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Viruses are both inducers and targets of posttranscriptional gene silencing (PTGS), a natural defense
mechanism in plants. Here we report molecular evidence of the ability of single-stranded DNA (ssDNA) viruses
to induce PTGS in infected plants irrespective of the severity of or recovery from the symptoms. Our results
reveal that five distinct species of cassava-infecting geminiviruses were capable of triggering PTGS by pro-
ducing two classes of virus-specific short interfering RNAs (siRNAs) of 21 to 26 nucleotides in two plant hosts,
tobacco (Nicotiana benthamiana) and cassava (Manihot esculenta, Crantz). However, the efficacy of virus-
induced PTGS varied depending on the intrinsic features of the virus and its interaction with the plant host.
We found that symptom recovery over time in plants infected with the isolates of African cassava mosaic virus
(ACMV-[CM]) or Sri Lankan cassava mosaic virus was associated with a much higher level of virus-derived
siRNA accumulation compared to plants infected with viruses that do not show symptom recovery. Further-
more, we determined that the C terminus of AC1 that overlaps with the N terminus of AC2 early viral genes
involved in virus replication were the primary targets for ACMV-[CM]-induced PTGS, whereas the C terminus
of BC1 was targeted for the East African cassava mosaic Cameroon virus. In addition, our results reveal the
possibility for double-stranded RNA formation during transcription in ssDNA viruses, which explains in part
how these viruses can trigger PTGS in plants.

Posttranscriptional gene silencing (PTGS) operates in se-
quence-specific recognition and degradation of mRNA in di-
verse eukaryotes. It was first reported in plants, referred to as
PTGS, cosuppression, or RNA-mediated virus resistance (3,
24, 45). Over the years, it has been described for other organ-
isms and is referred to as quelling in fungi (6) and RNA
interference (RNAi) in animals (10, 17). Transgenes and vi-
ruses can trigger gene silencing in plants, which is recognized
as a natural antiviral defense mechanism (41). Although the
mechanism by which a virus infection triggers PTGS in plants
is not fully understood, double-stranded RNA (dsRNA) is a
strong inducer of PTGS (45). Such dsRNA types, or aberrant
RNAs that are produced during replication of an RNA virus,
become dsRNA by the activity of virus- or host-encoded RNA-
dependent RNA polymerase (RdRp) (8, 44). These dsRNAs
are cleaved by a dsRNA-specific RNase III enzyme termed
Dicer (4) to yield short-interfering RNAs (siRNAs) of 21 to 26
nucleotides (nt), which subsequently serve as complementary
guides for cleavage of homologous RNA molecules by forming
a multicomponent silencing complex termed RNA-induced si-
lencing complex (RISC) (10, 16, 36, 48). Two classes (21 to 22
nt and 24 to 26 nt) of siRNAs were shown to be involved in
RNA silencing (14). Recently, a Dicer-associated protein
called R2D2 that is important for siRNA incorporation into
RISC linking the initiation and execution phases of RNAi has
been identified in Drosophila melanogaster (21). In plants, the

signal moves through plasmodesmata and for greater distances
through the vascular system (25). The signal would move to-
gether with, or in advance of the virus, and mediates silencing
of the viral RNA in the newly infected cells. Consequently, the
infection would progress slowly or would be arrested. More-
over, the introduction of siRNAs has been shown to down-
regulate gene expression and viral DNA accumulation in plant
cells (40).

As a counterdefense, certain plant viruses encode proteins
that can suppress the RNA silencing in order to overcome this
defense mechanism (39). Among these, helper-component pro-
teinase (HC-Pro) of potyviruses has been shown to be a strong
suppressor of PTGS (2, 20). In geminiviruses, AC2 (transcrip-
tional activator protein [TrAP]) of African cassava mosaic virus
isolate from Kenya (ACMV-[KE]) and C2 of Tomato yellow
leaf curl China virus were identified as mild suppressors of gene
silencing in plants (42, 46).

Most plant RNA viruses replicate through the formation of
dsRNA intermediates, the potential inducer of PTGS. Unlike
the positive single-stranded RNA (ssRNA) viruses, geminivi-
ruses do not use a dsRNA molecular intermediate in their
replication cycle. Geminiviruses have ssDNA genomes which
replicate through dsDNA as the replicative intermediates in
the infected plant cell nucleus (18). Cassava mosaic disease
(CMD) is caused by single and dual infections of whitefly-
transmitted begomoviruses (Geminiviridae) belonging to eight
distinct species of geminiviruses (12). CMD is a major threat to
cassava production, an important food staple for 600 million
people in tropical Africa, Asia, and South America (5). Mo-
lecular understanding of the cassava mosaic geminiviruses re-
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sponsible for the complex CMD would pave the way to develop
molecular strategies to control these devastating viruses.

Based on symptom severity and viral DNA accumulation
cassava-infecting geminiviruses are categorized into recovery
type and non-recovery type viruses in Nicotiana benthamiana
and cassava plants (J. S. Pita et al., unpublished data). We
describe here the ability of isolates of five distinct species of
cassava-infecting geminiviruses, African cassava mosaic virus
(ACMV-[CM]; isolate from Cameroon), East African cassava
mosaic Cameroon virus (EACMCV; isolate from Cameroon),
East African cassava mosaic virus (EACMV-[UG]; isolate from
Uganda), Sri Lankan cassava mosaic virus (SLCMV; isolate
from Sri Lanka), and Indian cassava mosaic virus (ICMV;
isolate from India) to induce PTGS in two plant hosts, tobacco
(N. benthamiana) and cassava (Manihot esculenta, Crantz) in
terms of their ability to produce virus-specific siRNAs. In ad-
dition, we demonstrate that there is a strong correlation be-
tween the recovery phenotype and the virus-derived siRNA
accumulation over a period of 8 weeks. Furthermore, our re-
sults clearly show that, in the case of ACMV-[CM], certain
early viral genes are preferentially targeted by the virus-in-
duced PTGS (the AC1 that encodes for replication-associated
protein [Rep] and the AC2 encodes for transcriptional activa-
tor protein [TrAP]). In contrast, EACMCV-induced PTGS
targeted the late gene (BC1) encoded by the DNA-B compo-
nent of the virus. How geminiviruses could trigger PTGS and
the PTGS capacity of these viruses in relation to symptom
severity and recovery phenotype in infected plants are dis-
cussed.

MATERIALS AND METHODS

Multiplication of cassava and N. benthamiana plants. Cassava plants were
multiplied in vitro by micropropagation. Nodal cuttings of the cassava cultivar
TMS 60444 from 6-week-old regenerated plants were obtained. They were sur-
face sterilized for 30 min in 15% bleach solution containing two drops of Tween
20 and then washed thoroughly in sterilized water. These sterilized cuttings were
cultured in petri dishes containing MS2 medium (4.31 g of MS salt; 20 g of
sucrose; 1 ml of Gramborg’s vitamin solution [Sigma]; 0.5 ml of 1-naphthalene-
acetic acid from 1 mM stock, pH 5.8 [solidified by Phytagel]) and incubated at
28°C under 16 h light for 3 to 4 weeks. Rooted plantlets were transplanted into
pots (7-cm diameter by 6-cm depth) containing growth medium 702 Metro-Mix
(Scott’s Company, Maryville, Ohio). The plants were maintained in a greenhouse
for 3 to 4 weeks before they were inoculated with virus. Seeds of the N. ben-
thamiana were sown in a pot and kept in humidifying chambers. One week later,
seedlings were transplanted into individual pots containing a mix of Scott’s
Co.360 with Coir. The plants were maintained in a greenhouse for 3 to 4 weeks
before they were inoculated with virus.

Virus inoculation. Construction of the infectious clones of DNA-A and
DNA-B of ACMV-[CM] and EACMCV (13) and EACMV-[UG] (26) has been
previously described. Infectious clones of DNA-A and DNA-B of SLCMV and
ICMV were kindly provided by John Stanley, John Innes Centre (United King-
dom). For virus inoculation, gold particles (0.6 �) were coated separately with a
mixture of 10 ng each of DNA-A and DNA-B of infectious clones of ACMV-
[CM], SLCMV, EACMCV, EACMV-[UG], and ICMV. Five plants were inoc-
ulated for each virus by using a particle delivery system at 1,100 psi (Bio-Rad
model PDS-1000/He), and the experiment was repeated three times. To ensure
100% infection, the youngest unfolded leaf was targeted on the adaxial at the
point where the leaflets are attached to the petiole. The plants were kept at 25°C
in a greenhouse free of whiteflies.

Assessment of symptoms. Systemically infected leaves were scored every other
day after inoculation for 8 weeks. We decided upon 8 weeks because N. ben-
thamiana is about to set seeds after 8 weeks and cassava becomes too large to
handle. A leaf was regarded as systemically infected if there was no scar on the
leaf surface as a result of inoculation and symptoms developed first at the joint
of the petiole and the leaflets. Symptom severity score was rated on a six-point
scale: 0 � no symptoms, 1 � mild chlorosis without leaf deformation, 2 � clear

mosaic with or without slight leaf deformation, 3 � strong mosaic all over the
leaflets with leaf deformation, 4 � same as for score 3 but with severe leaf
deformation, and 5 � severe mosaic and severe reduction of leaf size (11).
Inoculated leaves at 2 and 4 dpi (days postinoculation) and symptomatic young
leaves from 1 to 8 wpi (weeks postinoculation) were collected on a weekly basis
to determine viral DNA, mRNA, and siRNA accumulation by Southern and
Northern blot analysis.

Southern and Northern blot analysis. Southern blotting was performed as
described previously (30). Portions (4 �g) of total DNA isolated from a pool of
leaf tissue collected from five infected plants as described previously (9) for each
of the five viruses were separated by electrophoresis in a 1% agarose gel in 1�
Tris-borate-EDTA (TBE) and then transferred to Hybond-N� membrane (Am-
ersham International, Inc.). For Northern blotting, 2 �g of total RNA was
isolated from a pool of leaf tissue collected from five infected plants for each of
the five viruses by using the RNA isolation kit (Qiagen). Samples were run on 1%
formaldehyde agarose gels after treatment with DNase I (RNase-free) and trans-
ferred to Hybond-N� membrane (Amersham). To make an ACMV-[CM]-spe-
cific probe, a 794-bp EcoRI fragment (coordinates nt 1789 to 2583) of ACMV-
[UG] DNA-A was used, and to make an EACMCV-specific probe, a 944-bp
EcoRI fragment (coordinates nt 1821 to 2765) of EACMV-[UG2] DNA-A (26)
was used. These DNA fragments were labeled by using [�-32P]dCTP and a
random primer labeling kit (Prime II kit; Stratagene). Hybridization was carried
out at 65°C for Southern blots and at 42°C for Northern blots. Posthybridization
washes were done sequentially with 2� SSC (1� SSC is 0.15 M NaCl plus 0.015
M trisodium citrate), 0.5� SSC, and 0.2� SSC, along with 0.1% sodium dodecyl
sulfate (SDS), each wash was carried out for 30 min at 65°C (40). Blots were
scanned by using a PhosphorImager and quantified by using IQMacV1.2 soft-
ware (Storm; Amersham, Inc.).

Detection, isolation, and labeling of 21- to 26-nt RNAs. The low-molecular-
weight RNAs, isolated from a pool of leaves (1 gm) collected from five infected
plants for each virus, was powdered with a mortar and pestle. To the finely
powdered tissue, 5 ml of TRI-Reagent and 1 ml of chloroform (Sigma) were
added, followed by thorough mixing. After 15 min at room temperature, the
sample was centrifuged; the aqueous phase was extracted with phenol-chloro-
form and precipitated with ethanol. The pellet was dissolved in 50% formamide
and heated to 65°C for 5 min before being loaded on 15% polyacrylamide (19:1)
gels containing 7 M urea in 0.5� TBE. The samples were electrophoresed until
the bromophenol blue reached the bottom of the gel and then blotted to Hy-
bond-N� membrane (Amersham International, Inc.) and UV cross-linked. To
make probes, full-length viral DNA fragments (DNA-A and DNA-B) of each
virus ACMV-[CM], SLCMV, EACMCV, EACMV-[UG], and ICMV were sep-
arately labeled with [�-32P]dCTP and a random primer labeling kit (Prime II kit).
Hybridization was carried out at 42°C overnight in 5� SSC (0.75 M NaCl, 0.075
M trisodium citrate [pH 7.0]), 1� Denhardt solution (0.1% each Ficoll, poly-
vinylpyrrolidone, and bovine serum albumin), and 0.5% SDS with competitor
DNA (herring sperm DNA; Sigma). Posthybridization washes were done sequen-
tially with 2� SSC, 0.5� SSC, and 0.2� SSC, along with 0.1% SDS; each wash
for 30 min. Blots were scanned and quantified by using IQMacV1.2 software and
a phosphorimager (Storm; Amersham, Inc.). For molecular size markers, oli-
gomers (21 and 30 nt) were end labeled by using T4-polynucleotide kinase and
[�-32P]ATP.

For preparation of 21- to 26-nt RNA, 40 �g of low-molecular-weight RNA was
subjected to electrophoresis through an 15% denaturing polyacrylamide gel in
0.5� TBE buffer, followed by staining in ethidium bromide solution (0.5 �g/ml)
for about 20 to 30 min. The 21- to 26-nt RNAs were visualized by UV light and
excised from gel. The gel slice was crushed, covered with 3 M NaCl, and incu-
bated overnight at 4°C. The gel residue was removed by centrifugation, and the
supernatant was precipitated with ethanol (35). The 21- to 26-nt RNAs (ca. 1 to
2 �g) were dephosphorylated (CIP; NEB) and subsequently labeled in a 30-�l
reaction in the presence of [�-32P]ATP by using T4-polynucleotide kinase
(NEB). The labeled ACMV-[CM]- and EACMCV-specific 21- to 26-nt RNAs
were used for hybridization of blots containing PCR-amplified (�400 bp) DNA
fragments of DNA-A and DNA-B of ACMV-[CM] and EACMCV, respectively.
Blots were scanned and quantified by using IQMacV1.2 software and a Storm
phosphorimager.

RESULTS

Recovery from the symptoms induced by ACMV-[CM] pos-
itively correlates with the accumulation of ACMV-[CM]-spe-
cific siRNAs. To assess the ability of ACMV-[CM] to induce
PTGS, seedlings of N. benthamiana and cassava were inocu-
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lated by particle bombardment with a mixture of DNA-A and
DNA-B of the virus. Viral symptoms in infected plants were
scored as described previously (11). Symptom appearance
started within 5 days postinoculation (dpi; 15 infected out of 15
inoculated) with leaf curling and yellow mosaic, reaching max-
imum severity ca. 10 dpi with leaf distortion. Symptom severity
persisted for 2 weeks in N. benthamiana and for 2 to 3 weeks
in cassava. However, both infected plants recovered from
symptoms at a later stage of the infection cycle. ACMV-[CM]-
infected N. benthamiana plants started to show symptom re-
covery between 2 and 3 weeks postinoculation (wpi), and in-
fected cassava started to show symptom recovery by around 3
to 4 wpi, after which their growth ability was restored and the
newly emerging leaves displayed very mild chlorotic spots in
N. benthamiana and very mild symptoms in cassava. Neverthe-
less, the different phases of the ACMV-[CM] infection pro-
gression curves are similar in both plant species, with an early
increase in symptom severity followed by a symptomless recov-
ery phenotype at the later stage of the infection cycle (Fig. 1A

and D). Representative leaves with various levels of symptoms
at 2, 4, 6, and 8 wpi in N. benthamiana (Fig. 1C) and in cassava
(Fig. 1F) plants are shown. We analyzed the levels of accumu-
lation of both viral DNA and mRNA at 1, 2, 3, and 4 wpi in
infected N. benthamiana and at 2, 3, 4, and 5 wpi in infected
cassava (since symptom recovery is slower in cassava). Viral
DNA accumulation level was at the maximum up to 2 wpi and
decreased gradually over time in both infected N. benthamiana
and cassava (Fig. 2A). However, the level of mRNA accumu-
lation reached a maximum at 1 and 2 wpi in N. benthamiana
and cassava, respectively, and it decreased overtime in both in-
fected plants (Fig. 2B). In addition, there is a positive highly
significant correlation between the amount of DNA and mRNA
accumulation in the infected plants, with R2 coefficients of 0.95
and 0.86, respectively, for ACMV-[CM] (Fig. 2C).

Next, we determined whether the recovery phenotype in
ACMV-[CM]-infected N. benthamiana and cassava is associ-
ated with virus-induced PTGS in terms of virus-specific siRNA
accumulation. Low molecular weight siRNAs were purified

FIG. 1. Relationship between symptom severity, recovery, and siRNA accumulation in ACMV-[CM]-infected N. benthamiana and cassava
plants. (A and D) ACMV-[CM] symptom severity and siRNA accumulation trend in N. benthamiana (A) and in cassava (D). A total of 15 N.
benthamiana and cassava plants were inoculated as five plants in three experiments. Bars in the symptom severity curve indicate the standard error
(SE) values of 15 plants. (B and E) RNA gel blots probed with [�-32P]dCTP-labeled DNA-A and DNA-B of ACMV-[CM] in N. benthamiana
(B) and in cassava (E) at days 2 and 4 in inoculated leaves and at weeks 1 to 8 in systemically infected leaves. The left lane shows [�-32P]ATP-
end-labeled oligonucleotide markers of 21 and 30 nt. Each lane was loaded with 40 �g of low-molecular-weight RNA. Ethidium bromide-stained
RNA is shown as a loading control. (C and F) Representative leaves showing different degrees of symptoms and recovery phenotypes at 2, 4, 6,
and 8 wpi in N. benthamiana (C) and cassava (F). The C within the blots and leaf panels represents a mock-inoculated, control plant.
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from a pool of leaf samples collected from five infected N. ben-
thamiana and cassava plants on a weekly basis over a period
of 8 weeks. Northern blots with ACMV-[CM] DNA-A and
DNA-B as the probes hybridized with low-molecular-weight
RNAs, indicating that ACMV-[CM] was able to induce PTGS
with the production of two virus-specific classes of siRNAs
(Fig. 1B and E). The siRNA blots were quantified, and it was
found that the amount of virus-specific siRNAs gradually in-
creased with time in both plant hosts. However, a slight differ-
ence in the rate of siRNA accumulation was observed between
the infected N. benthamiana and cassava. In infected N. ben-
thamiana, virus-derived siRNA accumulation was 10% at week
1 and 30% at weeks 2 and 3 (100%) and reached a maximum
(141%) at week 5. Later, siRNA accumulation maintained a
plateau between weeks 5 and 7, with a slight decrease at week
8 (Fig. 1B). The amount of siRNA at week 2 (30%) of ACMV-
[CM]-infected N. benthamiana was considered as 100% for
further comparative graphical representation with the virus-

derived siRNA accumulation of other viruses. The above-men-
tioned values in parentheses represent the percentage calcu-
lated after normalization with the 2 wpi point as 100% (Fig.
1A). In cassava, even though siRNA accumulation started 1
week after inoculation, it was less abundant compared to the
N. benthamiana host until week 4 and then increased to its
maximum between weeks 7 and 8 (Fig. 1E). The PTGS capac-
ity of ACMV-[CM] was apparently more efficient in N. ben-
thamiana than in cassava, since we could detect slightly less
siRNA accumulation in cassava compared to that of N. ben-
thamiana. Symptom severity and viral DNA and mRNA accu-
mulation were about the maximum level up to the second week
and then decreased over time. However, siRNA continued to
accumulate over time in both plant species. Virus-specific
siRNAs could not be detected in inoculated leaves at 2 and 4
dpi (Fig. 1B and E), even though symptoms were observed on
day 4 after inoculation, indicating that either the siRNA
accumulation was below the level of detection or infected

FIG. 2. Levels of viral DNA and mRNA accumulation in ACMV-[CM] and EACMCV-infected N. benthamiana and cassava. (A and D)
Southern blot analysis ACMV-[CM] DNA accumulation at 1, 2, 3, and 4 wpi in N. benthamiana and at 2, 3, 4, and 5 wpi in cassava (A) and
EACMCV DNA accumulation at 2, 3, 4, and 5 wpi in N. benthamiana and cassava (D). Each lane was loaded with 4 �g of total genomic DNA
isolated from virus-infected plants. Different viral DNA forms—supercoiled (SC), single stranded (SS), linear (Lin), and open circular (OC)—are
indicated. Ethidium bromide-stained gels at the bottom of each blot serve as loading control. (B and E) Northern blot analysis of ACMV-[CM]
mRNA accumulation at 1, 2, 3, and 4 wpi in infected N. benthamiana and 2, 3, 4, and 5 wpi in infected cassava (B) and of EACMCV viral mRNA
accumulation at 2, 3, 4, and 5 wpi in infected N. benthamiana and cassava (E). Total RNA (2 �g) isolated from virus-infected plants was loaded
into each lane. Blots were hybridized with [�-32P]dCTP-labeled ACMV-[CM]-specific (A and B) and EACMCV-specific (D and E) probes.
Ethidium bromide-stained rRNA was shown as the loading control. (C and F) Correlation of viral DNA and mRNA accumulation in ACMV-
[CM]-infected (C) and EACMCV-infected (F) N. benthamiana and cassava plants.
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plants required more than 4 dpi to respond to the ACMV-
[CM]-induced PTGS.

These results clearly indicate that virus-derived siRNA ac-
cumulation correlates well with the recovery phenotype in in-
fected N. benthamiana (Fig. 1A to C) and in cassava plants
(Fig. 1D to F). siRNA molecules were not detected in the RNA
samples that were isolated from mock-inoculated control N. ben-
thamiana and in cassava plants, indicating that infected plants
responded specifically to the virus.

PTGS induced by SLCMV is regulated differentially in
N. benthamiana and cassava. The ability of SLCMV to induce
PTGS was tested by inoculating DNA-A and DNA-B of the
virus in N. benthamiana and cassava seedlings. Symptom ap-
parition started within 3 dpi in both plant species. In cassava,
although the virus causes severe symptoms initially (15 infected
out of 15 inoculated), the infected plants showed recovery at a
later stage of the infection cycle, as in the case of ACMV-[CM]
(Fig. 3D and F). SLCMV-specific siRNA accumulation in-
creased over time from week 2 onward until week 8 (Fig. 3E).
A strong correlation was observed between the siRNA accu-
mulation and recovery phenotype in SLCMV-infected cassava
plants. However, it behaved differentially in N. benthamiana.
SLCMV-infected N. benthamiana (15 infected and 15 inocu-

lated) initially displayed severe chlorotic symptoms, followed
by necrotic symptoms and finally plant death by ca. 4 wpi (Fig.
3A and C). Northern blot analysis revealed that SLCMV-
specific siRNA accumulation was barely detectable at weeks 1
and 2 and was below the level of detection at week 3 (Fig. 3B).
siRNA accumulation was not analyzed after week 3, since the
plant was dead. The absence of siRNA after week 2 in these
plants suggests that SLCMV might encode a strong suppressor
protein, or it might induce early apoptosis of the whole plant.
As a result, the infected plants never recovered but died by ca.
4 wpi (Fig. 3C). These results clearly revealed that, although
SLCMV is a killer in N. benthamiana, it behaved like ACMV-
[CM] in cassava, with severe symptoms in the beginning fol-
lowed by a recovery phenotype.

PTGS induced by nonrecovery-type cassava geminiviruses is
suppressed over time. We also investigated the PTGS capacity
of nonrecovery phenotype cassava-infecting geminiviruses,
namely, EACMCV, EACMV-[UG], and ICMV and its rela-
tion to symptom severity in N. benthamiana and in cassava
plants.

N. benthamiana and cassava plantlets were inoculated by
particle bombardment with a mixture of DNA-A and DNA-B
of the infectious clones of EACMCV. Infected N. benthamiana

FIG. 3. Relationship between symptom severity, recovery, and siRNA accumulation in SLCMV-infected N. benthamiana and cassava plants.
(A and D) SLCMV symptom severity and siRNA accumulation curves in N. benthamiana (A) and cassava (D). A total of 15 N. benthamiana and
cassava plants were inoculated as five plants in three experiments. Bars in the symptom severity curve indicate the SE values of 15 plants. (B and
E) RNA gel blots probed with [�-32P]dCTP-labeled DNA-A and DNA-B of SLCMV in N. benthamiana (B) and in cassava (E) days 2 and 4 in
inoculated leaves and at weeks 1 to 8 in systemically infected leaves. Each lane was loaded with 40 �g of low-molecular-weight RNA. Ethidium
bromide-stained RNA is shown as a loading control. (C and F) Representative leaves showing different degree of symptoms and recovery
phenotypes at 1, 2, 3, and 4 wpi in N. benthamiana (C) and at 2, 4, 6, and 8 wpi in cassava (F). The C within the blots and leaf panels represents
a mock-inoculated, control plant.
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and cassava plants showed symptoms between 11 and 14 dpi in
all inoculated 15 plants. However, in infected N. benthamiana,
symptom severity increased over time with the later stages of
infected plant growth exhibiting reduction in internodal length,
shorter petioles, and smaller leaves with a rosette-like appear-
ance, which persisted until plant senescence. In contrast,
EACMCV-infected cassava displayed a mild mosaic symptom
throughout the infection cycle of the virus. Thus, EACMCV
behaves differently from ACMV-[CM] in that N. benthamiana
(Fig. 4A and C) and cassava plants (Fig. 4D and F) infected
with EACMCV never recovered. We analyzed viral DNA and
mRNA accumulation levels at 2, 3, 4, and 5 wpi in infected
N. benthamiana and cassava. Viral DNA and mRNA were not
analyzed at 1 wpi since EACMCV is a slow virus that develops
symptoms 1 week after inoculation in both plant hosts. South-
ern blot analysis revealed that viral DNA accumulation
reached the maximum at 3 wpi and maintained the same level
until 5 wpi in N. benthamiana and cassava (Fig. 2D). Similarly,
a higher level of viral mRNA accumulation was detected at 3
wpi, and this lasted until 5 wpi in both N. benthamiana and

cassava (Fig. 2E). There is a positive highly significant corre-
lation between the amount of viral DNA and mRNA accumu-
lation in the infected plants, with R2 coefficients of 0.95 and
0.86 for ACMV-[CM] (Fig. 2C) and of 0.99 and 0.99 for
EACMCV, respectively (Fig. 2F), indicating that, irrespective
of increasing or decreasing symptoms, the DNA and mRNA
accumulations are strictly correlated.

The PTGS capacity of this virus was evaluated by analyzing
low-molecular-weight RNAs isolated from a pool of symptom-
atic leaves obtained from five infected plants in Northern blots
with EACMCV-specific probes. EACMCV-specific siRNA ac-
cumulation was detected starting from 2 wpi in both infected
N. benthamiana (Fig. 4B) and cassava plants (Fig. 4E), but it
was less abundant compared to ACMV-[CM]-derived siRNAs.
In addition, it was below the level of detection at 1 wpi, and the
level of accumulation did not show an increase as in the case of
ACMV-[CM]. The low level of siRNA accumulation corre-
lated with the nonrecovery phenotype associated with this vi-
rus. Representative leaves with typical symptoms of this virus

FIG. 4. Relationship between symptom severity, recovery, and siRNA accumulation in EACMCV-infected N. benthamiana and cassava plants.
(A and D) EACMCV symptom severity and siRNA accumulation curves in N. benthamiana (A) and cassava (D). A total of 15 N. benthamiana
and cassava plants were inoculated as five plants in three experiments. Bars in symptom severity curve indicate the SE values of 15 plants. (B and
E) RNA gel blots probed with [�-32P]dCTP-labeled DNA-A and DNA-B of EACMCV in N. benthamiana (B) and in cassava (E) at days 2 and
4 in inoculated leaves and at weeks 1 to 8 in systemically infected leaves. Each lane was loaded with 40 �g of low-molecular-weight RNA. Ethidium
bromide-stained RNA is shown as a loading control. (C and F) Representative leaves showing different degree of symptoms and recovery phenotype
at 2, 4, 6, and 8 wpi in N. benthamiana (C) and in cassava (F). The C within the blots and leaf panels represents a mock-inoculated, control plant.
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at different time points are shown (Fig. 4C and F). Thus,
although EACMCV can induce PTGS, it is insufficient to re-
duce the viral load, and as a result, the infected plants dis-
played symptoms until senescence in both N. benthamiana and
cassava plants.

Infectious clones of ICMV, for unknown reasons, have the
ability to infect N. benthamiana (15 infected out of 15 inocu-
lated), but not cassava. Infected plants displayed symptoms
around 11 to 14 dpi. Symptom severity associated with green
patches in leaves, leaf puckering, curling, reduction in leaf
lamina, and leaf distortion increased with time, and the in-
fected plants never recovered (Fig. 5A and C). Low-molecular-
weight RNA isolated from a pool of leaves obtained from five
infected plants was subjected to Northern blot analysis with
ICMV DNA as the probe. siRNA accumulation was detected
starting from 2 wpi, maintaining similar levels up to 5 wpi, and
then decreased from 6 to 8 wpi (Fig. 5B). The low level of

siRNA accumulation correlated with the nonrecovery pheno-
type associated with this virus.

Conversely, EACMV-[UG] can infect cassava but not N. ben-
thamiana (Pita et al., unpublished). Cassava plantlets inocu-
lated with EACMV-[UG] needed a minimum of 7 to 14 dpi to
establish systemic infection (15 infected out of 15 inoculated).
However, symptom severity increased over time and the in-
fected plants never recovered (Fig. 5D). The leaves displayed
chlorotic symptoms throughout the duration of the infection
cycle (Fig. 5F). Low-molecular-weight RNAs were isolated
from a pool of five EACMV-[UG]-infected plant leaves at
different time points to test the PTGS capacity of EACMV-
[UG]. Northern blot analysis detected very low levels of virus-
specific siRNA accumulation starting from week 4 and main-
tained the same level until week 8 (Fig. 5E). The nonrecovery
phenotype of this virus correlated with low level of siRNA
accumulation in infected plants.

FIG. 5. Relationship between symptom severity, recovery, and siRNA accumulation in ICMV-infected N. benthamiana and in EACMV-
[UG]-infected cassava plants. (A) ICMV symptom severity and siRNA accumulation trend in N. benthamiana. (B) RNA gel blot probed with
[�-32P]dCTP-labeled DNA-A and DNA-B of ICMV in N. benthamiana at days 2 and 4 in inoculated leaves and at weeks 1 to 8 in systemically
infected leaves. (C) Representative leaves showing different degree of symptoms and recovery phenotype at 2, 4, 6, and 8 wpi in N. benthamiana.
(D) EACMV-[UG] symptom severity and siRNA accumulation curves in cassava plants. (E) RNA gel blot probed with [�-32P]dCTP-labeled
DNA-A and DNA-B of EACMV-[UG] in cassava plants at days 2 and 4 in inoculated leaves and at weeks 1 to 8 in systemically infected leaves.
(F) Representative leaves showing different degree of symptoms and recovery phenotype at 2, 4, 6, and 8 wpi in cassava plants. A total of 15
N. benthamiana plants for ICMV and 15 cassava plants for EACMV-[UG] were inoculated as five plants in three experiments. Ethidium
bromide-stained RNA is shown as a loading control. Bars in symptom severity curve indicate the SE values of 15 plants. The C within the blots
and leaf panels represents a mock-inoculated, control plant.
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Identification of target viral sequences for ACMV-[CM] and
EACMCV-induced gene silencing. Next, we determined wheth-
er geminivirus-induced PTGS spreads homogeneously along
the viral genome or has a sequence preference in targeting
specific viral gene(s). Toward that goal, we compared the com-
position of siRNAs of plants infected with ACMV-[CM] and
EACMCV representing recovery and nonrecovery-type vi-
ruses, respectively. The peak of infection based on symptom
scoring, at 2 wpi for ACMV-[CM] and at 4 wpi for EACMCV,
was chosen as a test point for each virus. We followed two
approaches. (i) Viral genome was PCR amplified into uniform-
sized fragments, and gel blots were probed with purified virus-
derived siRNAs; and (ii) gel blots carrying virus-derived
siRNAs were probed with PCR-amplified DNA fragments rep-
resenting different viral genes as the probe.

ACMV-[CM] and EACMCV have a divided genome de-
fined as DNA-A and DNA-B (Fig. 6A and E). Both compo-
nents are required to establish infection in plants (32). DNA-A
contains six open reading frames (ORFs): AC1, AC2, AC3,
AC4, AV1, and AV2. AC1 encodes a replication-associated
protein (Rep), the only virus-encoded protein indispensable
for viral replication; AC2 codes for a transcriptional activator
protein (TrAP); AC3 codes for the replication-enhancer pro-
tein (REn); and AV1 codes for the coat protein (CP) (Fig. 6A).
DNA-B has only two ORFs, BV1 (nuclear shuttle protein) and
BC1 (movement protein), which are involved, respectively, in
cell-to-cell and systemic infections (Fig. 6A). The nucleotide
sequence of DNA-A and DNA-B are different except for a
region of �200 nt, which shares 	90% nucleotide sequence
identity defined as the common region (CR). The CR carries
regulatory sequences essential for viral replication and tran-
scription (37). The two components of both viruses differ,
DNA-A by 60% and DNA-B by 33%, and are consequently
recognized as different species (12).

The DNA-A and DNA-B of ACMV-[CM] and EACMCV
genomes were PCR amplified into �400-bp DNA fragments
by using specific primers (Fig. 6B and F). Gel blots of these
fragments were hybridized with labeled ACMV-[CM]-specific
(Fig. 6C) or EACMCV-specific (Fig. 6G) siRNAs purified
from the respective virus infected N. benthamiana plants. In
the case of ACMV-[CM] blot, the results revealed that the
majority of siRNAs were derived from the DNA-A compo-
nent, particularly regions (fragments 4 [100%] and 5 [46%])
that correspond to AC1, AC2, and AC3 genes of the DNA-A
component of ACMV-[CM] (Fig. 6D). DNA-B is almost uni-
formly targeted, with the production of siRNAs being 
20%
compared to that of DNA-A.

To further confirm these results, we performed a reverse
blotting experiment, wherein gel blots of purified siRNAs from
N. benthamiana plants infected with ACMV-[CM] were hy-
bridized with PCR-amplified DNA fragments representing dif-
ferent genes as the probes. Among all genes of DNA-A and
DNA-B and the CR that were tested, AC1 and AC2 showed
the highest levels of siRNA accumulation (data not shown). In
fact, the AC4 is embedded within the N-terminal region of
AC1, and AC3 overlaps with the N terminus of AC2 (Fig. 6A).
Further dissection with a nonoverlapping probe (AC1-2 that
are devoid of AC4 and AC2 sequences) revealed that the
C-terminal region of the AC1 coding sequence, which overlaps
with the N-terminal region of AC2 coding sequence, was pref-

erentially targeted by the ACMV-[CM]-induced PTGS. How-
ever, the siRNA accumulation corresponding to the AC3 and
AC4 genes was very weak compared to the C terminus of AC1
and the N terminus of AC2 genes. These results were consis-
tent with the previous experiment, indicating that the C termi-
nus of AC1 and AC2 are the primary targets of ACMV-[CM]-
induced PTGS.

In contrast, gel blots of PCR fragments of EACMCV ge-
nome (Fig. 6E and F) hybridized with labeled EACMCV-
derived siRNAs revealed that higher amounts of siRNAs were
derived from the DNA-B component of the virus, especially
corresponding to the C terminus of the BC1 gene (Fig. 6G and
H). BC1 protein is involved in cell-to-cell movement of the
virus in plants (43). It appears that the DNA-A component of
EACMCV is uniformly targeted, unlike in ACMV-[CM] (Fig.
6G and H), with 
10% compared to DNA-B. Overall, the
quantity of ACMV-[CM]-derived siRNA accumulation is sig-
nificantly higher than that of EACMCV-derived siRNAs.

How do ssDNA viruses trigger PTGS in plants? Plant RNA
viruses replicate through dsRNA, a strong inducer of PTGS.
Geminiviruses contain an ssDNA genome that replicates in the
nucleus of the infected plant cells through a rolling circle
mechanism via dsDNA intermediates called replicative forms
and do not encounter a dsRNA phase in its replication cycle.
Replicative forms serve as the template for both replication
and transcription (37). Transcription is bidirectional with two
major polycistronic transcripts in opposite orientations occur-
ring from the CR that contains the bidirectional promoter se-
quences. The virion-sense AV1 (CP) ORF and the complemen-
tary-sense AC3 ORF overlap by 4 bp at their 3� ends (Fig. 7A).
However, the exact localization of each geminivirus transcript
termination is not known. It was suggested that the over-
lapping transcripts in opposite polarity at the 3� ends might
generate dsRNA due to complementary base pairing, which
could induce PTGS (41). In order to demonstrate this hypoth-
esis, we used strand-specific 70-nt 5�-end-labeled oligomers
as the probe to detect the extension of mRNA on either
side, which could generate dsRNA. Total RNA isolated from
ACMV-[CM]-infected N. benthamiana plants was blotted and
hybridized separately with two strand-specific probes covering
the AC3 and AV1 (CP) possible extensions without including
the overlapping 4-bp sequence (Fig. 7A). The AC3 strand-
specific probe (oligonucleotide cAV2) sequence was derived
from the CP-sense strand which was expected to hybridize with
the polycistronic mRNA (AC1-AC3 transcript) encompassing
the AC1, AC2, and AC3 genes. Likewise, the CP-strand-spe-
cific probe (oligonucleotide cAC3) sequence was derived from
the AC3 complementary strand, which would hybridize with
the sense strand polycistronic transcript (AV2-CP transcript)
encompassing the AV2 and AV1 (CP) genes. Interestingly, we
detected that both the AC1-AC3 transcript (Fig. 7B lane 1)
and the AV2-CP transcript (Fig. 7B lane 2) hybridized, respec-
tively, with the AC3- and the CP strand-specific probes, indi-
cating that these two opposite polarity transcripts overlap at
their 3� regions. This result reveals the possibility that these
two overlapping opposite polarity transcripts could generate
dsRNAs, the potential inducer of the plant’s PTGS system.
More detailed analysis on the overlap transcripts occurring in
opposite orientation, which could make dsRNA, is under in-
vestigation for both DNA-A and DNA-B.
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DISCUSSION

We describe here the ability of five distinct species of cassava-
infecting geminiviruses, namely, ACMV-[CM], EACMCV,
EACMV-[UG], SLCMV, and ICMV, to trigger PTGS in two
plant hosts: N. benthamiana and cassava. In each case, we de-

tected the presence of symptoms and the corresponding virus-
specific siRNAs at between 7 and 14 days after inoculation.
Among the five viruses that we investigated, ACMV-[CM]
and SLCMV are recovery-type viruses, whereas EACMCV,
EACMV-[UG], and ICMV are nonrecovery-type viruses (Pita

FIG. 6. Identification of the origin of small 21- to 26-nt guide RNAs derived from ACMV-[CM] and EACMCV-infected N. benthamiana.
(A) ACMV-[CM] genome consists of DNA-A (2,777 nt) and DNA-B (2,726 nt). PCR-amplified �400-bp DNA fragments 1 through 7 for DNA-A
and PCR-amplified �400-bp DNA fragments 8 through 14 for DNA-B of ACMV-[CM] separated in an ethidium bromide-stained 1% agarose gel
(B) were blotted and hybridized (C) with 5�-end-labeled small 21- to 26-nt guide RNAs purified from ACMV-[CM]-infected N. benthamiana.
(D) Intensity of the obtained signals expressed as values of 0 to 100 (y axis), where the highest signal was scored as 100% by using ImageQuant
(IqMacV1.2) software. Numbers in the x axis indicate the PCR-amplified DNA fragments. EACMCV genome comprises DNA-A (2,802 nt) and
DNA-B (2,741 nt) (E). PCR-amplified �400-bp DNA fragments 1 through 7 for DNA-A and PCR-amplified �400-bp DNA fragments 8 through
14 for DNA-B, separated in an ethidium bromide-stained 1% agarose gel (F), were blotted and hybridized (G) with 5�-end-labeled small 21- to
26-nt guide RNAs isolated from EACMCV-infected N. benthamiana. (H) Intensity of the obtained signals expressed as values of 0 to 100, where
the highest was scored as 100% by using ImageQuant software.
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et al., unpublished). We noticed that the efficiency of virus-
induced PTGS based on the amount of virus-derived siRNAs
detected varied but was strictly correlated with the recovery- or
nonrecovery-type virus.

For some viruses, the host response to virus infection is
characterized by the initial development of systemic symptoms,
followed by recovery from symptoms (1, 7). ACMV-[CM]-
infected N. benthamiana and cassava plants displayed symp-
toms within 5 dpi. The infected plants showed severe symp-
toms of yellow mosaic and leaf distortion in the systemically
infected leaves until 2 weeks after inoculation; later, the plants
started to show recovery. This symptom recovery phenomenon
is quite unusual for geminiviruses, which prompted us to look
into the possibility of the involvement of virus-induced PTGS
in ACMV-[CM]-infected plants. Virus-derived siRNAs impli-
cating virus-induced PTGS has been shown for RNA and DNA
viruses, such as Potato virus X (15) Cymbidium ringspot virus
(35) and for Tomato yellow leaf curl Sardinia virus (22). A
similarity between viral defense and gene silencing has been
predicted for a nepovirus, since recovered plants showed cross-
protection to the same virus or to closely related viruses but
not to unrelated viruses (28, 29). In the case of ACMV-[CM],
which induces a natural recovery phenotype in infected plants,
virus-derived siRNA accumulation started at 1 wpi, gradually
increased over time, and was abundant in the newly developed
symptom recovered leaves, both in N. benthamiana and cassava
(Fig. 1), accompanied by a reduction in the levels of viral DNA
and mRNA accumulation (Fig. 2A and B). We predicted that
in ACMV-[CM]-infected plants the presence of virus-specific
siRNAs promotes the degradation of the corresponding

mRNAs in a sequence-specific manner, which in turn affects
viral replication and transcription. As a result, there was a
reduction in virus titer and fewer symptoms in newly developed
leaves. The role of viral suppressor is important in determining
recovery phenotype (35). In ACMV-[KE], a related strain to
ACMV-[CM], the AC2 has been shown to be a mild suppres-
sor of PTGS (14, 42). In Tomato yellow leaf curl China virus, a
monopartite geminivirus, C2 a positional homologue of AC2,
the zinc finger and DNA-binding properties were shown to be
essential for mediating PTGS suppression (46, 47).

SLCMV another recovery-type virus, behaved differentially
in the two hosts, N. benthamiana and cassava. The infected
cassava plants recovered at a later stage of the infection cycle
with siRNA accumulation to levels comparable to ACMV-
[CM]. However, SLCMV-infected N. benthamiana plants died
at about 3 wpi due to complete necrosis of the plant. We could
detect a very low level of virus-specific siRNAs in these plants
at 2 wpi; however, the accumulation fell below the level of
detection at 3 wpi, suggesting that either SLCMV encodes a
very strong viral suppressor of gene silencing or that the plant
apoptosis pathway was induced early and did not allow PTGS
to function normally. As in the case of the potyvirus HC-Pro,
which differentially regulates the siRNAs involved in PTGS
and the micro-RNAs involved in developmental regulation in
plants (19, 23), we propose a differential interaction of the viral
suppressor(s) of SLCMV with the host plants that is now under
investigation.

Nonrecovery-type cassava-infecting viruses (EACMCV,
EACMV-[UG], and ICMV) were also able to trigger the host’s
PTGS system with the production of virus-derived siRNAs;

FIG. 7. Transcript overlap at the 3� ends of CP and AC3 genes in ACMV-[CM]. (A) Schematic representation of virion-sense CP gene and
complementary-sense AC3 gene overlapped by 4 nt in ACMV-[CM]; (B) Northern blot analysis of total RNA (5 �g) isolated from ACMV-[CM]-
infected N. benthamiana. An RNA blot (left) hybridized with CP strand-specific [�-32P]ATP-labeled 70-mer (oligonucleotide cAV2), and the RNA
blot (right) hybridized with AC3 strand-specific [�-32P]ATP-labeled 70-mer (oligonucleotide cAC3) as the probe. Ethidium bromide-stained rRNA
at the bottom of the blot serve as a loading control.
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however, it was apparently not sufficient to induce recovery
phenotype in infected plants. The possible explanation is that
either these viruses might encode a strong suppressor of PTGS
(under investigation) such as HC-Pro of TEV (2, 20) or these
viruses may accumulate to such a high level that the plants still
show symptoms despite the action of PTGS (27). However, the
level of EACMCV DNA accumulation was less compared to
that of ACMV-[CM] DNA accumulation in infected plants,
suggesting an apparent difference in the strength and differen-
tial mode of action of virus-encoded suppressors on the silenc-
ing pathway.

A good deal of evidence suggests that plant viruses are
capable of inducing gene silencing with the production of virus-
derived siRNAs; however, at least in the case of Cymbidium
ringspot virus, the siRNAs are not homogeneously distributed
throughout the viral genome (35). We investigated the target
gene(s) or sequences of the geminivirus-induced PTGS phe-
nomenon in ACMV-[CM] and EACMCV, representing recov-
ery- and nonrecovery-type viruses, respectively. Our results
clearly demonstrate that siRNAs are not evenly distributed
along the viral genome but are either mostly concentrated on
specific sequences of viral genes or located in a specific spot of
the genome. In ACMV-[CM], the DNA-A component of the
genome has been preferentially targeted, particularly the re-
gion corresponding to the C termini of the AC1, AC2, and AC3
genes. In DNA-A, among the four genes (AC1, AC2, AC3, and
AC4) present on the complementary-sense strand, AC1, AC2,
and AC3 are highly overlapping (Fig. 6A) and are encoded by
a single polycistronic transcript (38). Based on the reverse
blotting experiment (siRNA containing gel blot probed with
different DNA fragments as the probe), the targeted region
was delineated to the C terminus of AC1 (Rep), which is
indispensable for viral DNA replication and that overlaps with
the N terminus of AC2 (TrAP), essential for transactivation of
late genes such as CP (AV1) and BV1 (33). The fact that this
target zone is located on the AC1 transcript is therefore not
surprising. Although no precise quantification has been made,
it is a transcript made early in the infection process and is
probably more abundant than that of the AV1 transcript in the
beginning of the infection. Alternatively, the identified target
region of the transcript may simply be more accessible to a
Dicer (a host RNase III family enzyme) (4, 36). If so, the short
dsRNA segments produced may serve as a template for the
RISC complex to cleave the RNA and produce more siRNAs
in the same region. In addition, these siRNAs might act as
primers to synthesize complementary strands of the transcript
to further amplify the PTGS signal (31, 40). Although we could
not detect unique high-energy secondary hairpin structures in
this region by using the Zucker program, there were several
stem-loops consistently associated with all of the folding pre-
dictions made in this region (data not shown). Experiments in
conjunction with RNA folding prediction will be necessary to
determine whether these putative secondary structures play
any role in the preferred localization of siRNAs.

The results of these experiments indicate that 3�-AC1 and
5�-AC2 genes are mainly targeted by ACMV-[CM] induced
PTGS. Therefore, the possible explanation for a reduced virus
load at 3 wpi could be that since AC1 (an early gene indispens-
able for viral replication) is targeted, there would be a decrease
in production of the DNA-B component and consequently

poor movement of both the DNA-A and DNA-B of the virus.
In addition, targeting AC2 would affect the transcriptional
activation of the CP required for ssDNA accumulation and of
BV1 essential protein for nuclear shuttling and long-distance
movement of the viral DNA (33), which in turn affect the
functions of DNA-B, thereby reducing the overall viral DNA
accumulation. Therefore, it is obvious that downregulation of
the AC1 and AC2 genes would result in less viral DNA accu-
mulation, and this initial effect might get further amplified,
establishing recovery phenotype in ACMV-[CM]-infected
leaves. We have previously shown that the introduction of
siRNAs targeting the AC1 of ACMV-[CM] downregulated the
viral DNA accumulation by 70% in cultured plant cells (40).

In contrast, in the case of EACMCV, DNA-B is mainly
targeted but the overall level of accumulation of virus-derived
siRNAs was �10-fold less compared to ACMV-[CM]-derived
siRNAs. The nature of EACMCV not to target the DNA-A
component of the viral genome coupled with less virus-derived
siRNA accumulation could possibly allow the virus to replicate
all of the time at a sufficient level, resulting in nonrecovery-
type in infected plants. It is noteworthy that most of the
siRNAs for EACMCV were located, similarly to the ACMV-
[CM], at the middle of the genome but on a different viral
component. However, the mode of action of suppressors might
definitely play a major role in differentiating the recovery- and
nonrecovery-type viruses.

How geminiviruses trigger PTGS has been a mystery since
they are nuclear replicating single-stranded, circular, DNA
viruses with no known dsRNA form present in their replication
cycle. However, transcription in geminiviruses is bidirectional
with the production of polycistronic mRNAs occurring from
the CR, which contains the promoter sequences. These poly-
cistronic mRNAs of opposite polarity could overlap at their 3�
ends. In DNA-A of bipartite geminiviruses, two major polycis-
tronic mRNA transcripts have been identified for ACMV-[KE]
(38) and Tomato golden mosaic virus (34): one on the virion-
sense strand encompassing the AV1 and AV2 genes (AV2-CP
transcript) and a second on the complementary-sense strand
encompassing AC1, AC2, AC3, and AC4 genes (AC1-AC3
transcript). In ACMV-[CM], the virion-sense AV1 (CP) gene
and the complementary-sense AC3 gene overlap by 4 bp at
their 3� ends. Using strand-specific probes, we elucidated that
both AV2-CP and AC1-AC3 transcripts extended at their 3�
ends by more than the 4-bp overlapping region by a number of
nucleotides, since the probes used were devoid of the overlap-
ping nucleotides. The resulting overlap region can form a
dsRNA, which would be more than enough to potentially in-
duce the plant’s PTGS system. Our results provide insight into
the ability of ssDNA viruses to trigger PTGS in plants.

In addition, the fact that each virus, although on a different
viral component, seems to target the middle of the genome
also supports the idea that an overlap between the two mes-
sengers, possibly extended by the host RdRp, triggers the pro-
duction of specific primary siRNAs from that region, as exem-
plified by our results. In the case of wheat, an RdRp can even
synthesize dsRNA by using exogenous ssRNA as a template
without an exogenous primer (36). However, the reason why
the DNA-A component for ACMV-[CM] and the DNA-B
component for EACMCV are targeted remains unclear and
will necessitate further investigation.
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In summary, all of the geminiviruses tested here were able to
induce PTGS within 1 to 2 weeks after inoculation in two
different hosts, including SLCMV in N. benthamiana, which
died eventually. A strong correlation between siRNA accumu-
lation and recovery phenotype was observed for ACMV-[CM]
over a period of 8 weeks. In contrast, the nonrecovery-type
viruses (EACMCV, EACMV-[UG], and ICMV) do not accu-
mulate higher levels of virus-derived siRNAs, as does ACMV-
[CM]. The ability of geminiviruses to trigger PTGS, although
they have an ssDNA genome and a nuclear-replication cycle, is
possibly explained by demonstrating that the virion-sense
(AV2-CP) and complementary-sense (AC1-AC3) transcripts
overlap at their 3� ends, which could form a short dsRNA
stretch that could also serve as a primer for the extension of
long dsRNAs, the potential inducer of PTGS (Fig. 7). Cer-
tainly, the capacity of each geminivirus to differentially sup-
press PTGS is an important component of the final viral patho-
genesis and is currently under investigation. Furthermore, we
determined that the C-terminal region of the AC1 gene that
overlaps with the N-terminal region of AC2 of the viral genome
was preferentially targeted by the ACMV-[CM]-induced (re-
covery-type virus) PTGS system. In the case of EACMCV (a
nonrecovery-type virus) virus-induced PTGS targeted the
DNA-B; however, the level of siRNA accumulation is much
lower than that of ACMV-[CM]-derived siRNAs. The ability
of geminiviruses to trigger gene silencing indicates that this
natural phenomenon could be used to control these devastat-
ing viruses.
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