Equal
loading was confirmed by rehybridization with a probe for 18S rRNA.
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infection suppressed this inhibition. Because the GLU encoded
by Gla and Glb have the same apparent molecular masses in SDS
gels, it was not possible to distinguish between the two isoforms.
The additional bands detected on immunoblots correspond to
the ca. 28-kDa class II chitinases, the ca. 36-kDa class II
b-1,3-glucanases, and the ca. 33-kDa class III b-1,3-glucanase.
These isoforms are induced as part of the necrotic response to
infection by pathogens, but only weakly induced by ethylene
treatment (36). Taken together, our results show that infection
with suppressing viruses can restore both the expression and
normal regulation by ethylene and pathogen infection of endoge-
nous target genes in the antisense TAC and TAG transformants.

Sense and Antisense smRNAs Accumulate in Association with PTGS
and ASGS. The association of smRNAs with PTGS in transgenic
plants (7) and RNAi in Drosophila (8) prompted us to look for
similar RNAs representing the transcribed sequences of CHN
and GLU genes. RNA-blot hybridization (Fig. 5) and RNase
AyT1 protection assays (data not shown) were used with probes
for sense and antisense sequences. The CHN probes detected ca.
25-nt RNAs in STSC and TAC leaves, but not in HTSC, TAG,
or wild-type leaves (Fig. 5A); whereas, the GLU probes detected
ca. 25-nt RNAs in TAG leaves, but not in STSC, HTSC, TAC,
or wild-type leaves (Fig. 5B). Taken together, these results
indicate that accumulation of sense and antisense smRNAs
representing the silenced gene is a feature of both PTGS and
ASGS.

Discussion
It is unclear whether ASGS is a form of PTGS or involves
distinctly different mechanisms (20, 24). Our study shows for the
first time that ASGS, like PTGS, is associated with the produc-

tion of smRNAs and can be suppressed by infection with CMV
and PVY that suppress PTGS. These results provide direct
evidence for mechanistic links between the two forms of silenc-
ing. The suppressing viruses we used act at different steps in the
PTGS pathway (14, 38, 40). Expression of the HC-Pro protein of
PVY inhibits initiation and maintenance of PTGS; whereas
expression of the 2b protein of CMV only inhibits initiation of
PTGS and acts at sites in the cell nucleus (41). Both viruses
suppressed ASGS of the homologous endogenes as well as
expression of the antisense transgene indicating that ASGS and
PTGS share at least some components associated with initiation
and maintenance of the silent state.

Infection with CMV markedly increased the antisense RNA
content of antisense transformants under conditions in which
transcription of endogenes was very low (see Fig. 1). This
indicates that high expression of sense genes is not required for
posttranscriptional silencing of the antisense transgenes. The
untreated antisense transformants, but not wild-type plants, also
accumulated smRNAs of both polarities. Taken together, these
results show that smRNA accumulation is associated with post-
transcriptional silencing of antisense transgenes and does not
depend on high-level expression of the sense endogenes. It seems
likely, therefore, that the smRNAs are derived from the anti-
sense transgene. Experiments using gene-specific probes are
needed to confirm this hypothesis and to examine the possibility
that smRNAs can also arise from silenced sense endogenes in the
antisense transformants. Quantitation of hybridization signals
corrected for RNA loading suggests that sense- and antisense-
RNA species are present in roughly equal amounts. This raises
the possibility that the smRNAs are duplex structures, or are
derived from a dsRNA intermediate as reported for RNAi in
Drosophila (8), which could also explain the observation that
both sense and antisense RNAs can be targets of PTGS (42).

Several current models for PTGS hold that sequence-specific
signals from several sources can feed into a common pathway for

Fig. 4. CMV and PVY, but not PVX, restore ethylene-induction of endoge-
nous-gene expression in antisense transformants. RNA blot and immunoblot
analyses of leaf tissues harvested as indicated in Fig. 2 from sibling TAC plants
(A) and TAG (B) plants. Total RNA (10 mg) was hybridized with RNA probes for
detecting sense CHN RNA (A) or sense GLU RNA (B). Equal loading was
confirmed by rehybridization with a probe for 18S rRNA. Protein extracts
representing equal amounts of the same tissues were immunoblotted by using
probes for CHN antigens and GLU antigens indicated in Fig. 2. Purified GLU I
protein was used as size marker (B, GLU I). Positions of GLU I and the class II
(GLU II) and class III (GLU III) b-1,3-glucanases are indicated. Note that induc-
tion of GLU I antigen is suppressed in mock- and PVX-infected plants, but not
in CMV- and PVY-infected plants.

Fig. 5. Small, ca. 25-nt sense- and antisense-RNAs are associated with both
PTGS and ASGS. RNA blot hybridization of 20 mg of the low-molecular-weight
RNA fraction prepared from total RNA of untreated plants. Membranes were
hybridized with RNA probes for sense and antisense CHN (A) and GLU (B) RNA.
The position of the ca. 25-nt RNAs was determined by using single-stranded
DNA primers as size markers. Unspecific cross-hybridization with tRNAs (top of
each gel) was used as the control for equal loading. Note that an additional ca.
30-nt RNA was detected with sense and antisense GLU probes. This RNA was
present at roughly the same abundance in wild type and transformed lines and
was not correlated with ASGS.
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targeting degradation of RNAs (2, 43). Silencing signals can be
generated by high-level transcription of single-copy sense loci, by
transcription of transgenes with inverted repeats, by complex loci
showing low transcriptional activity, and by cytoplasmically
replicating viruses (44). Although the chemical nature of these
signals is not known, it is often assumed that asRNAs provide
sequence specificity (22–24, 44) and that dsRNAs act as primary
signals or further downstream in the common pathway (1, 2).

Dalmay et al. (11) have proposed a general model to account
for both virus-induced gene silencing (VIGS) and PTGS of sense
transgenes. They envisage that dsRNAs generated by virus-
encoded replicases in VIGS and by RNA-dependent RNA
polymerases (RdRP) in PTGS are processed to smRNAs, which
then trigger RNA degradation. We propose that ASGS could
join the common PTGS pathway at the dsRNA step. Antisense
transgenes could generate dsRNAs in at least two ways. When
transcription of sense endogenes is low, dsRNAs could arise
from highly expressed antisense transgenes by a mechanism
similar to that of sense transgenes in a process, which may
depend on RdRP. When transcription of sense endogenes is
high, dsRNA could also arise by annealing of sense and antisense
transcripts as reported for hybrids simultaneously expressing

sense and antisense RNAs (45). According to our model,
distinctive features of PTGS and ASGS (20), such as the patterns
generated by sense and antisense alleles at the same transgene
locus (46), could reflect differences upstream of the dsRNA
step.

Based on studies of ASGS affecting chalcone synthase-gene
expression in petunia flowers, Stam et al. (24) identified high-
expressing, single-copy antisense loci, which presumably gener-
ate dsRNA by pairing with endogene transcripts, and inverted-
repeat loci that trigger silencing by a mechanism similar to that
of inverted sense repeats. These findings, which emphasize
possible mechanistic links between ASGS and PTGS, and our
studies, which provide direct evidence for common steps in the
two processes, strongly support the hypothesis that ASGS is
simply an antisense form of PTGS. More detailed studies
employing informative mutants are needed to establish common
pathways for silencing-related RNA metabolism and distinctive
features of ASGS.
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