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Short-interfering RNAs (siRNAs), the molecular markers of posttranscriptional gene silencing (PTGS), are powerful tools that
interfere with gene expression and counter virus infection both in plants and animals. Here, we report the effect of temperature
on geminivirus-induced gene silencing by quantifying virus-derived siRNAs and by evaluating their distribution along the
virus genome for isolates of five species of cassava geminiviruses in cassava (Manihot esculenta, Crantz) and Nicotiana
benthamiana. Cassava geminivirus-induced RNA silencing increased by raising the temperature from 25°C to 30°C, with the
appearance of less symptomatic newly developed leaves, irrespective of the nature of the virus. Consequently, nonrecovery-
type geminiviruses behaved like recovery-type viruses under high temperature. Next, we evaluated the distribution of virus-
derived siRNAs on the respective virus genome at three temperatures (25°C, 25°C-30°C, and 30°C). For recovery-type viruses,
siRNAs accumulated at moderately higher levels during virus-induced PTGS at higher temperatures, and there was no change
in the distribution of the siRNA population along the virus genome. For nonrecovery-type viruses, siRNAs accumulated at
strikingly higher levels than those observed for infections with recovery-type viruses at high temperature. As determined for
an RNA virus, temperature influences gene silencing for single-stranded DNA geminiviruses. It is possible that other
mechanisms besides gene silencing also control geminivirus accumulation at high temperatures. The findings presented here

should be taken into consideration when implementing PTGS-based strategies to control plant virus accumulation.

Posttranscriptional gene silencing (PTGS) involves
sequence-specific suppression of gene expression in
diverse eukaryotes. It was first discovered in plants
(Napoli et al., 1990). A similar RNA-silencing phenom-
enon was observed in fungi, termed quelling (Cogoni
and Macino, 1997), and in animals, termed RNA
interference (Fire et al., 1998). In plants, PTGS serves
as a natural antiviral defense response (Waterhouse
etal.,, 2001). As a counter defense, viruses have evolved
to encode a protein(s) that suppresses the host PTGS to
establish infection in plants (Vance and Vaucheret,
2001). Occasionally, certain viruses become targets of
the induced PTGS, and, consequently, infected plants
recover from virus infection (Ratcliff et al., 1997;
Chellappan et al., 2004a). There are at least three dif-
ferent pathways in the gene-silencing mechanism:
the cytoplasmic siRNA silencing, the endogenous
mRNA silencing by microRNAs (miRNAs), and the
transcriptional gene silencing by DNA methylation
(Baulcombe, 2004). A unifying feature of RNA silenc-
ing is the cleavage of long double-stranded RNA
(dsRNA) into short-interfering (21-24 nt) RNAs
(siRNAs; Hamilton and Baulcombe, 1999) by a ribo-
nuclease Ill-like enzyme termed DICER (Bernstein
etal., 2001). Among the four Dicer-like (DCL) enzymes
reported in plants (Schauer et al., 2002), DCL1 is in-
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volved in miRNA biogenesis, DCL3 in chromatin
silencing (Finnegan et al., 2003), and DCL2 has been
implicated in viral siRNA production (Xie et al., 2004).
The role of DCL4 is not known. The siRNAs must
unwind into their component strands prior to being
incorporated into RNA-induced silencing complex
(RISC), most likely in a RISC-loading complex as re-
ported in Drosophila (Tomari et al., 2004). Thus, the
selected guide strand serves as the specificity de-
terminant for the sequence-specific degradation of
complementary mRNAs (Khvorova et al., 2003) and
interferes with gene expression.

Geminiviruses infect a wide range of economically
important crops worldwide (Mansoor et al., 2003).
Cassava mosaic disease is caused by single or dual
infections of whitefly-transmitted begomoviruses
(Geminiviridae) belonging to eight distinct species of
geminiviruses (Fauquet and Stanley, 2003). Cassava
mosaic disease is a major threat to cassava (Manihot
esculenta, Crantz) production, an important food staple
for 700 million people in tropical Africa, Asia, and
South America (Legg and Fauquet, 2004). Cassava
geminiviruses have a genome composed of two cir-
cular single-stranded DNA (ssDNA) components
termed DNA-A and DNA-B (Fig. 1). DNA-A encodes
replication-associated protein (AC1 or Rep), transcrip-
tional activator protein (AC2 or TrAP), replication
enhancer protein (AC3 or REn), and coat protein
(AV1 or CP). DNA-B encodes nuclear-shuttle protein
(BV1 or NSP) and movement protein (BC1 or MP)
involved in cell-to-cell and systemic movement of
the virus. The nucleotide sequences of DNA-A and
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Figure 1. Genome structure of ACMV-
[CM], a typical bipartite cassava gemini-
virus. Genome is split into two components
termed DNA-A (left) and DNA-B (right).
DNA-A comprises six open reading frames
(ORFs), and each ORF encodes a specific
protein. AC1, Replication-associated pro-
tein (Rep); AC2, transcriptional activator

: ACMV-[CM
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DNA-B are different except for a region of approxi-
mately 200 nts that shares >90% nucleotide sequence
identity, defined as the common region. The common
region carries regulatory sequences essential for viral
DNA replication and transcription (Timmermans et al.,
1994). Among all gene products, Rep is indispensable
for viral DNA replication. Virus-host interactions are
highly specific in the sense that each virus elicits
a different type of symptom in the same host. In
a previous study, we reported that African cassava
mosaic virus Cameroon isolate (ACMV-[CM]) in Nico-
tiana benthamiana and cassava and Sri-Lankan cassava
mosaic virus (SLCMV) in cassava are able to induce
symptoms within approximately 5 d postinoculation
(dpi); however, at a later stage, the infected plants
recover from virus symptoms and accumulate high
levels of virus-derived siRNAs (Chellappan et al.,
2004a). Geminiviruses replicate in the nuclei of in-
fected plants via a dsDNA intermediate by a rolling cir-
cle mechanism and encounter no dsRNA phase in
their replication cycle (Laufs et al., 1995); however,
they have the capacity to trigger PTGS with the pro-
duction of virus-derived siRNAs in infected plants
(Lucioli et al., 2003; Chellappan et al., 2004a). Although
the exact mechanism by which geminiviruses trigger
PTGS is unclear, it is possible that the transcripts of
opposite polarity (Townsend et al., 1985) that overlap
at their 3’ ends, as evidenced by using strand-specific
probes (Chellappan et al.,, 2004a), could be further
extended by the host RNA-dependent RNA polymer-
ase (RARP) to form long dsRNA, a potential inducer of
RNA silencing. Alternatively, it has been hypothesized
that the abundant early transcripts (also called AC1
and BC1 transcripts from each DNA-A and DNA-B
component) might serve as the template for the host
RdRP to synthesize long dsRNA, and it is also possible
that the highly structured RNA messenger could serve
as a direct template for the DICER to produce siRNAs
(Vanitharani et al., 2005). In addition, the introduction
of siRNAs designed to target the ACI gene of ACMV-
[CM] inhibited AC1-mRNA and viral DNA accumu-
lation by 90% and 66%, respectively (Vanitharani et al.,
2003). By contrast, the symptoms induced by East
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pressor; AV1, coat protein (CP); AV2, pre-
coat. DNA-B has two ORFs; BV encodes
nuclear-shuttle protein (NSP), and BCT en-
codes movement protein (MP). V, Virion-
sense ORFs; C, complementary-sense
ORFs.

African cassava mosaic Cameroon virus (EACMCYV),
EACMYV from Uganda (EACMV-[Ug]), and the Indian
cassava mosaic virus (ICMV) persisted throughout
the plant’s life span with low levels of virus-specific
siRNA accumulation (Chellappan et al., 2004a). The
identification of the AC4 gene of recovery-type viruses
(ACMV-[CM] and SLCMV) and the AC2 gene of
nonrecovery-type viruses (EACMCV and ICMV) as
the RNA-silencing suppressors further supports the
fact that each geminivirus is different in eliciting
disease symptoms in plants (Vanitharani et al., 2004).
In addition, we have found that AC4 of ACMV-[CM]
binds to microRNAs and induces developmental de-
fects in Arabidopsis (Chellappan et al., 2005).

It has long been recognized that environmental
factors such as temperature greatly influence plant-
virus interactions. In virus-infected plants, high tem-
perature is frequently associated with attenuated
symptoms (heat masking) and with low virus content
(Johnson, 1922). By contrast, low temperature is often
associated with rapid spread of virus diseases and the
development of severe symptoms (Hine et al., 1970;
Gerik et al., 1990). Thermotherapy has been a method
of choice to free vegetative material from infected
viruses (Manganaris et al., 2003). Half a century ago,
Harrison (1956) speculated that the virus content of
a plant represents an equilibrium between replica-
tion and degradation of the virus by the host system
and that the activity of the virus-degrading system
increases with temperature. The underlying molecular
mechanism behind the effect of temperature on Cym-
bidium ring spot virus (CymRSV; an RNA virus)-
induced symptom severity was found to be associated
with gene silencing, and increasing temperature dra-
matically elevated virus-derived siRNA accumulation,
resulting in less symptom development (Szittya et al.,
2003). Recently, the ability of defective interfering
RNA (DI-RNA) to protect plants from CymRSV was
shown to be more efficient at high temperature with
elevated virus-specific siRNAs (Havelda et al., 2005).
RNA viruses and ssDNA geminiviruses follow funda-
mentally different mechanisms for their genome rep-
lication and gene transcription. Here, we report that
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ssDNA geminivirus-induced RNA silencing is altered
by temperature. We tested the effect of temperature
on representatives of five distinct species of cassava
geminivirus-induced RNA silencing, ACMV-[CM],
SLCMV, EACMCYV, ICMV, and EACMV-[Ug], in two
plant hosts, N. benthamiana and cassava, in terms of
their ability to accumulate virus-specific siRNAs and
the level of symptom severity. Furthermore, the effect
of temperature on the distribution of virus-derived
siRNAs along the virus genome was evaluated.

RESULTS

Effect of Temperature on ACMV-[CM]-Induced Symptom
Severity, and Distribution of Virus-Derived siRNAs in
Infected Plants

ACMV-[CM] develops disease symptoms within
approximately 5 dpi in N. benthamiana and cassava,
and reaches maximum severity with leaf distortion,
curling, and yellow mosaic in about 2 to 3 weeks
postinoculation (wpi). Later, the newly emerged
leaves of the infected plants showed recovery from
symptoms, which correlated with the abundant virus-
derived siRNAs in both N. benthamiana and cassava
(Chellappan et al., 2004a). To test the effect of tem-
perature on ACMV-[CM]-induced PTGS in this and
subsequent studies with other viruses, seedling of N.
benthamiana and/or cassava was inoculated with virus
by particle bombardment with a mixture of DNA-A
and DNA-B. The N. benthamiana inoculated with
ACMV-[CM] developed symptoms approximately 4
dpi at all three temperatures tested: 25°C, 25°C to 30°C,
and 30°C. The maximum level of symptoms was
reached at 14 dpi at 25°C, and 7 dpi at 25°C to 30°C
and 30°C (Fig. 2A). However, the severity of symp-
toms was greater at 25°C compared with those at 30°C,
and it was moderate at 25°C to 30°C. In particular, at
30°C the newly emerged leaves of the infected plants
showed recovery from symptom appearance after
7 dpi, but, after 28 dpi, the newly developed leaves
were almost free from virus symptoms (Fig. 2A). Al-
though the new growth of the infected plants started
to show recovery phenotype after 14 dpi at 25°C, the ex-
tent of recovery from symptom appearance was much
less compared to the level at 30°C, indicating that
high temperature indeed modified the interaction of
ACMV-[CM] with N. benthamiana. At 25°C to 30°C,
even though the recovery phase started after 7 dpi
similar to that of 30°C, after 28 dpi the curve mostly
resembled that of 25°C (Fig. 2A). Similar to N. ben-
thamiana, ACMV-[CM]-induced symptoms were se-
vere at 25°C compared with the results obtained at
the higher temperatures of 25°C to 30°C and 30°C
in cassava. The maximum level of symptoms was
reached at 14 dpi in all three temperature conditions
tested. The recovery phase from symptom appearance
started after 14 and 21 dpi in all three temperatures
tested, but the extent of recovery was more dramatic at
high temperature (30°C) than plants grown at low
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temperatures 25°C to 30°C and 25°C (Fig. 2B). The
level of ACMV-[CM] DNA accumulation in cassava
plants at different temperatures was estimated by
Southern-blot hybridization, and we found that viral
DNA accumulation was maximum at 25°C, which was
considered as 100%, and the virus load was decreased
with raising the temperature to 60% at 25°C to 30°C and
12% at 30°C (Fig. 3, A and E). Although ACMV-[CM]
behaved in a similar manner in both plant species, with
an early increase in symptom severity followed by
a recovery from symptoms at the later stage of the
infection period, the extent of recovery from symptoms
was much higher in N. benthamiana (Fig. 2, A and B).
Furthermore, a striking difference in recovery from
symptom appearance was noted in plants grown at
30°C compared to 25°C, suggesting that temperature
plays a major role in decreasing the virus load. This
conclusion was supported by the decrease in virus ac-
cumulation observed at 14 dpi (Fig. 3A).

Next, we determined whether temperature changes
the ACMV-[CM] sequence targeted during PTGS. To-
ward that goal, we compared the composition of
ACMV-[CM]-derived siRNAs from cassava plants in-
fected with ACMV-[CM] that were grown at three
different temperatures: 25°C, 25°C to 30°C, and 30°C.
We chose cassava plants in this and subsequent
analyses with other viruses because it is the natural
host for these viruses. The experiment was performed
as follows. Low molecular mass RNA was isolated
from leaf tissue obtained from five infected plants. The
peak of infection based on symptom scoring, 2 wpi for
ACMV-[CM], was chosen as a test point for low
molecular mass RNA isolation from infected cassava
plants. Gel blots containing segments (approximately
400 bp) of the virus genome were hybridized with
ACMV-[CM]-specific siRNAs purified from the virus-
infected cassava plants. The results revealed that the
majority of siRNAs were derived from the DNA-A
component, particularly segments 5 (approximately
40%) and 4 (approximately 30% of the total [100%]
siRNAs derived from the DNA-A component), and in
DNA-B segment 3 accumulated 40% of the total (100%)
siRNAs derived from the DNA-B component at all
three temperatures (Fig. 2C). The amount of siRNA
accumulation increased with rising temperature. In
DNA-A, segments 4 and 5 represent the C terminus of
AC1 gene, and the AC2 and AC3 genes that are
important for virus replication and gene transcription.
In DNA-B, segment 3 corresponds to the C terminus of
the BV1 gene essential for virus movement (Fig. 2C).
The fact that the total amount of siRNAs derived from
the DNA-A and the DNA-B components increased by
58% and 39%, respectively, from 25°C to 30°C (Fig. 4, A
and B) indicates that temperature has a major role in
virus-derived siRNA generation.

From these results, we conclude that ACMV-[CM]-
induced symptom development is temperature de-
pendent. Either the plant defense response is highly
active at higher temperature, or the virus itself be-
comes a better target for the virus-induced PTGS.

Plant Physiol. Vol. 138, 2005
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Figure 2. Effect of temperature on ACMV-[CM]-induced symptom severity in N. benthamiana and cassava, and the distribution
of siRNAs in infected cassava. A and B, ACMV-[CM]-induced symptom severity trend in N. benthamiana (A) and in cassava (B) at
three temperatures: 25°C, 25°C to 30°C, and 30°C. Ten cassava and N. benthamiana plants were inoculated as five plants in two
experiments. Bars in symptom severity curve indicate st values of 10 plants. C, Effect of temperature on the level and distribution of
ACMV-[CM] siRNA accumulation at three temperatures. ACMV-[CM] has a split genome; the total length of DNA-A is 2,777 bp,
and DNA-B is 2,726 bp. PCR-amplified approximately 400-bp DNA segments from 1 through 7 for DNA-A and segments 1
through 7 for DNA-B of ACMV-[CM] separated in an ethidium bromide-stained 1% agarose gel were blotted and hybridized with
5’-end-labeled small 21- to 26-nt RNAs purified from ACMV-[CM]-infected cassava plants grown at 25°C, 25°C to 30°C, and
30°C. The blots were quantified and values were plotted. Values on the y axis represent the percentage of siRNAs derived from

Plant Physiol. Vol. 138, 2005

1831



Chellappan et al.

Furthermore, the role of virus-encoded PTGS suppres-
sors might become less efficient and /or unavailable at
high temperature to counter defend and to continue
the infection.

Effect of Temperature on SLCMV-Induced Symptom
Severity, and Distribution of Virus-Derived siRNAs
in Infected Plants

In cassava, SLCMV infection caused symptoms
within approximately 4 dpi at all three temperatures
tested: 25°C, 25°C to 30°C, and 30°C (Fig. 5A). The
maximum level of symptoms was reached between 21
and 28 dpi at both 25°C and 25°C to 30°C. At 30°C, the
maximum level of symptoms was reached on 14 dpi.
The severity of symptoms was similar at this time on
plants at the different temperatures, but with time
plants grown at 30°C showed a greater recovery from
symptoms (Fig. 5A). Similar to ACMV-[CM], SLCMV
induced severe symptoms during the early stage of
infection, and later the newly emerged leaves showed
recovery from symptom development. However, the
extent of recovery from symptoms was higher in
SLCMV compared with ACMV-[CM] infections (Fig.
5A). SLCMV infection in N. benthamiana leads to plant
death; hence, no analysis was performed. Southern-
blot analysis revealed that viral DNA accumulation
decreased from 100% at 25°C to 20% at 30°C (Fig. 3, C
and E), which correlated with the reduced level of
symptoms at high temperature.

Then, the influence of temperature on the target viral
sequence on SLCMV-induced PTGS was analyzed by
comparing the distribution of siRNAs from cassava
plants infected with SLCMV at three temperatures
(25°C, 25°C-30°C, and 30°C). The results revealed that
the majority of the siRNAs were derived from the
DNA-A component, in particular segment 5 occupying
approximately 60% of the total siRNAs of the DNA-A
component (Fig. 5B). This segment corresponds to the C
terminus of AC1 and N terminus of AC2 genes at all
three temperatures tested (25°C, 25°C-30°C, and 30°C).
Segments from 1 to 4 were almost uniformly targeted,
but the level of siRNA accumulation was below 20%
(Fig. 5B). In DNA-B, segment 2 held approximately
50% and segment 5 approximately 35% of the total
siRNAs derived from the DNA-B component (Fig. 5B).
Nevertheless, the quantity of siRNAs showed a slight
increase (approximately 27%) with rising temperatures
for DNA-A of SLCMV (Fig. 4, A and B). These results
revealed that SLCMV-induced PTGS preferentially
targeted a region in the DNA-A component of the
genome that encodes the replication-associated protein

(AC1) and transcriptional activator protein (AC2),
essential proteins for viral DNA replication and gene
expression, respectively. In DNA-B, the targeted region
corresponds to BV1 and BC1 genes, both essential for
cell-to-cell and systemic movement of the virus (Fig.
5B). The fact that SLCMYV, like ACMV-[CM], targets
functional genes such as replication-associated and
movement proteins correlated well with the subse-
quent reduction in virus DNA accumulation as revealed
by Southern hybridization and resulting recovery from
symptom development.

Effect of Temperature on EACMCV-Induced Symptom
Severity, and Distribution of Virus-Derived siRNAs
in Infected Plants

To investigate whether temperature has any ef-
fect on EACMCV-induced disease development,
EACMCV-inoculated cassava and N. benthamiana
plants were grown at three temperatures: 25°C, 25°C
to 30°C, and 30°C. EACMCV-infected N. benthamiana
plants developed symptoms between 7 and 14 dpi,
and infection persisted throughout the life span of the
plants at 25°C and 25°C to 30°C (Fig. 6A). But at 30°C,
the overall symptom severity was low with the in-
fected N. benthamiana plants showing mild symptoms
(Fig. 6A). In cassava, EACMCYV infection induced
symptoms from 7 to 14 dpi, but the level of symptom
severity was mild compared to N. benthamiana at 25°C
(Fig. 6B). At 25°C to 30°C, the maximum symptom
severity was one-half the level of that observed at
25°C. Surprisingly, at 30°C the symptoms were very
mild, and the newly emerged leaves were almost free
from symptoms at the later stage of infection (Fig. 6B).
In EACMCV-infected cassava, Southern-blot analysis
revealed that virus DNA accumulation was about 75%
at 25°C to 30°C compared to 100% at 25°C, and
decreased to 20% by raising the temperature to 30°C
(Fig. 3, B and E). The extent of symptom severity was
much lower at 30°C compared to 25°C, which corre-
lated with the reduced levels of virus DNA accumu-
lation both in EACMCV-infected cassava and N.
benthamiana (Fig. 3E), indicating that temperature
modified the effect of virus infection in both plant
species.

Next, we determined the effect of temperature on
the target viral sequence on EACMCV-induced PTGS
by comparing the distribution of siRNAs from cassava
plants infected with EACMCYV at three temperatures
(25°C, 25°C-30°C, and 30°C). The results revealed that
DNA-B fragments were heterogeneously targeted at
all three temperatures tested; however, the level of

Figure 2. (Continued.)

either DNA-A or DNA-B of ACMV-[CM]. Each bar represents the amount of siRNAs for respective DNA segments in comparison
to the total amount of siRNAs either for DNA-A or DNA-B. Blots were quantified using image quant (IgMacV1.2) software.
Numbers on the x axis indicate the PCR-amplified DNA fragments representing various regions of the ACMV-[CM] genome. The
graph following each blot represents the distribution and intensity of ACMV-[CM]-derived siRNAs at 25°C (top), at 25°C to 30°C

(middle), and at 30°C (bottom).
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Figure 3. The levels of viral DNA accu-
mulation in infected cassava plants in
three temperatures conditions: 25°C,
25°C to 30°C, and 30°C. Southern blots
show the levels of viral DNA accumula-
tion: A, ACMV-[CM]; B, EACMCV; C,
SLCMV; D, EACMV-[Ug]. Total genomic
DNA at the bottom of each blot serves as
the loading control. Various forms of viral
DNAs are shown: OC, open circular; Lin,
linear; SS, single stranded; SC, super-
coiled. E, Comparison of the virus loads
in two host plants. Recovery-type viruses,
ACMV-[CM] and SLCMV; nonrecovery-
type viruses, EACMCV and EACMV-[Ug].
Shown are the levels of ACMV-[CM] in
cassava (light gray) and N. benthamiana
(black); SLCMV in cassava; EACMCV in
cassava (light gray) and N. benthamiana
(black); and EACMV-[Ug] in cassava. The
y axis represents virus load in percentage
(%), and the x axis represents different
viruses as indicated.
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Figure 4. A, Comparison of virus-derived 700
siRNA accumulation for each of the "'2 m25°C
DNA-A and DNA-B components of ] W25-30°C
ACMV, SLCMV, EACMCV, and EACMV- 3 600 +— W30°C
[Ug] at 25°C, 25°C to 30°C, and 30°C =
temperatures. Values on the y axis repre-
sent the sum of intensities of signals (10°). 500 —
The x axis represents the DNA-A and the &
DNA-B components of ACMV, SLCMV, E
EACMCYV, and EACMV-[Ug] at three tem- 7 %0 ]
peratures: 25°C, 25°C to 30°C, and 30°C. ‘s
B, Comparison of virus-derived siRNA 2 300 -
accumulation for each of the DNA-A =
and DNA-B components of ACMYV, 5
SLCMV, EACMCV, and EACMV-[Ug] at & 200
25°C, 25°C to 30°C, and 30°C temper-
atures, relative to the values at 25°C
(100%). Values on the y axis represent 100 - - -
the percentage of siRNAs relative to the
value at 25°C for each DNA component
and for each virus. The x axis represents 0+
the DNA-A and the DNA-B Components DNA-A DNA-B DNA-A | DNA-B DNA-A ‘ DNA-B DNA-A ‘ DNA-B
of ACMV, SLCMV, EACMCV, and EACMV- ACMV SLCMV EACMCV EACMV-UG
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siRNA accumulation was found to be higher in seg-
ments 2 and 6 (approximately 30% of the total siRNAs
derived from the DNA-B component; Fig. 6C). In the
DNA-A component, variations in target region oc-
curred with changing temperature, in particular tar-
geting segments 6 and 4 at 25°C to 30°C and 30°C,
respectively (Fig. 6C), but the significance of this find-
ing will require additional study. Interestingly, the
EACMCV-derived siRNAs obtained from plants grown
at 30°C originated mainly from segment 4 (40%) and
segment 5 (25%) of the DNA-A, which correspond to
the C terminus of ACI1 gene and the AC2 and AC3
genes that have major roles in virus replication and
gene transcription (Fig. 6C). But at temperature 25°C
to 30°C, segment 6 (58%), which corresponds to the
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AC1 gene, was preferentially targeted. Although
EACMCYV is a nonrecovery-type virus, at higher tem-
perature (30°C) the newly emerged leaves from the
virus-infected plants showed a less symptomatic phe-
notype that correlated with an increasing amount
of virus-derived siRNA accumulation targeting both
DNA-A and DNA-B components compared to the
levels obtained at low (25°C) temperature. The total
amount of siRNA accumulation increased with in-
creasing temperature by more than 600% for both
components of the genome (Fig. 4). In conclusion,
EACMCV-induced PTGS was much more efficient at
higher temperature, and this could explain, at least
partially, the attenuated symptoms displayed by plants
at these temperatures (Fig. 6, A and B).

Plant Physiol. Vol. 138, 2005
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Figure 5. Effect of temperature on symp-
tom severity of SLCMV on cassava, and
the level and distribution of virus genome
siRNAs in infected cassava plants. A,
SLCMYV symptom severity trend in cassava
in three temperatures conditions: 25°C,
25°C to 30°C, and 30°C. Ten cassava
plants were inoculated as five plants in
two experiments. Bars in symptom sever-
ity curve indicate st values of 10 plants. B,
Gel blots (first seven segments for DNA-A
and second seven segments for DNA-B)
were subjected to gel-blot hybridization
using 5’ -labeled virus-derived siRNAs pu-
rified from SLCMV-infected plants grown
at 25°C, 25°C to 30°C, and 30°C. The
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Effect of Temperature on ICMV-Induced Symptom
Severity and on EACMV-[Ugl-Induced Symptom
Severity, and Distribution of Virus-Derived
siRNAs in Infected Plants

Infectious clones of ICMV have the ability to infect
N. benthamiana but not cassava (Saunders et al., 2002).
To check the effect of temperature on this virus-
induced disease severity, the ICMV-inoculated N.
benthamiana plants were grown in three temperature
conditions (25°C, 25°C-30°C, and 30°C). In general, the
level of symptom development in N. benthamiana was
reduced with increasing temperature (Fig. 7A). At
25°C and 25°C to 30°C, the severity of symptoms
was almost similar, but at 30°C a reduction in symp-
tom severity was accompanied by the emergence of
less symptomatic new leaves at the later stage of the
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infection period (Fig. 7A), indicating that temperature
in fact altered the ICMV-induced symptom develop-
ment.

The effect of temperature on EACMV-[Ug]-induced
disease development was also studied. Symptom
severity was much higher in EACMV-[Ug]-infected
plants that were grown under 25°C; however, severity
gradually decreased by increasing the temperature to
30°C. Indeed, the newly emerged leaves of the infected
plants grown at 30°C showed recovery from symptom
appearance (Fig. 7B). Southern-blot analysis revealed
a 90% virus DNA accumulation at 25°C to 30°C com-
pared to 30% at 30°C (Fig. 3, D and E).

Next, we tested the effect of temperature on EACMV-
[Ugl-induced PTGS. The distribution of siRNAs on
the virus genome was analyzed by probing gel blots
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Figure 6. Effect of temperature on symptom
severity of EACMCV on N. benthamiana and
cassava, and the level and distribution of virus
genome siRNAs in infected cassava plants. A
and B, EACMCV symptom severity trend in N.
benthamiana (A) and in cassava (B) at three
ranges of temperature: 25°C, 25°C to 30°C,
and 30°C. Ten N. benthamiana and cassava
plants were inoculated as five plants in two
experiments. Bars in symptom severity curve
indicate st values of 10 plants. C, Effect of
temperature on the level and distribution of
EACMCV genome siRNA accumulation at
three different temperatures. EACMCV has
a split genome; the total length of DNA-A is
2,802 bp, and DNA-B has 2,741 bp. Gel blots
(first seven segments for DNA-A and second
seven segments for DNA-B) were subjected to
hybridization using 5'-labeled virus-derived
siRNAs purified from EACMCV-infected
plants grown at 25°C, 25°C to 30°C, and
30°C. The intensity of signals in the blots was
quantified and plotted into graphs. Values on
the y axis represent the percentage of siRNAs
derived from either DNA-A or DNA-B of
EACMCV. Each bar represents the amount of
siRNAs for respective DNA segments in com-
parison to the total amount of siRNAs either
for DNA-A or DNA-B. Blots were quantified
using image quant (IgMacV1.2) software.
Numbers in the x axis indicate the PCR-
amplified DNA fragments representing vari-
ous regions of the EACMCV genome.
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Figure 7. Effect of temperature on symptom
severity of ICMV in N. benthamiana and on
EACMV-[Ug] infection in cassava, and the
level and distribution of EACMV-[Ug] ge-
nome siRNAs in infected cassava plants. A
and B, ICMV symptom severity trend in N.
benthamiana (A) and EACMV-[Ug] in cassava
(B) in three ranges of temperature: 25°C, 25°C
to 30°C, and 30°C. Ten plants were inocu-
lated as five plants in two experiments. Bars in
symptom severity curve indicate st values of
10 plants. C, The level and distribution of
virus-derived siRNA accumulation were as-
sessed only in virus infection in cassava. Gel
blots (first seven segments for DNA-A and
second seven segments for DNA-B) were
subjected to hybridization using 5’-labeled
virus-derived siRNAs purified from EACMV-
[Ugl-infected plants grown at 25°C, 25°C to
30°C, and 30°C. The intensity of signals in the
blots was quantified and plotted into graphs.
Values on the y axis represent the percentage
of siRNAs derived from either DNA-A or
DNA-B of EACMV-[Ug]. Each bar represents
the amount of siRNAs for respective DNA
segments in comparison to the total amount
of siRNAs either for DNA-A or DNA-B. Blots
were quantified using image quant (IgMacV1.2)
software. Numbers in the x axis indicate the
PCR-amplified DNA fragments representing
various regions of the SLCMV genome.
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carrying segments of the DNA-A and DNA-B. At
25°C, segments were mostly randomly targeted; how-
ever, at 25°C to 30°C and 30°C, segments 5 of DNA-A
and 3 of DNA-B were more targeted (Fig. 7C). This
nonrandom targeting of segments was similar to what
was observed for EACMCV and requires further
study. The total amount of siRNA accumulation from
DNA-A and DNA-B components increased with rais-
ing the temperature by more than 300% (Fig. 4),
indicating that EACMV-[Ug]-induced PTGS is tem-
perature dependent. Both in EACMCV and EACMV-
[Ug], the level of virus-derived siRNAs increased 3- to
6-fold for both DNA-A and DNA-B with increasing
growth temperatures, to levels similar or higher than
those observed for the recovery-type viruses.

DISCUSSION

In plants, PTGS serves as a natural antiviral defense
response (Waterhouse et al., 2001). Viruses have the
ability to induce (Hamilton and Baulcombe, 1999) and
suppress plant PTGS (Anandalakshmi et al., 1998).
Indeed, it is evident that certain viruses become targets
of the induced PTGS; as a consequence, the newly
emerged leaves of the infected plants show recovery
from virus symptoms at a later stage of the infection
period (Ratcliff et al., 1997; Chellappan et al., 2004a).
Environmental factors have been shown to modify
plant-virus interactions so much that virus-induced
symptoms are in fact attenuated at high temperature
(Harrison, 1956). In this study, we investigated five
distinct species of cassava geminiviruses. We report
that symptom severity attenuated with raising the
temperature of virus-infected plants, irrespective of
the nature of the virus. Geminiviruses have ssDNA
genome, and replication is accomplished via dsDNA
by a rolling circle mechanism in the nuclei of infected
plant cells (Laufs et al., 1995). However, these viruses
have the ability to trigger host PTGS with the produc-
tion of virus-derived siRNAs. Indeed, ACMV-[CM]-
and SLCMV-induced recovery phenotype correlated
with high levels of virus-derived siRNA accumula-
tion. On the other hand, in nonrecovery-type cassava-
infecting geminiviruses such as EACMCV, EACMV-[Ug]
and ICMYV, although inducing PTGS, the amount of
virus-derived siRNAs was very low compared to the
amount accumulated in ACMV-[CMJ-infected plants
(Chellappan et al., 2004a).

A recent report revealed that the RNA silencing-
mediated defense response is temperature dependent
by the fact that CymRSV (an RNA virus)-induced
symptom severity was found to be higher at low
temperature, and decreased with rising temperature
and elevated levels of virus-derived siRNAs (Szittya
et al., 2003). Furthermore, the role of gene silencing in
virus protection was evidenced by the fact that de-
fective RNA (DI-RNA) associated with CymRSV en-
hanced the virus-specific siRNAs at high temperature
(Havelda et al.,, 2005). In our case, we found that
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cassava geminivirus-induced RNA silencing also in-
creased with rising temperature in all cases, irrespec-
tive of the recovery-type or the nonrecovery-type
viruses. Normally, ACMV-[CM] and SLCMYV infection
leads to severe symptoms during the initial stage of
infection, but the infected plants show recovery from
symptom appearance at a later stage with high levels
of virus-derived siRNAs. Raising the temperature
indeed altered the ACMV-[CM] infection by decreas-
ing the overall symptom severity, and, in addition,
recovery from symptoms appeared much earlier at
30°C compared to plants grown at 25°C. However, the
total amount of virus-derived siRNA accumulation
was increased only by 20% to 30%, and the targeted
region in the virus genome remained the same in all
three temperatures tested. Interestingly, raising the
temperature from 25°C to 30°C dramatically altered
the capacity of virus-induced PTGS of nonrecovery-
type cassava geminiviruses with elevated levels of
virus-derived siRNAs. The overall level of virus-
derived siRNA accumulation was less abundant in
nonrecovery-type viruses (EACMCV, EACMV-[Ug],
and ICMV) compared to the level accumulated by
recovery-type viruses (ACMV-[CM] and SLCMV) at
25°C. But in EACMCYV and EACMV-[Ug], the level of
virus-derived siRNAs increased by a factor between
3- and 6-fold from lower (25°C) to higher (30°C)
temperatures. These results revealed that the effect of
RNA silencing, induced by temperature, seems to be
much more efficient in nonrecovery-type viruses than
in recovery-type viruses (Fig. 4). The target virus
sequences generally remained unchanged in recov-
ery-type viruses but appear to be different for non-
recovery-type viruses at higher temperatures. This
result requires further experimentation to be confident
in these findings but point to the potential that small
temperature changes may affect the selection of tar-
gets for PTGS. The target sequences of ACMV-[CM]-
induced PTGS were the same between N. benthamiana
(Chellappan et al.,, 2004a) and cassava. However,
EACMCV-induced PTGS was found to target segment
4 of the DNA-B in N. benthamiana but segments 2 and
6 in cassava, indicating that the silencing system or
the virus behaved differently between these two host
plants. In general, N. benthamiana is a susceptible host
for many plant viruses, a condition due perhaps to
its defective RARP (Yang et al., 2004). But no informa-
tion is available about the gene-silencing machinery
in cassava; therefore, it is difficult to pinpoint the exact
cause for this case.

During the past decade, considerable evidence has
been obtained supporting the idea that PTGS suppres-
sion by viruses is often required to establish infection
in plants. Virus-encoded silencing suppressors are
structurally and functionally diverse. Although 33
silencing suppressor proteins have been identified
both in plant and animal viruses, the exact mode of
action was demonstrated only for a few proteins (Roth
et al., 2004). The p19 of tombusviruses and the p21 of
beet yellows virus have been shown to bind to the
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duplex forms of siRNAs and miRNAs, indicating that
these silencing suppressor proteins might target the
small RNA duplex unwinding process of the PTGS
pathway (Silhavy et al.,, 2002; Chapman et al., 2004).
CymRSV-induced symptom severity was higher at
low temperature, but the severity decreased with
rising temperature and elevated levels of siRNAs
(Szittya et al.,, 2003). Although CymRSV p19 protein
has the capacity to bind duplex siRNAs, the presence
of DI-RNA in fact protected the plants from CymRSV
at higher temperature with the production of elevated
levels of virus-specific siRNAs (Havelda et al., 2005).
The temperature-dependent virus protection in
CymRSV was proposed to be due to enhanced DICER
activity to generate enormous amounts of siRNAs
(Szittya et al., 2003). In cassava geminiviruses, the AC4
gene of ACMV-[CM] and SLCMV (recovery type) and
the AC2 gene of EACMCV and ICMV (nonrecovery
type) were identified as PTGS suppressors, indicating
differential roles of AC2 and AC4 genes in different
viruses (Vanitharani et al., 2004). In this study, we
report that the recovery from virus infection was
enhanced by raising the temperature from 25°C to
30°C regardless of the virus type (recovery versus
nonrecovery). The recovery phenotype correlated with
decreasing virus levels in the plant (Fig. 3); however,
the correlation was not perfect (e.g. the levels of
SLCMV were less correlated with siRNA levels and
disease symptoms; Fig. 5). More detailed time-course
studies will better resolve this issue. At high temper-
atures, a large increase in siRNAs occurred during
infection with nonrecovery-type viruses, but only
a modest increase occurred during infection with
recovery-type viruses (Fig. 4). In addition, although
requiring further study, it appeared that the target
sequence was altered at high temperature during
infection with nonrecovery- versus recovery-type
viruses (Figs. 4, 6, and 7).

We propose the following hypotheses to explain
the scenario of the influence of temperature on RNA
silencing of cassava geminiviruses. (1) It is possible
that RARP and Dicer might be more active at higher
temperatures. Cellular RdRP is involved in the signal
amplification process to generate transitive siRNAs
(Dalmay et al., 2000). The fact that geminivirus-based
virus vectors require host RARP to facilitate silencing
of host genes suggests that host RARP might play a role
in geminivirus-induced PTGS (Muangsan et al., 2004).
Specifically, the RARP may create more substrates for
the Dicer. It is also possible that the Dicer directly
involved in the production of siRNAs from long
dsRNAs is directly affected by temperature, leading
to a dramatic increase of the siRNAs. (2) Another host
factor(s) involved in geminivirus replication and tran-
scription may be less effective with rising temperature;
as a result, there would be a reduction in transcript
levels and, consequently, fewer PTGS suppressor
proteins, which in turn would enhance the gene-
silencing system. (3) It is also possible that the in-
teraction of the viral suppressors with their host
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counterpart(s) may be altered by temperature changes,
resulting in much higher gene-silencing activity at
high temperature.

In conclusion, geminiviruses, in spite of having
ssDNA genome and no dsRNA phase during their
replication cycle, are able to trigger PTGS with the
generation of virus-derived siRNAs (Chellappan et al.,
2004a). Indeed, virus-derived siRNA accumulation
correlated with recovery from symptoms in ACMV-
[CM]J-infected plants. Nonrecovery-type cassava gem-
iniviruses also induce PTGS with the production of
low levels of virus-derived siRNAs (Chellappan et al.,
2004a). Our results revealed that cassava geminivirus-
induced PTGS is modified by temperature, regardless
of the virus type (recovery or nonrecovery). There is
a general trend of decreased symptom and virus load
with higher temperature, indicating that ssDNA viru-
ses follow the same trend as RNNA viruses. However,
our experiments clearly demonstrate a differential
effect of temperature on the level of virus-derived
siRNAs between recovery and nonrecovery types of
viruses, with approximately 6-fold more virus-derived
siRNAs for the latter category. There must be a critical
difference between the two types of viruses, and we
have already determined that these viruses use dif-
ferent types of viral proteins for PTGS suppression
(Vanitharani et al., 2004). Nonrecovery-type EACMCV
and ICMV use the AC2 gene as PTGS suppressor. On
the other hand, the recovery-type ACMV-[CM] and
SLCMV use the AC4 gene for PTGS suppression,
suggesting that the two viruses are different at least
in that aspect. Therefore, it is possible that the differ-
ential effect of temperature on these viruses could be
due to the direct influence of temperature on their
PTGS suppressors. The effect of temperature on these
different types of viral silencing suppressor proteins is
under investigation.

Gene silencing has a potential application in gener-
ating virus-resistant transgenic plants, and the fact
that low temperature affects gene silencing is a major
constraint for implementing gene silencing-based
strategies for virus resistance. Therefore, understand-
ing the molecular switch or factor(s) involved in
stimulating RNA silencing at high temperature is of
prime importance; it would pave the way to develop
strategies to overcome the influence of temperature on
PTGS in the application of PTGS-based virus resis-
tance in the field.

MATERIALS AND METHODS

Multiplication of Cassava and Nicotiana
benthamiana Plants

Cassava (Manihot esculenta, Crantz) plants were multiplied in vitro by
micropropagation. Nodal cuttings of the cassava cv TMS 60444 from 6-week-
old regenerated plants were obtained. They were surface-sterilized for 30 min
in 15% bleach solution containing 100 uL of Tween 20 and washed thoroughly
in sterilized water. These sterilized cuttings were cultured in petri dishes
containing MS2 medium (4.31 g Murashige and Skoog salt + 20 g Suc + 1 mL
of vitamins [1,000X] + 0.5 mL naphthylacetic acid [10~°], pH 5.8, solidified by
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phytagel) and incubated at 28°C under 16 h light for 3 to 4 weeks. Rooted
plantlets were transplanted into pots (7-cm diameter X 6-cm depth) contain-
ing growth medium 702 Metro-Mix (Scotts, Marysville, OH). The plants were
maintained in a greenhouse for 3 to 4 weeks before they were inoculated with
virus. Seeds of N. benthamiana were sown in a pot and kept in humidifying
chambers. One week later, seedlings were transplanted into individual pots
containing a mix of Scotts 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 EACMCYV (Fondong et al., 2000) and EACMV-[UG] (Pita et al., 2001)
has been described previously. Infectious clones of DNA-A and DNA-B of
SLCMV and ICMV (Saunders et al., 2002) were the kind gift of Dr. John Stanley
(John Innes Centre, Norwich, UK). For virus inoculation, gold particles (0.6 u)
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 inoculated for each virus using a particle delivery
system at 1,100 psi (Bio-Rad model PDS-1000/He; Bio-Rad Laboratories,
Hercules, CA), and the experiment was repeated two times. To ensure 100%
infection, the youngest unfolded leaf was targeted on the adaxial side at the
point where the leaflets are attached to the petiole. Virus-inoculated plants
were grown in growth chambers set at three temperatures: 25°C (constant),
25°C to 30°C (11 h at 25°C, 4 h at 30°C, and ramp 9 h), and 30°C (constant)
with 14 h light and 10 h dark in all three temperatures. The light setting
uses a combination of light sources (fluorescent and incandescent bulbs) at
300 uE m2sL

Assessment of Symptoms and Southern-Blot Analysis

Plants were maintained in three temperature conditions: 25°C, 25°C to
30°C, and 30°C. Systemically infected leaves were scored every other day after
inoculation for 8 weeks. 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, as in 3 but with
severe leaf deformation; and 5, severe mosaic and severe reduction of leaf size
(Chellappan et al., 2004a).

The symptomatic young leaves were collected during the peak of infection
to determine viral DNA accumulation by Southern-blot hybridization and
virus-derived siRNA distribution by northern-blot analysis (ACMV-[CM]
2 wpi, SLCMV 3 wpi, EACMCYV 4 wpi, and EACMV-[Ug] 5 wpi). Total DNA
(8 ug) isolated from a pool of leaf tissue collected from five infected cassava
and N. benthamiana plants grown in three temperature conditions (25°C,
25°C-30°C, and 30°C) was blotted and hybridized to specific probes as de-
scribed previously (Chellappan et al., 2004b). Blots were scanned and quantified
using IQMacV1.2 software and a Phosphorlmager (Molecular Dynamics/
Amersham, Piscataway, NJ).

Isolation, Labeling, and Assessment of 21- to
26-Nucleotide RNAs

The low M, RNAs were isolated from a pool of leaves collected from five
infected plants for each virus as described (Chellappan et al., 2004a). Low M,
RNA was subjected to electrophoresis through a 15% denaturing polyacryl-
amide gel in 0.5X Tris-borate/EDTA buffer followed by staining in ethidium
bromide solution (0.5 ug/mL) for about 30 min. The 21- to 26-nt RNAs were
visualized by UV light and excised from gel. The gel slice was crushed and
covered with 0.3 M NaCl and incubated overnight at 4°C. The gel residue was
pelleted down by centrifugation, and the RNA was precipitated with ethanol
(Chellappan et al., 2004a). The 21- to 26-nt RNAs (approximately 1-2 ug) were
dephosphorylated (Alkaline Phosphatase, Calf Intestinal; New England
Biolabs, Beverly, MA) and labeled subsequently in a 30-uL reaction in the
presence of [y-?P]JATP using T4-polynucleotide kinase (New England Bio-
labs). The labeled ACMV-[CM], EACMCYV, EACMV-[Ug], SLCMV, and ICMV-
specific 21- to 26-nt RNAs were used for hybridization of blots containing
PCR-amplified approximately 400-bp DNA segments (using specific primers)
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of DNA-A and DNA-B of ACMV-[CM], EACMCV, EACMV-[Ug], and
SLCMV. Hybridization was carried out at 42°C overnight in 5 X SSC (0.75 m
NaCl, 0.075 m trisodium citrate, pH 7.0), 1X Denhardt’s solution (0.1% each
Ficoll, polyvinylpyrrolidone, and bovine serum albumin), and 0.5% SDS with
competitor DNA (Herring sperm DNA; Sigma, St. Louis). Posthybridization
washes were done sequentially with 2xX SSC, 0.5X SSC, and 0.2X SSC along
with 0.1% SDS, each wash for 30 min. Blots were scanned and quantified
using IQMacV1.2 software and Phosphorlmager (Molecular Dynamics/
Amersham).
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