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It has been reported that plant virus-derived small interfering RNAs (vsiRNAs) originated predominantly
from structured single-stranded viral RNA of a positive single-stranded RNA virus replicating in the cytoplasm
and from the nuclear stem-loop 35S leader RNA of a double-stranded DNA (dsDNA) virus. Increasing lines of
evidence have also shown that hierarchical actions of plant Dicer-like (DCL) proteins are required in the
biogenesis process of small RNAs, and DCL4 is the primary producer of vsiRNAs. However, the structures of
such single-stranded viral RNA that can be recognized by DCLs remain unknown. In an attempt to determine
these structures, we have cloned siRNAs derived from the satellite RNA (satRNA) of Cucumber mosaic virus
(CMV-satRNA) and studied the relationship between satRNA-derived siRNAs (satsiRNAs) and satRNA sec-
ondary structure. satsiRNAs were confirmed to be derived from single-stranded satRNA and are primarily 21
(64.7%) or 22 (22%) nucleotides (nt) in length. The most frequently cloned positive-strand satsiRNAs were
found to derive from novel hairpins that differ from the structure of known DCL substrates, miRNA and siRNA
precursors, which are prevalent stem-loop-shaped or dsRNAs. DCL4 was shown to be the primary producer of
satsiRNAs. In the absence of DCL4, only 22-nt satsiRNAs were detected. Our results suggest that DCL4 is
capable of accessing flexibly structured single-stranded RNA substrates (preferably T-shaped hairpins) to
produce satsiRNAs. This result reveals that viral RNA of diverse structures may stimulate antiviral DCL
activities in plant cells.

Endogenous small RNAs associated with RNA silencing
pathways, involve the RNase III enzyme Dicer proteins. The
activity of the four Dicer-like (DCL) proteins in Arabidopsis
thaliana on small RNA production has recently been widely
investigated through small RNA/dcl mutants. DCL1 recog-
nizes the common stem-loop structure of pre-microRNAs
(pre-miRNAs) to produce miRNAs (25), DCL2 is responsible
for stress-related 24-nucleotide (nt) siRNA production from
natural antisense transcripts (4), DCL3 synthesizes 24-nt
DNA-repeat-associated siRNAs (ra-siRNAs) that mediate
heterochromatin formation (36), and DCL4 processes noncod-
ing RNA into 21-nt trans-acting siRNAs (ta-siRNAs) that reg-
ulate timing of development and leaf polarity (12, 35, 40). In
DCL4 loss-of-function plants (dcl4 mutant), DCL2 can substi-
tute for the function of DCL4 and generate 22-nt ta-siRNAs
(12, 35), revealing the hierarchical redundancy among DCL
activities in endogenous ta-siRNA synthesis.

RNA silencing is not only a type of gene regulatory mech-
anism that is conserved in a broad range of eukaryotes but is
also part of a highly adaptable immune system response
against foreign RNAs and viruses in plants (1, 8) and animals
(7). In plants transformed with an inverted repeat (IR) trans-
gene, DCL4 is required for the production of 21-nt siRNAs

induced by IR transgenes that function as cell-to-cell silencing
signals (9). Plant virus infection also results in the accumula-
tion of virus-derived siRNAs (vsiRNAs) of 21 to 24 nt in length
(14). Increasing lines of evidence have shown that DCL4 is the
primary producer of plant RNA 21-nt vsiRNAs in plant anti-
viral defenses. In dcl4 mutants, the accumulation of 21-nt
vsiRNAs is abolished; instead, 22-nt vsiRNAs with antiviral
activities are produced by DCL2 (3, 5, 6, 11). DCL3-dependent
24-nt vsiRNAs are not associated with antiviral defense in
RNA virus infections (6) but affect the accumulation of a
double-stranded DNA (dsDNA) virus, Cauliflower mosaic virus
(CaMV) (22). DCL1, which is not involved in RNA virus-
derived siRNA production, was recently found to facilitate the
production of CaMV 35S leader-derived vsiRNAs of 21, 22,
and 24 nt, which requires the combined actions of DCL4,
DCL2, and DCL3, respectively, in production (22).

The antiviral role of RNA silencing is further supported by
the discovery of many viruses encoding suppressor proteins
that interfere with and/or escape from the silencing pathway
(20, 34). Based on multiple in vivo and in vitro approaches,
increasing evidence suggests that many of the viral suppressors
are RNA-binding proteins, either size selective or size inde-
pendent, though they evolve independently and show low
sequence and/or structure homology. Through direct compe-
tition target cleavage assays and RNA-induced silencing com-
plex (RISC) formation direct competition assays using Dro-
sophila embryo extracts, Lakatos et al. showed that Tobacco
etch virus HC-Pro, Tombusvirus p19, and Closterovirus p21 uni-
formly inhibited siRNA-triggered RISC assembly through se-
questering siRNA (17). These findings are strengthened by the
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three-dimensional structure of p19 (32, 39) and the octameric
ring structure of p21 (38). Recently, viral suppressors targeting
the key Dicer enzyme (DCL4) or the Argonaute family protein
(AGO1), which is the Slicer component of the RISC (2), has
also been reported (6, 41). A silencing suppressor, the P38
capsid protein of Turnip crinkle virus suppresses DCL4 activity,
resulting in the accumulation of a single 22-nt vsiRNA in
wild-type Arabidopsis, and significantly reduces the IR trans-
gene-derived 21-nt siRNA levels, resembling the siRNA pat-
terns in DCL4-deficient mutants (6). Recently, the 2b suppres-
sor encoded by Cucumber mosaic virus (CMV) was shown to
inhibit AGO1 cleavage activity in Arabidopsis, resulting in in-
creased accumulation of passenger/star strands of small RNAs,
both miRNA* and ta-siRNA* (41). The inhibition of AGO1-
mediated degradation of star-stranded small RNAs may in
turn interfere with the binding of RISC to the complementary
target mRNAs guided by siRNAs, consistent with the previous
finding that CMV-2b acts downstream of siRNA synthesis and
inhibits the activity of long-range silencing signals (13), which
is suggested to be siRNA related (9).

It has been shown that vsiRNAs predominantly originate
from highly structured single-stranded viral genomic RNAs
(23, 31). Very recently, vsiRNAs derived from the dsDNA
virus CaMV have been identified as being produced from the
branched stem-loop structure within the 35S leader by distinct
DCL activities (22). However, the relationship between
vsiRNAs and the structures of such single-stranded viral RNA
that can be recognized by DCLs has not been investigated yet.

The satellite RNA (satRNA) of CMV (CMV-satRNA) is a
334-nt-long linear RNA with a highly conserved secondary
structure and requires helper virus CMV to supply proteins for
replication in the cytoplasm (30). Here, we cloned small RNAs
derived from the CMV-satRNA and studied the relationship
between satRNA-derived small RNAs (satsiRNAs) and the
satRNA secondary structure. The definite in vivo models of
CMV-satRNA secondary structure were well studied in CMV-
infected plants (28). Our results show that satsiRNAs are de-
rived from single-stranded satRNA and DCL4 is the primary
contributor of satsiRNAs. The most frequently cloned posi-
tive-strand 21-nt satsiRNAs were found to derive from T-
shaped hairpins that differ from the prevalent stem-loop-
shaped RNAs or dsRNAs which were known as substrates of
DCLs to generate miRNAs or siRNA. Our results reveal that
DCL4 is capable of accessing flexibly structured single-
stranded substrates of invading RNAs to activate an antiviral
RNA silencing mechanism in plant cells.

MATERIALS AND METHODS

Plant growth and virus infection assays. Arabidopsis wild-type Columbia and
dcl4-2 mutant plants were grown in solid MS medium for 2 weeks and then
transferred to soil and grown for 3 weeks under short-day conditions before virus
inoculation. Plants were mock inoculated with 5 mM phosphate buffer (pH 7.2)
or inoculated with a fresh sap prepared from the ShangDong strain of CMV
(SD-CMV)-infected tobacco leaf (1 g of ground leaf material diluted into 2 ml of
phosphate buffer). Plant material was collected at 21 days postinoculation for
RNA extraction.

Analysis of nucleic acids. Total RNA from Arabidopsis was isolated using
TRIzol reagent (Invitrogen) according to the manufacturer�s instructions, pre-
cipitated with isopropanol, and redissolved in 50% formamide. Thirty micro-
grams of RNA extracted from SD-CMV-infected A. thaliana Columbia and the
dcl4-2 mutant were separated by 17% polyacrylamide gel electrophoresis
(PAGE) and blotted. Membranes were hybridized with [�-32P]ATP-labeled

DNA oligonucleotide probes complementary to each of the satsiRNA, miR168,
miR168*, tasiR255, tasi255*, and miR159, sequences, using T4 polynucleotide
kinase (New England Biolabs) or [�-32P]UTP-labeled full-length SD-satRNA
transcript (Ambion).

satsiRNA cloning and sequencing. Small RNAs were extracted from SD-
CMV-infected A. thaliana Columbia at 21 days postinoculation and separated by
PAGE in 17% denaturing polyacrylamide gel. RNA fractions with sizes between
18 and 24 nt corresponding to the small RNA population were purified and
cloned as described previously (18). The PCR product was directly ligated into
pCR2.1-TOPO vector using the TOPO TA cloning kit (Invitrogen). Colonies
were screened using PCR. Candidate single colonies were directly submitted for
custom sequencing (Sequence Company Sunbio).

RESULTS AND DISCUSSION

CMV-satsiRNAs are asymmetrical in strand polarity. Ara-
bidopsis thaliana (ecotype Columbia) were infected with saps
extracted from SD-CMV-infected tobacco plants. RNA anal-
ysis showed that the SD-CMV-infected Arabidopsis plants con-
tained a high level of satRNA (Fig. 1A). We cloned siRNAs
from infected Arabidopsis plants. Among the 158 randomly
sequenced clones, 68 (43%) originated from SD-satRNA (ac-
cession no. D89673); some of the small RNAs were cloned two
to six times (Table 1). The most common lengths of SD-
satRNA-derived siRNAs (satsiRNAs) are 21 (64.7%) and 22
(22%) nt (Fig. 1B). The cloned satsiRNAs corresponded to all
regions of the satRNAs in both sense and antisense strands
(Fig. 1C); however, asymmetry in strand polarity of satsiRNAs
was observed. Forty-two (61.8%) of the total cloned small
RNAs were derived from the positive strand, and 26 (38.2%)
were derived from the negative strand (Fig. 1C). Some
satsiRNA clones had 1 nt insertion or mismatch to the SD-
satRNA sequence deposited in the NCBI database. It has been
reported that satRNA variants can be generated during the
progeny propagation or transmission process of satRNA from
one plant species to another—in this case from tobacco to
Arabidopsis (31). Sequence analysis of SD-satRNA cDNA
clones indicated that besides SD-satRNA with the D89673
sequence, two variants were also present in the infected Ara-
bidopsis plants (Fig. 1D). Sequence comparison data indicated
that the satRNA variants were the source of some satsiRNA
clones (Fig. 1D and Table 1).

The 16- to 18-nt small RNAs located at the 3� end of
satRNA (Fig. 1C) were probably by-products of cleavage
rather than real DCL products; therefore, they were no longer
counted as satsiRNAs. The satsiRNA sequence comparison
revealed a hierarchy of nucleotide preference at the first po-
sition of small RNAs, with C (42.8%) � U (21.4%) � G
(19.0%) � A (16.6%), where there was a strong preference for
U at the first position in miRNAs and ta-siRNAs (18; http:
//asrp.cgrb.oregonstate.edu/db/sRNAdisplay.html). Among the
cloned satsiRNAs, three pairs of satsiRNAs were fully comple-
mentary in base pairing (Fig. 1C); however, there were no two
satsiRNAs able to form a perfect double-stranded duplex with
2-nt overhangs, a feature characteristic of Dicer products derived
from dsRNA (10).

The majority of satsiRNAs are derived from single-stranded
satRNA. satsiRNAs with different cloning frequency were
selected for the confirmation of individual satsiRNA accu-
mulation. All tested satsiRNAs were readily detected by
Northern blotting using complementary sequence of corre-
sponding satsiRNAs as probes (referred to as antisense
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FIG. 1. Origin and characterization of SD-satRNA-derived small RNAs (satsiRNAs). (A) Accumulation of satRNAs in SD-CMV-infected Arabi-
dopsis. Total RNA extracted from wild-type (WT) and SD-CMV-infected (inf.) Arabidopsis plants was separated in agarose gel and stained with ethidium
bromide (left), blotted, and hybridized with an �-32P-labeled probe of SD-satRNA sequence (right). Lane M, molecular size markers. (B) Size distribution
of sequenced satsiRNAs. (C) Distribution of satsiRNA clones alongside both strands of SD-satRNA. Small RNAs were aligned with the SD-satRNA
genome by sequence comparison. Short lines above the satRNA genome represent satsiRNAs derived from the positive strand, and those below the
genome represent satsiRNAs derived from the negative strand. Clone frequencies were represented by the number of short lines at the same position.
Small RNAs derived from SD-satRNA variants were also included. The identification serials of some satsiRNAs are indicated. Three pairs of satsiRNAs
that were fully complementary in base pairing are boxed with dashes. Four small RNAs located at the 3� end of satRNA (16 to 18 nt) were not counted
as satsiRNAs and are indicated by dashed lines. (D) Alignment of D4-satRNA and SD-satRNA sequences, as well as two SD-satRNA variant sequences
obtained from SD-CMV-infected Arabidopsis by reverse transcription-PCR and sequencing. Four major folding regions based on the D4-satRNA in vivo
structure model are indicated. The C139 insertion in SD variants 1 and 2 and sequence heterogeneities are highlighted with dark gray. Some satsiRNA
clones identical or perfectly complementary to the SD variants are shown.
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TABLE 1. Small RNAs derived from SD-satRNA in SD-CMV-infected Arabidopsis

Small RNAa Small RNA sequenceb No. of clones Small RNA length (nt) Orientation

satsiR-1v AAGAGGGGUUAUAUCUGCGUG 1 21 �

satsiR-2a UGAGGAUCUGUCACUCGGCGG 2 21 �
satsiR-2bv UGAGGACCUGUCACUCGGCGG 3 21 �

satsiR-3 CUGCUAAGGCGGGUUGAGUGA 1 21 �

satsiR-4 AGGCGGGUUGAGUGAUGUUCC 1 21 �

satsiR-5a AGUGAUGUUCCCUCGG-ACUGG 1 21 �
satsiR-5bv AGUGAUGUUCCCUCGGUACUGG 1 22 �
satsiR-5c GUGAUGUUCCCUCGG-ACUGGG 3 21 �

satsiR-6 UCGGACUGGGGACCGCUGGCU 2 21 �

satsiR-7 CCGCUGGCUUGCGAGCUAUGU 1 21 �

satsiR-8av1, 2 GCUAUGUCCGCUACUCUCAGU 1 21 �
satsiR-8bv1, 2 UAUGUCCGCUACUCUCAGUAC 1 21 �

satsiR-9 CACUCUCAUUUGAGCCCCCGC 1 21 �

satsiR-10a GCCCCCGCUCAGUUUGCUAGC 1 21 �
satsiR-10b CCCCCGCUCAGUUUGCUAGCA 1 21 �

satsiR-11 CGCUCAGUUUGCUAGCAGA 1 19 �

satsiR-12 CAGUUUGCUAGCAGAACCCGGC 6 22 �

satsiR-13 CACAUGGUUCGCCGAUAC 1 18 �

satsiR-14 UGGUUCGCCGAUACCAUGGAU 1 21 �

satsiR-15 AUGACGCACACAGGGAGAGGC 1 21 �

satsiR-16v CAGGGUAGAGGCUAAGGCUUAUG 1 23 �

satsiR-17av UGCUGAUCUCCAUGAAUGUCUA 2 22 �
satsiR-17b GCUGAUCUCCGUGAAUGUCUA 1 21 �

satsiR-18a UCCAUGAAUGUCUAUCAUUCCU 1 22 �
satsiR-18b CCGUGAAUGUCUAUCAUUCCU 1 21 �
satsiR-18cv CGUGAAUGUCUAUCAUUCCU 1 20 �

Small RNA CAUUCCUCUGCAGGACCC 1 18 �
Small RNA UUCCUCUGCAGGACCC 3 16 �

satsiR-20v GACAUUCAUGGAGAUCAGC 1 19 �

satsiR-21av UAGCA-AAGCCUUAGCCUCUCC 1 21 �
satsiR-21b AGCAUAAGCCUUAGCCUCUCC 1 21 �

satsiR-22av GCCUUAGCCACUCCCUGUGUG 1 21 �
satsiR-22bv CCUUAGCCUCUCCCUGUGUGCG 1 22 �

satsiR-23av1, 2 CCUGUGUGCGUCAUGACUCAU 3 21 �
satsiR-23bv1, 2 CUGUGUGCGUCAUGACUCAU 1 20 �
satsiR-23cv C-GUGUGCGUCAUGACUCAUA 1 20 �

satsiR-24av1 ACAGAGUGUUUCUUUCGAAAU 2 21 �
satsiR-24bv CAGAGUGUUUCUUUCGAAAUCC 1 22 �

satsiR-25v GAAAUCCAUGGUAUCGGCGAA 1 21 �

satsiR-26 GCGGGGGCUCAAAUGAGAGUG 1 21 �

satsiR-27 ACAUAGCUCGCAAGCCAGCGGU 1 22 �

satsiR-28 UCGCAAGCCAGCGGUCCCCAGU 1 22 �

satsiR-29 UCACUCAACCCGCCUUAGCAG 1 21 �

satsiR-30 CUCAACCCGCCUUAGCAGGGA 2 21 �

satsiR-31a CCACACCGCCGAGUGACAGAUC 1 22 �
satsiR-31b CACACCGCCGAGUGACAGAUC 3 21 �

satsiR-32 CGCAAUUCUCCAUCAAACAAA 2 21 �

a A superscript v indicates the small RNA was derived from a variant (variant 1 or 2).
b Different nucleotides of the same or two overlapping satsiRNAs are in boldface.
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probes) (Fig. 2A). The results showed that the intensity of
hybridization signals of satsiRNAs was consistent with their
cloning frequency. For example, the most frequently cloned
satsiRNAs, satsiR-2, -5, and -12 (cloned five, five, and six
times, respectively), showed the strongest signals in North-
ern blot hybridization, whereas sequences cloned only once
(satsiR-15, -20, and -26) had the weakest signals (Fig. 2A
and 1C). Moreover, for satsiR-12, besides the 22-nt band, an
additional faster-migrating band of 21 nt with lower inten-
sity was also observed. This smaller band might presumably
result from hybridization to satsiR-10 and -11, which were
19 to �21 nt and had 11 or 12 nt of overlap with satsiR-12
(Fig. 1C). However, no clear 19-nt band for satsiR-11 was ob-
served (Fig. 2A), suggesting that the 19-nt satsiR-11 might have
missed some nucleotides during the cloning process. Such a pos-
sibility was also observed for satsiR-20 and -23b (Table 1), with
lengths of 19 nt and 20 nt, respectively, whereas only 21-nt signals
were detected by Northern hybridization with the corresponding
antisense probes (Fig. 2A).

To detect whether there exists more potential perfect du-
plexes for cloned satsiRNAs, sequences of some satsiRNAs
were used as probes (referred as sense probes) in Northern
blot hybridization for further confirmation. Very low or no
signal was detected by sense probes of satsiR-8, -12, -23, and
-24 (Fig. 2A), consistent with the fact that no opposite-strand
sequences of these satsiRNAs were cloned (Fig. 1C). Instead
of the expected siRNA band, two large hybridization signals
were detected with the satsiR-24 sense probes (Fig. 2A), pre-
sumably due to cross-hybridization to satRNA fragments be-
tween satsiR-13/14 and satsiR-15/16 (Fig. 1C), as a by-product
of satsiRNA production. Signals obtained with satsiR-2 sense
probes exhibited features similar to those of the satsiR-31
antisense probes: both detected 21- and 22-nt bands. Corre-
spondingly, the satsiR-31 sense probe and the satsiR-2 anti-
sense probe revealed similar hybridization signals. These data
are in agreement with the fact that these satsiRNAs have 17-nt
complementary regions (Fig. 1C and 2A and Table 1). The
high-intensity signal obtained with the satsiR-15 sense probe
(Fig. 2A) was also consistent with the fact that minus-strand-

derived satsiR-22 and -23 matched 14 or 15 nt of satsiRNA-15
(Fig. 1C), which was probably responsible for the faint signal
revealed with satsiR-23 sense probe (Fig. 2A). In general,
Northern blot hybridization using both satsiRNA sense and
antisense probes (Fig. 2A) showed good consistency with the
satsiRNA cloning results in both size and clone frequency.
Together with the fact that the distribution of satsiRNAs cov-
ered almost the whole satRNA sequence (Fig. 1C), we specu-
lated that the profile of satsiRNA clones likely represented the
population of naturally derived satRNA-related siRNAs in
SD-CMV-infected plants.

Recently, Zhang et al. (41) have reported that the accumu-
lation of both miRNA* and passenger strand of a ta-siRNA,
siR480/255*, was increased in Fny-CMV-infected and Fan-2b-
overexpressing plants. Such accumulation was caused by the
CMV 2b protein, a viral suppressor that inhibited the cleavage
activity of AGO1 in Arabidopsis. Both Fny-CMV and SD-CMV
belong to CMV subgroup I; the Fny-2b and SD-2b proteins
share 82.9% identity and 86.5% similarity in amino acid se-
quence. Therefore, we also detected the accumulation of pas-
senger strands of small RNAs in SD-CMV-infected plants.
Accumulation of both miR-168* and ta-siR255* was readily
detected in SD-CMV-infected plants but not in wild-type strain
Columbia plants (Fig. 2B). This result indicated that SD-2b,
like Fny-2b, inhibited AGO1 Slicer activity and resulted in
stabilizing the passenger strands of small RNAs (41). If
satsiRNAs were derived from a satRNA dsRNA replicative in-
termediate, like dsRNA-derived ta-siRNAs, passenger strands
(satsiRNAs*) of perfect double-stranded duplexes should also
exist in SD-CMV-infected plants. However, we could not iden-
tify any cloned satsiRNAs able to form a perfect double-
stranded duplex with 2-nt overhangs (Fig. 1C and Table 1) and,
furthermore, the confirmation by Northern blot hybridization
with satsiRNA sense probes indicated that satsiRNA* from a
perfect duplex did not exist among the satsiRNAs analyzed
(Fig. 1C). This suggested that most, if not all, satsiRNAs
cloned were not generated from a dsRNA replicative interme-
diate. It was previously reported that Cymbidium ringspot tom-
busvirus (CymRSV)-derived siRNAs originated predominantly

FIG. 2. Detection of small RNAs in SD-CMV-infected plants. (A) Northern blot analysis of representative satsiRNA. Thirty micrograms of
small RNA extracted from wild-type (WT) A. thaliana Columbia or SD-CMV-infected Columbia was separated by PAGE and blotted. Membranes
were hybridized with 32P-labeled probes of specific satsiRNA antisense (as) or sense (s) probes. Two signals detected with the satsiR-24 sense probe
corresponding to RNAs larger than satsiRNAs are indicated by asterisks. (B) Accumulation of passenger strands of both miRNA* and tasiRNA*
in SD-CMV-infected (inf.) plant. 32P-labeled probe-specific sequences for miR168, miR168*, tasiR255 and tasiR255*, and the U6 control are
indicated.
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from highly structured single-stranded viral RNA (23). The
asymmetry in strand polarity of cloned satsiRNA and failure to
detect passenger strand satsiRNA* of the perfectly double-
stranded duplex in the presence of CMV 2b suggested that the
majority of satsiRNAs cloned are derived from single-stranded
satRNA. Like those of most plant RNA viruses, the satRNA
negative strand that accumulated during replication is much
less abundant than the positive-strand RNA (37). satsiRNAs
derived from dsRNA replicative intermediates, if there are
any, could therefore be much less abundant than those derived
from highly structured positive-strand RNA.

DCL4 is the primary producer of satsiRNAs. DCL4 has
been shown to be the major contributor of CMV siRNAs (5,
11) and other 21-nt vsiRNAs (3, 6), as well as CaMV 35S
leader-derived 21-nt vsiRNAs (22). We also investigated the
activity of DCL4 in satsiRNA synthesis. The similar disease
symptoms were observed in wild-type strain Columbia and
dcl4-2 mutants (Fig. 3A): new rosette leaves exhibit develop-
mental defects, including reduced leaf size and a shortened
petiole, and finally all new leaves fasciated in the center of the
plants and the inflorescence stooped down and crouched with
small and snaky siliques. The similar susceptibilities to SD-
CMV infection in both wild-type strain Columbia and dcl4-2
mutants were consistent with the redundant activities among
the plant DCLs in mediating antiviral silencing (5, 6, 11). The
accumulation pattern of satsiRNAs, however, was altered by
the dcl4 mutation. In the hybridization signals for all tested
satsiRNAs, satsiR-2, -5, -8, -12, -15, -17, -24, and -31, the 21-nt
satsiRNA bands were abolished in SD-CMV-infected dcl4-2
plants compared with infected wild-type Columbia strain
plants (Fig. 3B). This result indicates that the production of
21-nt satsiRNAs in wild-type plants requires the preferential
activity of DCL4. The similar intensity of the 22-nt satsiR-12
hybridization signals detected in wild-type and dcl4-2 plants
suggested that the production of the 22-nt satsiR-12 was not
required DCL4. However, the lower-intensity signals of 22-nt
bands in dcl4-2 plants than those in wild-type plants in detec-

tion of other satsiRNAs, suggested that DCL4 might have an
effect on the production of some 22-nt satsiRNAs (Fig. 3B).
Hybridization with the satsiR-17-specific probe showed that
the predominant 21-nt satsiR-17 in infected wild-type plants
was replaced by a 22-nt species in the infected dcl4-2 mutants
(Fig. 3B). Taken together, our results suggest that satsiRNAs
that prevail in wild-type infections mostly derive from certain
structures that are specifically accessible by DCL4. Other
DCLs, probably DCL2, which can substitute for the function of
DCL4 in dcl4 loss-of-function mutants to produce 22-nt
siRNAs, as reported in results of studies of vsiRNA production
(5, 6, 11), appear to gain access to satsiRNA precursors in the
absence of DCL4.

The most frequently cloned positive-strand satsiRNAs were
derived from T-shaped hairpins. The specific role of DCL4 in
21-nt and some 22-nt satsiRNA synthesis and the lack of pref-
erence for U at the first position of satsiRNAs suggested that
the satRNA substrates recognized by DCL4 differed from en-
dogenous DCL4 dsRNA substrates, which led to the produc-
tion of endogenous 21-nt ta-siRNAs. This prompted us to
examine whether CMV satRNA contains structural features
that could be specifically recognized by DCL4 to generate
satsiRNAs. We studied the positions of cloned satsiRNAs in
the secondary structure of CMV-satRNA (28). There have
been three reported structure models of D4-satRNAs, ob-
tained from in vitro transcripts, from total RNA extracted from
infected cells (in vivo), or from purified CMV particles (in
virion). These structures exhibited slight differences but were
identical in most conserved regions (28). It has been proven
that these three structure models were valid for all 78 CMV
satRNAs analyzed (28). Alignment of SD-satRNA and D4-
satRNA sequences shows differences in four residues, U217

and A223-225 in D4-satRNA versus C217 and U223-225 in SD
satRNA, all located within region III (Fig. 1D), which includes
a sequence that is highly diverged among all CMV satRNAs
(24, 28).

satsiR-2 was found in the highly conserved 5� end of region

FIG. 3. SD-CMV infection symptoms and accumulation of satsiRNAs in wild-type strain Columbia and the dcl4-2 mutant. (A) One-month-old
wild-type strain Columbia (Col.) and the dcl4-2 mutant (left two panels). The dcl4-2 mutant displays downward-curled leaf margins. Ten days
post-SD-CMV-infection, wild-type strain Columbia and the dcl4-2 mutant (middle two panels) show similar developmental defect infection
symptoms, which resulted in new leaves fasciated in the center of the plants (arrows). Influorescences of healthy and SD-CMV-infected Columbia
strain and the infected snaky siliques (inset) are shown in the right panel. (B) Evidence for the contribution of DCL4 in the production of
satsiRNAs. Thirty micrograms of RNA extracted from SD-CMV-infected wild-type strain Columbia and the dcl4-2 mutant was separated by PAGE
and blotted. Membranes were hybridized with 32P-labeled probes specific for each satsiRNA, miR-159, and ta-siR255.
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I (stems 3 and 2) and extended to the conserved stem 4, which
was present in all three CMV satRNA structure models (both
in vivo and in virion models are shown in Fig. 4A and 4B, as
adapted from Fig. 2A and C in reference 28). The high cloning
frequency of satsiR-2 (up to 5 times) and the highly conserved
structure in this region suggested that stems 2, 3, and 4 could
form a linked unit as a “precursor” hairpin being recognized by
DCL4 to produce satsiR-2, which was not produced in the dcl4
mutants (Fig. 3B), despite the existence of a disconnected
sequence that branches off in the satsiR-2 opposite strand (Fig.
4A, B, E, and G). This “precursor,” referred as a T-shaped
hairpin, differed from the DCL1 recognized stem-loop-shaped
miRNA precursors, from which both miRNA and miRNA*
sequences were located in the stem region of the hairpin (15,
16, 19, 26, 27), whereas in the T-shaped precursor, only one
strand can generate satsiRNAs (Fig. 4B and G).

Such a T-shaped hairpin was also recognized for satsiR-18a/
b/c positioned in the highly conserved 3� end of region IV (Fig.
4C), which was predicted in all three CMV-satRNA structure
models covering conserved helices of stems 20, 21, and 24 (Fig.
4A and E).

The findings that both frequently cloned satsiRNAs satsiR-2
and satsiR-18a/b/c were derived from T-shaped hairpins en-
couraged us to search for a “precursor” hairpin for another
abundant satsiRNA, satsiR-5 (cloned up to 5 times). However,
no potential stem-loop “precursor” was found in any satRNA
structure model (see Fig. 2A, B, and C in reference 28). Unlike
the highly conserved regions located at the 5� and 3� ends of
the satRNA sequence (regions I and IV), region II spanning
from nucleotides A55 to G213 presents different folding struc-
tures in the in vitro, in vivo, and in virion satRNA structure
models. However, the unconserved structures of region II all
possess conserved helices: for example, stems 4, 5, 8, 11, and
14 in all three models and stems 7, 10, and 15 in both in vivo
and in vitro structure models (cf. Fig. 2A, B, and C in reference
28). In SD-satRNA variants 1 and 2, there was one nucleotide
insertion, C139, in this region (Fig. 1D). We used mFold soft-
ware to predict the secondary structure of RNA sequences
including bases U79 to A190 of SD-satRNA and its variants
(42). No adequate “precursor” hairpin for satsiR-5 sequences
was found in any of the four predicted structures for the SD-
satRNA sequence. In each predicted structure, the satsiR-5
sequence was partially positioned at the terminal loop end
rather than solely in the hairpin stem region (Fig. 5A). In
contrast, adequate T-shaped hairpins for satsiR-5 could be
recognized in two out of the eight structures predicted for the
SD-satRNA variant sequences (Fig. 5B and C, structures 7 and

8). In structure 8, stems 10, 11, and 14 also form a long-stem-
loop precursor for satsiR-6 and -8a/b (Fig. 5C). Only satsiR-
8a/b containing the C139 insertion was cloned in this region.
We reason that the insertion of C139 caused the formation of
the upper part of the long-stem-loop structure, which resulted
in the appearance of T-shaped hairpins for satsiR-5.

In addition to the T-shape-derived satsiRNAs, we also found
some satsiRNAs derived from the stem region of imperfect
dsRNA duplexes, similar to well-known miRNA precursors.
For example, satsiR-15 and -17 might come from an imperfect
duplex positioned in the highly conserved 3�-end region IV
(Fig. 4D); satsiR-3 and satsiR-11 were found located in the
nearly perfectly matched area in region II of the in virion
model (Fig. 4F); and satsiR-6 and satsiR-8a were from the
long-stem-loop region of the predicted structure 8 (Fig. 5C).
The cloning and hybridization results showed that these im-
perfect stem-loop structures could also be recognized by DCL4
to produce satsiRNAs, (Fig. 3B, satsiR-8, -15, and -17) but
were less efficient than the T-shaped structures, indicating that
the T-shaped precursor is the primary substrate of DCL4 for
CMV satRNA. A previous report has shown that inhibition of
AGO1 activity by CMV 2b protein resulted in the accumula-
tion of miRNA passenger strand (41). Similarly, both strands
of these potential imperfect duplexes were cloned and de-
tected in SD-CMV-infected plants (Table 1 and Fig. 3B),
where both miR-168 and miR-168* were also detected (Fig.
2B). Although the RISC loading process has not yet been
investigated in Arabidopsis, inhibition of AGO1 Slicer activity
by CMV 2b and the resulting accumulation of both miRNA
and miRNA* suggested that the loading of miRNA:miRNA*
duplexes into AGO1 in plants might share the same properties
as that of Drosophila, in which siRNA duplexes are loaded into
the RISC such that the guide strand of siRNA directs Argo-
naute-catalyzed cleavage of the passenger strand (21). How-
ever, the special structural feature of T-shaped satsiRNA hair-
pin precursors in which the opposite-strand sequence usually is
discontinuous or bulged made it difficult to imagine how such
a passenger strand will be accommodated transiently in RISC.
The alternative of loading of a single-stranded guide satsiRNA
into AGO1 would likely be a process specific to T-shaped
structure-derived siRNA in plants, and the passenger siRNA
might be degraded by an AGO1-independent mechanism.

Not all plus-strand satsiRNAs could be mapped to long-
stem-loop or T-shaped hairpin structures of CMV-satRNA
structure models (data not shown), such satsiRNAs might be
products of the cleavage of dsRNA paired between the plus
and minus strands of satRNA. However, given the high accu-

FIG. 4. Localization of satsiRNAs in in vivo and in virion secondary structure models for CMV satRNA. (A and E) Structure model for
D4-satRNA from total RNA extracted from infected cells (in vivo) (A) or from purified CMV particles (in virion) (E) taken from Fig. 2A and C
in reference 28. Numbers I, II, III, and IV indicate the four major folding regions. (B) T-shaped hairpin for satsiR-2 (highlighted in red) twisted
from the highly conserved 5�-end region I in panel A boxed in blue. (C) T-shaped hairpins for satsiR-18a/b/c (highlighted in purple) twisted from
the highly conserved 3�-end region IV in panel A boxed with black lines. (D) Pair of potential imperfect duplex of satsiR-15 and satsiR-17
(indicated with green lines) positioned in the highly conserved 3�-end region IV in panel A boxed with black lines. (F) Pair of potential imperfect
duplex of satsiR-3 and satsuR-11 (indicated with green lines) positioned in the nearly perfectly matched area in region II in panel E boxed in blue
dashed lines. (G) T-shaped hairpin for satsiR-2 (highlighted in red) twisted from the highly conserved 5�-end region I in panel E boxed in blue
lines. The four different residues in region III between D4-satR and SD-satR (SD) as well as mutations detected in the two variants (V1 and V2)
are shown in red in panel A. The G269U base pair in D4- and SD-satRNA changed to the AU canonical base pair in the SD-satRNA variants 1
and 2 is shown in red in panel C. (Reprinted from Virology (28) with permission of the publisher.)
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mulation of satRNAs in CMV-infected plants (Fig. 1A), the
possibility that some satRNA molecules acquired different or
transient configurations cannot be ruled out. Therefore, spe-
cific hairpin “precursors” containing these satsiRNAs recog-
nized by DCL4 might also exist at a certain stage.

Minus-strand satsiRNAs might probably also be derived
from highly structured precursors, and such a hypothesis was
supported by the analysis of satsiR-24 hybridization results.
Minus-strand-derived satsiR-24 is complementary to region III
of the CMV-satRNA genome, which contains a large number
of adenosine residues, including a single-stranded region with
high sequence variability among all CMV satRNAs (24, 28)
(Fig. 4A and E). Consistent with this feature, only large hy-
bridization signals were detected with satsiR-24 sense probes
(Fig. 2A) and no positive-strand satsiRNAs were cloned in this
region (Fig. 1C). This observation strongly suggested that
satsiR-24, produced by DCL4 (Fig. 3B), was derived from
structured single-minus-strand satRNA.

The above results indicate that most SD-satRNA-derived
siRNAs were found in T-shaped or pre-miRNA-like hairpin
“precursors” that match highly conserved helix stems of the
in vivo secondary structure model of CMV-satRNA. DCL4,
which typically recognizes endogenous dsRNA to produce
21-nt ta-siRNAs (12, 35, 40) and IR transgene-derived dsRNA
to produce 21-nt siRNAs (9), appears to recognize and cleave
diverse partially paired SD-satRNA-derived siRNA precursors
formed by single-stranded satRNAs replicating in cytoplasm.
The different clone frequencies of satsiRNAs would likely rep-
resent the existence of optimal and suboptimal satRNA struc-
tures being recognized by DCL4. The fact that the most fre-
quently cloned positive-strand satsiRNAs were derived from
T-shaped hairpins supports the idea that such a structure might
facilitate a rapid release of DCL4 to make full use of limited
resources in plant cells. Our results further support the idea
that imperfect intramolecular RNA base pairing, rather than
perfect intermolecular RNA base pairing, might strongly stim-
ulate DCL antiviral activities (22). Since there is no other viral
genome RNA that has an available structure, the T-shaped or
quasi-miRNA hairpin precursors for other vsiRNAs remain to
be identified.

On the other hand, the findings of structured single-strand-
derived vsiRNAs open a new door into the research of the
biochemical nature of pathogen-derived siRNAs in plants.
Pathogen-derived siRNAs that are structure dependent rather
than by-products of random cleavage of replicative dsRNA
intermediates raise the possibility that pathogenicity is the
result of the action of these siRNAs on endogenous targets to
interfere with host and, in the case of satRNAs, helper virus
gene expression (33). About 100 of the host transcripts poten-
tially targeted by CaMV-derived siRNAs have been identified
by bioinformatics searches, several of which are effectively
down-regulated in CaMV-infected plants (22). By sequence
comparisons, we also showed that several satsiRNAs could
potentially target A. thaliana genome sequences, including
some genes encoding transcription factors. Whether these
transcription factors and/or other genes are real targets of
satsiRNAs and the relationship between satsiRNAs and CMV
pathogenicity are currently being investigated. The effect of
satRNAs on helper virus-induced symptomatology varies in
different virus and satRNA strains and in different host plants,

FIG. 5. Predicted T-shaped hairpins for satsiR-5. Secondary struc-
ture prediction using the mFold software of RNA sequences including
bases U79 to A190 of SD-satRNA (A) and variants with a C139 inser-
tion (indicated in red) (B). (A) Four structures for the SD-satRNA
sequence. Stem 8 in all of these structures was identical to that of the
in virion model of D4-satRNA (see Fig. 4E). (B) Eight structures of
SD-satRNA variant sequences. Structures 1 to 4 are similar to those
shown for SD-satRNA in panel A. Structures 7 and 8 were twisted as
illustrated in panel C to show the adequate T-shaped hairpins for
satsiR-5 recognized to position at the upper part of the stem-loop
region, and the long-stem-loop precursor for a potential imperfect
duplex of satsiR-6 and satsiR-8a is indicated with a green line. Se-
quences of satsiR-5 and satsiR-8 are highlighted in red and purple,
respectively. Stems 10, 11, and 14 formed in structure 8 are indicated.
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which indicates the relevance of specific interactions among
factors of the three partners (virus, satellite, and host) in the
final outcome of the virus infection. The apparent lack of
functional open reading frames in CMV-satRNAs (29) raised
the possibility that small RNAs derived from satRNA mole-
cules with specific structural and conformational features
might exert important biological functions of satRNA in reg-
ulation of host and helper virus gene expression.
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