JVI

Journals.ASM.org

Temperature-Dependent Survival of Turnip Crinkle Virus-Infected
Arabidopsis Plants Relies on an RNA Silencing-Based Defense That
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While RNA silencing is a potent antiviral defense in plants, well-adapted plant viruses are known to encode suppressors of RNA
silencing (VSR) that can neutralize the effectiveness of RNA silencing. As a result, most plant genes involved in antiviral silencing
were identified by using debilitated viruses lacking silencing suppression capabilities. Therefore, it remains to be resolved
whether RNA silencing plays a significant part in defending plants against wild-type viruses. We report here that, at a higher
plant growth temperature (26°C) that permits rigorous replication of Turnip crinkle virus (TCV) in Arabidopsis, plants contain-
ing loss-of-function mutations within the Dicer-like 2 (DCL2), Argonaute 2 (AGO2), and HENI RNA methyltransferase genes
died of TCV infection, whereas the wild-type Col-0 plants survived to produce viable seeds. To account for the critical role of
DCL2 in ensuring the survival of wild-type plants, we established that higher temperature upregulates the activity of DCL2 to
produce viral 22-nucleotide (nt) small interfering RNAs (vsRNAs). We further demonstrated that DCL2-produced 22-nt vsRNAs
were fully capable of silencing target genes, but that this activity was suppressed by the TCV VSR. Finally, we provide additional
evidence supporting the notion that TCV VSR suppresses RNA silencing through directly interacting with AGO2. Together,
these results have revealed a specialized RNA silencing pathway involving DCL2, AGO2, and HEN1 that provides the host plants
with a competitive edge against adapted viruses under environmental conditions that facilitates robust virus reproduction.

The plant RNA silencing-based defense enlists a complex set of
proteins to combat intracellular parasites including viruses, ret-
rotransposons, and other highly repetitive genome elements (11).
This defense cascade is commonly triggered by the intracellular oc-
currence of double-stranded RNA (dsRNA) or partially double-
stranded stem-loop RNA, which are processed by Dicer-like (DCL)
nucleases into small RNAs of discrete sizes (21 to 25 nucleotides [nt])
referred to as small interfering RNAs (siRNAs). A characteristic fea-
ture of RNA silencing is that siRNAs are not the end product of the
cascade. Rather, they become the sequence specificity determinant of
RNA-induced silencing complexes (RISC), directing Argonaute
(AGO) proteins in the complexes to cellular RNA or DNA comple-
mentary to the siRNAs produced, silencing corresponding genes or
genetic elements through targeted cleavage, translational repression,
or DNA methylation (4, 7).

The model plant Arabidopsis encodes four DCLs and 10 AGOs,
which participate in multiple RNA silencing pathways with distinct,
yet partially overlapping defense roles. To add to this complexity, at
least two additional protein families are essential players of the RNA
silencing process. One of them is the dsSRNA-binding (DRB) protein
family with five known members. Two of the DRBs, HYL1 and
DRB4, have been found to be required for the proper function of
DCL1 and DCLA4, respectively (12, 14). The other family is the RNA-
dependent RNA polymerase (RDR) family, which contain six RDRs,
three of them (RDRI, -2, and -6) shown to be critical for a number of
RNA silencing pathways (22, 30, 31). Other plant proteins, among
them RNA methyltransferase HEN1, nuclear DNA-dependent RNA
polymerase IV and V (NRPD and NRPE), and exonuclease XRN4,
have also been implicated in siRNA-mediated silencing processes (17,
20, 27, 35).

Plant viruses, especially those with RNA genomes, are primary
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targets of RNA silencing since they produce dsRNA replication
intermediates during the multiplication process. To counteract
RNA silencing-based defenses, well-adapted plant viruses have
generally evolved the capacity to encode viral suppressors of RNA
silencing (VSRs) (3). VSRs neutralize the action of RNA silencing,
making its defense role against wild-type viruses difficult to dis-
cern. Consequently, attenuated viruses with mutated VSRs had to
be used to identify most of the plant factors involved in antiviral
silencing, including DCL2, DCL4, AGO1, AGO2, DRB4, RDRI,
RDR6, and HEN1 (9, 10, 15, 25, 30, 31). Indeed, only DCL2 and
AGO?2 have been implicated in the frequently transient defenses
against wild-type viruses (16, 18, 32). Thus, it is unclear to which
extent RNA silencing provides meaningful protection in plants
infected by adapted or wild-type viruses.

Turnip crinkle virus (TCV) is a small virus with a single-
stranded, positive sense RNA genome that counts Arabidopsis as
one of its adapted hosts (21). TCV encodes a strong VSR, which is
also the viral capsid protein (CP), that functions to inhibit the
dsRNA-processing activities of both DCL3 and DCL4 of Arabi-
dopsis (1, 9, 23). As a result, DCL2-produced 22-nt viral siRNAs
(vsRNAs) are the predominant vsRNA class in plants infected
with wild-type TCV (9, 25, 32). Furthermore, despite of the pres-
ence of 22-nt vsRNAs, neither DCL2, DCL3, nor DCL4, contrib-
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utes discernibly to the containment of wild-type TCV under con-
ditions commonly used to grow Arabidopsis (5, 9, 25, 32).
Nevertheless, each of these three DCLs was found to contribute to
the clearance of mutant TCV RNAs encoding defective VSRs, with
DCL4 as the primary dicer (5, 9, 25). Together, these earlier stud-
ies suggest that the anti-TCV silencing of these three DCLs is al-
most completely suppressed by the TCV-coded VSR. More re-
cently, it was proposed that TCV CP suppresses RNA silencing by
binding to and interfering with the function of AGO1, a key com-
ponent of the antiviral RISC (1). Inactivation of AGO1 then addi-
tionally causes the loss of DCL3 and DCL4 activities through a
complex feedback loop (1).

In this report, we attempted to determine whether RNA
silencing plays a significant defense role against wild-type,
adapted viruses. To this end, we have subjected Arabidopsis
plants with defects in silencing pathway components to infec-
tions with wild-type TCV and observed their responses under
different environmental conditions. Our results revealed an
alternative RNA silencing pathway that functions to ensure the
survival of virus-infected plants under conditions that favor
rigorous virus multiplications. This finding suggests that, in
addition to its prominent role in clearing viruses encoding
nonadapted VSRs (18), RNA silencing can be crucial in estab-
lishing a balanced state in virus-infected plants to allow for the
reproduction of both plants and viruses.

MATERIALS AND METHODS

Constructs. The pTCV (previously known as T1d1) construct has been
described (23). The CPB and CPC constructs have been generated in a
previous study (5). CPB was further modified by changing the AT dinu-
cleotide at nucleotides (nt) 3807 to 3808 of TCV genome to CC, creating
CPB-CC with a new Kpnl site immediately downstream of TCV CP cod-
ing region. A 90-nt fragment derived from Arabidopsis phytoene desatu-
rase gene (PDS) was then inserted into CPB-CC to produce CPB-CC-
PDS. Similar changes were also incorporated into pTCV to create
TCV-CC and TCV-CC-PDS, respectively (see Fig. 3A for diagrams of
these constructs).

For bimolecular fluorescence complementation (BiFC) experiments,
a set of four vectors assembled by J. Lindbo were used to accommodate
c¢DNAs of various viral and plant proteins (33). These vectors are referred
toas YN1, YC1, 2YN, and 2YC, respectively, with YN and YC standing for
the N-terminal 159 and C-terminal 81 amino acid (aa) residues of the
yellow fluorescent protein (YFP). In addition, a T7 and a hemagglutinin
(HA) epitope tag (denoted as 1 and 2, respectively) were included in the
vectors to facilitate the detection of the fusion proteins. The T7 and HA
epitope tags are always sandwiched by YFP fragments and cDNAs of genes
of interest, so that YN1 and YCI are always at the N-terminal side of the
c¢DNAs to be examined, whereas 2YN and 2YC are always at the C-termi-
nal ends. Together, these four vectors permit the in-frame fusion of genes-
of-interest in all four possible configurations. Additional details of these
vectors are available upon request.

Plant materials. The sources of Col-0, dcl mutant plants, drb4, agol-
11, ago7, and rdr6 mutants have been described previously (25). The
hyl1-2 and henl-1 mutants and double and triple mutants of rdrl, rdr2,
and rdr6 were kindly provided by J. C. Carrington. The agoI-27 and ago2
mutants, as well as ago1-27 ago2-1 double mutants, were kind gifts from
Shou-wei Ding. The xrn4-5 and sgs3-12 mutants were generously pro-
vided by Pam Green and Scott Poethig, respectively. The drb2, drb3, and
drb5 mutants were obtained from Arabidopsis Biological Resource Center.
Uninfected Arabidopsis plants were reared in a growth room set at 20°C,
with 14 h of daylight. After inoculation with in vitro transcripts of various
TCV derivatives, they were divided into two equal sets and moved into
two identical Adaptis A1000 growth chambers (Conviron, Winnipeg,
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Manitoba, Canada), with temperatures set at 18 and 26°C, respectively, to
reveal temperature-dependent symptoms. Leaves samples were collected
at 4 days postinoculation (dpi) for inoculated leaves (IL) and at 6 to 7 dpi
for upper young leaves (UL) for analysis. Leaves from six different plants,
one leaf per plant, were pooled before RNA or protein extractions to
minimize the sampling errors.

BiFC assays were carried out by transforming the assembled con-
structs into agrobacteria (strain C58C1), which were then used to infil-
trate leaves of N. benthamiana plants. The infiltrated leaves were exam-
ined using epifluorescence microscopy and laser scanning confocal
microscopy at 24 to 28 h after infiltration.

RNA blot analysis. Total RNAs were extracted from infected plants
and subjected to RNA blot analysis to detect TCV viral RNAs, or vsRNAs
using protocols outlined in previous reports (23, 25). Different amounts
of Arabidopsis RNA were used to detect viral RNA (1 pg) and vsRNAs (5
ng). The probes were a mixture of five different oligonucleotides end
labeled with *?P.

dsRNA enrichment. Total RNA samples were mixed with 1/2 volumes
ofa 7.5 M lithium chloride (LiCl) solution to achieve a final concentration
of 2.5 M LiCl. The mixtures were kept on ice for at least 2 h to precipitate
single-stranded RNAs longer than 200 nt. After a centrifugation of 14,000
rpm at 4°C for 30 min, the supernatants were transferred to a fresh tube
and mixed with 2.5 volumes of 100% ethanol to precipitate the dsSRNA
and smaller RNAs (tRNAs, 55 rRNA, etc.). The pellets were then dissolved
in a small volume (approximately 1/10 of the starting RNA sample) of
water. The concentration of RNAs (dsRNA plus smaller ssRNA) was de-
termined with NanoDrop. An equal amount was withdrawn from each
sample and analyzed with a 0.5X TBE (Tris-borate-EDTA) and 1.2%
agarose gel.

RESULTS

Higher temperatures facilitate more rigorous replication of
wild-type (wt) TCV in Arabidopsis. Previous studies suggested
that virus-infected plants generally are less symptomatic at higher
temperature due to enhanced RNA silencing-mediated antiviral
defense (6, 24, 28, 29). To determine the underlying mechanism
for this phenomenon, we decided to use the well-characterized
TCV-Arabidopsis model system to gauge how differences in tem-
perature affect the accumulation levels of TCV genomic RNA
(gRNA), subgenomic RNA (sgRNA), and viral siRNA (vsRNA).
The Arabidopsis Col-0 plants, together with dcl2, dcl3, and dcl4
knockout mutants, as well as dcl2 dcl3 double knockouts, were
infected with in vitro-transcribed infectious RNA of TCV and kept
at 18 and 26°C after inoculation. Inoculated leaves (IL) and upper
uninoculated leaves (UL) were collected from the plants at 4 and 7
dpi, respectively, and subjected to RNA extraction and Northern
blot hybridization with TCV-specific probes.

As shown in Fig. 1A, TCV viral RNA levels were similar in the
five types of infected plants when they were kept at the same tem-
perature (18 or 26°C), indicating that the antiviral activity of these
three DCLs were effectively suppressed by TCV CP, the TCV-
encoded VSR (9, 25). However, when plants grown at the two
different temperatures were compared, TCV gRNA accumulation
at 26°C was noticeably higher than at 18°C, in both IL and UL (Fig.
1A, top panel, compare lanes 1 to 5 to lanes 6 to 10 [IL data not
shown]). Therefore, in contrast to other examples of virus-host
pairs reported earlier (6, 24, 28), our new results indicate that
higher temperature stimulates the multiplication of TCV.

The activity of DCL2 is likewise upregulated by a higher tem-
perature. We and others reported earlier that TCV-infected
Arabidopsis plants contained large amounts of virus-specific 22-nt
vsRNAs, suggesting that DCL2, which generates 22-nt vsRNAs, is
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FIG 1 DCL2 targets wild-type TCV in a temperature-dependent manner. (A)
Detection of TCV gRNA and sgRNAs, as well as vsRNAs, by Northern blot
hybridizations in samples of Col-0, dcl2, dcl3, dcl2 dci3, and dcl4 plants kept at
two different temperatures as indicated above the panels. The relative accu-
mulation levels of TCV gRNA and 22-nt vsRNA were estimated by averaging
the relative signal strength of each treatment in three independent blots, with
the value of TCV-infected Col-0 plants at 18°C set as 1. (B) Detection of CPC
gRNA, sgRNAs, and vsRNAs by Northern blot hybridizations in the inoculated
leaves of the same set of plants kept at two different temperatures as indicated
above the panels. (C) Detection of CPC gRNA, sgRNAs, and vsRNAs by
Northern blot hybridizations in the inoculated leaves of Col-0, dcl4, dcI2 dcl4,
dcl3 dcl4, and dcl2 dcl3 dcl4 plants kept at two different temperatures as indi-
cated above the panels. (D) RNA samples shown in panel A were enriched for
dsRNA and run on a native agarose gel to reveal the accumulation levels of
TCV-specific dsRNA. The size marker (M) on the left is a DNA ladder.

able to use some form of TCV-specific dsSRNA to produce vsRNAs
(9, 25, 32). To determine whether biogenesis of 22-nt vsRNAs by
DCL2 was influenced by temperature, we then examined the levels
of TCV vsRNAs in the infected plants. As shown on Fig. 1A, mid-
dle panel, levels of TCV vsRNAs, especially the 22-nt vsRNAs,
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were indeed elevated at higher temperature in plants with func-
tional DCL2 (lanes 1, 3, and 5 versus lanes 6, 8, and 10). Further-
more, it appeared that the temperature-dependent elevation of
22-ntvsRNA levels was more pronounced than that of viral gRNA.
This observation was confirmed by quantitatively analyzing the
intensities of TCV gRNA signals, as well as 22-nt vsRNAs, on three
sets of blots bearing samples from independent experiments:
while viral gRNA increased an average of 1.5-fold, vsRNAs in-
creased ~2.5-fold. These data suggested to us that even though
higher TCV gRNA levels could have provided more substrate for
22-nt vsRNA production, they could not have been responsible
for all of the temperature-dependent changes in 22-nt vsRNAs.
Thus, the activity of DCL2 is probably also stimulated by a higher
temperature.

To further assess the temperature dependence of DCL2 activity
independent of increased viral RNA levels, we then subjected the
same set of plants to CPC infection. CPC is a TCV mutant in
which the VSR function of CP is completely eliminated by a point
mutation within the CP coding sequence (5). Consequently, CPC
replication is restricted in the IL of wt Arabidopsis as viral RNAs
are quickly cleared by RNA silencing. In contrast with wt TCV,
CPC RNA accumulated to lower levels when the temperature was
high, regardless of the genetic backgrounds of the plants examined
(Fig. 1B, top panel). This result hinted that RNA silencing-based
antiviral defense is indeed more active at higher temperature when
the virus-encoded silencing suppressor was absent. Nevertheless,
disruption of DCL4 function allowed for slightly higher CPC RNA
accumulation at both temperatures (Fig. 1B, top panel, lanes 5 and
10), indicating that DCL4 contributed to CPC RNA clearance.
Notably, the accumulation of 22-nt vsRNAs, which was the dom-
inant vsRNA species in dcl4 mutant plants, was significantly en-
hanced at higher temperature despite of the lower levels of CPC
viral RNA (Fig. 1B, top and middle panels, lanes 5 and 10). This
observation is highly consistent with the conclusion that the 22-nt
vsRNA biogenesis by DCL2 is upregulated by higher plant growth
temperature.

We then attempted to confirm this conclusion by subjecting
other double and triple dcl mutants (dcl2 dcl4, dcl3 dcl4, and dcl2
dcl3 dcl4) to CPC infections. The results presented in Fig. 1C dem-
onstrated that dcI3 dcl4 plants shared similar viral RNA and
vsRNA accumulation patterns with dcl4, namely, lower viral RNA
levels coupled with higher 22-nt vsRNA levels at higher tempera-
ture (lanes 2 and 4 and lanes 7 and 9), further supporting a pri-
mary role of DCL2 in enhancing antiviral silencing in response to
elevated temperature.

Results presented in Fig. 1C also corroborated the stimulative
effect of higher temperature on TCV RNA replication with the
CPC mutant, even though this mutant lacked the capability to
suppress RNA silencing (5). CPC replicated to similar levels in all
mutants containing the dcl4 lesion at 18°C (Fig. 1C, top panel,
lanes 2 to 5). In contrast, disrupting both DCL2 and DCL4 (in both
dcl2 dcl4 and dcl2 dcl3 dcl4 mutants) allowed it to replicate to
higher levels at 26°C than at 18°C (Fig. 1C, top panel, compare
lanes 3 and 5 to lanes 8 and 10). These results indicate that in the
absence of active antiviral silencing, replication of TCV mutants
devoid of silencing suppressors was likewise stimulated by a
higher temperature.

Functional DCL2 is indispensable for the survival of TCV-
infected plants at a higher temperature. The results presented
above established that a higher plant growth temperature upregu-
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lated the activity of DCL2 but also the replication of TCV RNA. As
aresult, viral RNA levels were higher at 26°C than at 18°C. Thus, it
was unclear whether the elevated DCL2 activity at higher temper-
ature provided any protection to TCV-infected plants. To address
this question, we decided to monitor the infected plants for signs
of differences in symptoms. While at 18°C all infected plants
showed similar symptoms (Fig. 24, top), at 26°C dcl2 or double/
triple dcl mutants containing the dci2 allele were drastically more
severe, leading to death of infected plants within 2 weeks (Fig. 2A,
bottom, and data not shown). Notably, other mutants, including
dcl4, were indistinguishable to Col-0, suggesting that DCL4 played
a more limited role under this condition. This is likely due to the
effective suppression of DCL4 function by the strong VSR en-
coded by TCV (9, 23, 25). In conclusion, the temperature-depen-
dent antiviral defense conferred by DCL2 is primarily responsible
for the survival of TCV-infected Arabidopsis plants at a higher
temperature, which correlates with higher TCV RNA accumula-
tions.

AGO2 and HEN1 participate in the DCL2-mediated antiviral
defense to ensure the survival of TCV-infected plants at 26°C.
Having shown that disruption of DCL2 gene resulted in the death
of TCV-infected plants at higher temperature (26°C), we then
sought to determine whether disruption of other Arabidopsis
genes of the RNA silencing machinery would have similar effects.
To this end, we subjected a large array of mutant plants to similar
treatments. These included a number of ago mutants (agoI-11,
agol-27, ago2-1, agol-27 ago2-1, ago3-1, ago4-1, ago5-1, ago7-1,
agol0-4, drb mutants (hyll-2, drb2-1, drb3-1, drb4-1, and drb5-1)
and rdr mutants (rdrl, rdr2, and rdr6), as well as henl-1, xrn4-5,
and sgs3-12 mutants. At 18°C, none of the TCV-infected ago mu-
tant plants were significantly different from their wild-type con-
trol plants judging from both symptoms, and accumulation levels
of viral RNA and vsRNAs (data not shown). At 26°C however,
TCV infections led to the death of both ago2-1 single knockout
and the agol-27 ago2-1 double mutant within 2 weeks of TCV
inoculations (Fig. 2B). All other ago mutants, including agoI-11
and agol-27, survived the infection at this temperature (data not
shown). The fact that knocking out AGO?2 alone was enough to
thwart DCL2-dependent survival of TCV-infected plant at higher
temperature strongly suggests that this survival requires AGO2-
based RISC, programmed by DCL2-produced 22-nt vsRNAs.

Among other mutants, henl-I also showed more pronounced
symptoms at 26°C, leading to the death of TCV-infected plants
within 2 weeks (Fig. 2C). However, the antiviral role of HEN1
appears to be less temperature dependent, since TCV-infected
henl-1 plants kept at 18°C also succumbed to death after a longer
time period (4 weeks). Interestingly, TCV RNA actually accumu-
lated to lower levels in henl-1 mutants under both temperature
conditions (Fig. 2D, top panel). This could be due to the pleiotro-
pic effects of the henl-1 mutation, which may interfere with the
replication of viral RNA. Nevertheless, the reduction in vsRNA
levels in henl-1 mutant was more pronounced at 26°C (Fig. 2D,
lower panel), confirming the role of HENT1 in the stabilization of
vsRNAs through 3'-end methylation (34, 35). Together these results
identified three RNA silencing genes required for the survival of
TCV-infected Arabidopsis at higher temperature, thus establishing an
unequivocal role for RNA silencing in maintain the robustness of
antiviral defense under adverse environmental conditions.

The DCL2-produced 22-nt vsRNAs are capable of silencing a
complementary mRNA target. The data presented thus far sug-
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FIG 2 Temperature-dependent survival of TCV-infected dcl2, ago2, and henl
plants. (A). Col-0, dcl2, dcl3, dcl2 dcl3, and dcl4 plants were infected with TCV
and placed in two growth chambers set at different temperatures (18°C versus
26°C), and the infected plants were photographed at 28 dpi. (B) Col-0, agol
(1-27 allele), ago2, and agol ago2 plants were likewise infected with TCV and
subjected to different temperature conditions, except that the images were
taken 1 week earlier, at 21 dpi. (C) Ler-0 (the parental ecotype of henl-1) and
henl-1 plants were subjected to the treatments described in panels A and Band
photographed at 28 dpi. (D) Accumulation levels of viral RNAs and vsRNAs in
Ler-0 and henl-1 plants at 7 dpi as detected with Northern blot hybridizations.

gest that DCL2 activity is elevated at 26°C, and this elevated DCL2
activity is needed for keeping TCV-infected plants alive at this
temperature. The additional requirement of AGO2 in this process
further supports a role of RNA silencing. However, the effective-
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FIG 3 DCL2-produced 22-nt vsRNAs are effective inducers of target gene silencing. (A) Diagrams of TCV-CC, CPB-CC, TCV-CC-PDS, and CPB-CC-PDS
constructs, with the R130T mutation of CPB denoted by a red star. The TCV-CC and CPB-CC constructs were produced by changing the AT dinucleotides to CC
at nt 3807 to 3808, within the 3'UTR of TCV, resulting in a new Kpnl site (GGTACC). A 90-nt PDS fragment was then inserted into the Kpnl site to create
TCV-CC-PDS and CPB-CC-PDS. (B) The viral RNA and vsRNA accumulation levels of CPB-CC-PDS and TCV-CC-PDS in Col-0, dci2, dcl4, and dcl2 dcl4 plants
kept at two different temperatures as detected by Northern blot hybridization. (C) PDS silencing induced by CPB-CC-PDS in Col-0, dcl2, dcl4, and dcl2 dcl4
plants. Images were recorded at 18 dpi. (D) Downregulation of PDS mRNA levels by CPB-CC-PDS in dcl2 and dcl4 plants as determined with semiquantitative
RT-PCR. The samples were collected at 7 dpi, before photobleaching becoming apparent. Actin 3 mRNA was used as a control to ensure that similar amounts of
RNA were used in all reactions. Omission of reverse transcriptase led to the failure to obtain the PDS PCR fragment (bottom panel), proving that the PCR

products in top panel were dependent on the presence of PDS mRNA.

ness of this alternative RNA silencing pathway remained to be
evaluated as plants without dcl2 or ago2 mutant allele still devel-
oped serious symptoms upon TCV infection. To resolve this ques-
tion, we first determined whether the 22-nt vsRNAs generated by
DCL2 are capable of silencing cRNA. For this purpose, we created
two new constructs, TCV-CC-PDS and CPB-CC-PDS, by insert-
ing a 90-nt fragment of the Arabidopsis phytoene desaturase
(PDS) gene into the 3'-untranslated regions (3’ UTRs) of TCV and
CPB, respectively (Fig. 3A; see also Materials and Methods for
details of the constructs). CPB is another mutant of TCV contain-
ing a single amino acid mutation within the CP gene. Unlike CPC,
CPB retains a low level of silencing suppression activity and is
capable of limited systemic movement in infected plants (5).
Both TCV-CC-PDS and CPB-CC-PDS were inoculated into
Col-0, dcl2, dcl4, and dcl2 dcl4 plants, and the infected plants were
keptat 18 and 26°C. At 26°C, TCV-CC-PDS caused slightly milder
symptoms than TCV but nevertheless resulted in the death of dci2
and dcl2 dcl4 plants (data not shown). In contrast, CPB-CC-PDS-
infected plants kept at this temperature were asymptomatic except
for dcl2 dcl4 double knockouts. RNA blot hybridization with both
TCV and PDS-specific oligonucleotide probe yielded similar re-
sults, suggesting that both constructs retained the PDS inserts
(Fig. 3B, lanes 10 to 18; and data not shown). As expected, CPB-
CC-PDS RNA levels in Col-0, dcl2, and dcl4 plants were much
lower at 26°C than at 18°C, reflecting the combined effects of
enhanced host RNA silencing activity and the reduced CPB VSR
activity (Fig. 3B, top panel, compare lanes 2 to 4 to lanes 11 to 13).
Notably, none of the infected plants kept at 26°C showed photo-
bleaching, indicating that neither TCV-CC-PDS nor CPB-CC-
PDS silenced the expression of PDS at this temperature (data not
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shown). This is particularly noteworthy in Col-0 and dcl4 plants
infected with TCV-CC-PDS, in which viral RNAs, as well as 22-nt,
PDS-specific vsRNAs, accumulated to very high levels. These re-
sults seemed to suggest that 22-nt vsRNAs might not be compe-
tent at silencing complementary mRNA.

However, CPB-CC-PDS, but not TCV-CC-PDS, was able to
induce PDS silencing in Col-0, dcl2, and dcl4 plants kept at 18°C
(Fig. 3C). The extent of PDS silencing as reflected by photobleach-
ing on systemically infected leaves was weakest in Col-0 plants and
strongest in dcl4 plants (Fig. 3C). Consistent with the photo-
bleaching phenotype, PDS mRNA levels as detected by semiquan-
titative reverse transcription-PCR (RT-PCR) were significantly
lower in both dcl2 and dcl4 plants infected with CPB-CC-PDS
(compared to the same plants infected with the CPB-CC virus that
did not contain the PDS insert; Fig. 3D, top panel). Since dcl2 dcl4
double mutant plants did not show any photobleaching despite
the higher levels of viral RNA, we reason that photobleaching on
dcl4 plants depended on the 22-nt vsRNAs produced by DCL2.
These results demonstrated that the 22-nt vsRNAs produced by
DCL2 from CPB-CC-PDS-associated dsRNA were capable of si-
lencing complementary PDS mRNA. Consequently, the inability
of similar vsRNAs to silence PDS in TCV-CC-PDS-infected plants
at either temperature strongly suggests that the TCV-encoded
VSR (CP) blocked the function of 22-nt vsRNAs. To summarize,
the experiments thus far confirmed that DCL2-produced 22-nt
vsRNAs were effective at silencing complementary targets in the
absence of TCV VSR, but their functionality was debilitated in
plants infected with wt TCV.

The activity of Arabidopsis AGO2 is likely targeted by the
TCV-coded silencing suppressor. We next tried to resolve how
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YN1-TCV CP/CPB CP:
W ! TcVer |
YC1-DCL2/AGO2: J7 epitope (1)
[ ve DCL2/AGO2 |

B

YN1-CP + YC1-DCL2

YN1-CP + YC1-AGO2

FIG 4 TCV CP and AGO?2 interact to restore YFP fluorescence in a BIFC
assay. (A) Illustrations of the BIFC constructs used in these experiments. (B)
Laser scanning confocal images of N. benthamiana leaves transiently express-
ing the indicated constructs. Bar, 50 pm.

the TCV CP silencing suppressor interferes with the function of
22-nt vsRNAs. Since TCV CP was recently shown to suppress
RNA silencing by interacting with AGO1 (1), we hypothesized
that it might also interfere with the functionality of AGO2 through
direct interaction. To test this possibility, we determined whether
TCV CP interacted with AGO2 in vivo using a BiFC approach. As
shown in Fig. 4, TCV CP was fused to the C terminus of YN1
consisting of the YFP N-terminus fragment (YN, 159 aa) and a T7
epitope tag to produce YNI-TCV CP. Conversely, DCL2 and
AGO?2 were fused to the C terminus of YCI consisting of the
C-terminal fragment of YFP (YC, 81 aa) and the T7 tag to produce
YC1-DCL2 or YC1-AGO?2. All constructs were fully sequenced to
confirm their identities. Fusion constructs of other configurations
(for example, TCV CP-2YN, in which TCV CP was fused to the N
terminus of YN, separated by an HA epitope tag) were also pro-
duced but excluded from further experiments due to high levels of
nonspecific fluorescence (data not shown). Coexpression of
YN1-CP and YC1-DCL2 did not result in the restoration of YFP
fluorescence, suggesting that CP and DCL2 did not interact di-
rectly in coinfiltrated N. benthamiana cells. This lack of interac-
tion also served as the negative control of our BiFC experiments.
In contrast, YFP fluorescent cells were easily identifiable in leaves
coinfiltrated with YN1-CP and YC1-AGO2, indicating that CP
and AGO?2 interacted with each other in the coexpressed cells. As
an additional control, we also subjected the CP of the CPB mutant
to similar experiments and found that it no longer interacted with
AGO?2 (data not shown). Since the mutated amino acid in CPB
(R130T) is not part of the two GW/WG motifs previously shown
to mediate CP-AGO1 interaction (aa 32 to 33 and aa 289 to 290,
respectively [1]), we speculate that R130 also contributes to the
CP-AGO interactions, possibly through the stabilization of the
complex. Together, these observations indicate that TCV CP may
interact with multiple AGOs to achieve maximal silencing sup-
pression (1, 16).
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DISCUSSION

While RNA silencing plays a critical role in defending plant hosts
against virus infections, well-adapted viruses have evolved to en-
code VSRs that obscure the action of RNA silencing. As a result,
most plant genes involved in antiviral silencing were identified
using debilitated viruses lacking silencing suppression capabilities
(9, 15, 25, 30, 31). Therefore, it remains to be resolved whether
RNA silencing plays a significant part in defending plants against
adapted, wild-type viruses. In the present study, we sought to clar-
ify this question by subjecting TCV-infected Arabidopsis plants to
two different growth conditions that differ only in temperatures
(18 versus 26°C). Although the growth pace of uninfected plants
were accelerated at 26°C compared to that at 18°C, both condi-
tions are within the range of ambient temperature that supports
healthy growth of Arabidopis, leading to the production of large
amounts of healthy seeds. To further control for the potential
variations in virus susceptibility caused by temperature-depen-
dent developmental differences, plants were transferred to the two
temperature environments only after virus inoculation. Further-
more, tissues were harvested early, at 4 and 7 dpi for IL and UL
analyses, respectively, thus helping to minimize the differences in
plant development. Admittedly, some general temperature-de-
pendent physiological effects are almost impossible to discount,
however, through targeted mutational analyses, we were able to
clearly demonstrate that the temperature-dependent phenotypes
of our infected plants were directly related to the plant antiviral
defense system and corresponding viral activities. In summary,
the results of our experiments maximally reflected the effect of
temperature on virus multiplication and plant antiviral defense.

The first notable observation is that TCV with an intact VSR
actually produced higher levels of viral RN As at 26°C than at 18°C,
suggesting that TCV RNA replication is stimulated by higher tem-
perature. This result was further corroborated by the fact that a
TCV mutant lacking VSR activity (CPC) also replicated to higher
levels at 26°C when the host RNA silencing machinery was dis-
rupted (in dcl2 dcl4 and dcl2 dcl3 dcl4 mutants). This conclusion
appears to contradict previous reports with other virus-host sys-
tems showing that virus symptoms were generally milder, and the
virus titer lower, at higher plant growth temperatures (24, 26).
This discrepancy could have been caused by the fact that VSRs
encoded by different viruses may interfere with the RNA silencing
pathway at different steps and exert different extents of suppres-
sion, allowing for a varying degree of RNA silencing activity in the
host plants. Indeed, our results also showed that the host RNA
silencing activity is likewise stimulated by higher temperatures,
thus adding another layer of complexity in accounting for the final
outcome (see below). Finally, other defense mechanisms may also
affect the disease progression and host health.

Although all infected plants initially displayed much more se-
vere symptoms at 26°C than at 18°C, wild-type plants were able to
recover and produce younger leaves with fewer symptoms, allow-
ing the plants to survive and bear seeds. In contrast, both dcl2
plants and ago2 and henl plants kept at 26°C died of TCV infec-
tion within 2 weeks of virus inoculation. These results demon-
strated for the first time that, although the role of RNA silencing in
countering TCV infection at optimal Arabidopsis growth condi-
tions (21 to 23°C) is difficult to discern, it becomes crucial for the
survival of the host plants under conditions that favors more rig-
orous virus multiplications. Although our results unambiguously
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implicated DCL2, AGO2, and HEN1 in this defense pathway, the
participation of other silencing factors cannot be ruled out, espe-
cially when the plants are attacked by other viruses, since TCV is
known to preferentially suppress the function of DCL4 and AGO1
(1,9,25).

We further revealed that the TCV mutants defective in silenc-
ing suppression (the CPB and CPC mutants) accumulated lower
levels of viral RNA at 26°C, thus supporting the notion that RNA
silencing activity is also stimulated by higher temperature. Impor-
tantly, we observed that in dcl/4 knockout mutants, the DCL2-
specific 22-nt vsRNAs of CPC origin were at higher levels at 26°C
despite of lower viral RNA levels. This result established that the
dicing activity of DCL2 is enhanced by higher temperatures. What
could account for this enhancement of DCL2 activity? It is prob-
ably not transcriptional since our extensive RT-PCR survey failed
to identify any RNA silencing pathway genes that transcribed de-
tectably more mRNA at higher temperature (X. Zhang and F. Qu,
data not shown). However, temperature could also influence the
translation of DCL2 proteins or the enzymatic activity of DCL2. In
addition, the various alternative splice-forms of DCL2 transcript
might also play a role in the temperature dependence of DCL2
(19).

Previous studies have implicated DCL2 in the production of
22-nt vsRNAs, but it seemed to play only a minor or transient role
in defending the plant hosts against various viruses (1,2, 9, 25, 32).
However, most of those observations were based on defective vi-
ruses with compromised silencing suppression capabilities. In
contrast, data presented in the present report revealed a unique
antiviral role of DCL2 under environmental conditions that per-
mit rigorous virus replication. This role of DCL2 is apparently not
shared by DCL4 or DCL3 since knocking out DCL2 alone was
enough to cause the death of TCV-infected plants. Similarly,
AGO?2 was recently found to confer antiviral defense to suppres-
sor-less mutants of Cucumber mosaic virus (30) and Tomato bushy
stunt virus (26), as well as to a nonadapted virus (Potato virus X in
Arabidopsis [18]). It has also been shown to act to transiently sup-
press TCV-induced symptoms in Arabidopsis grown under com-
monly used conditions (16). Our study further corroborates the
importance of AGO2 in antiviral defense since it is the sole AGO
required to maintain the viability of TCV-infected plants under
the temperature condition that allowed for rigorous viral replica-
tion.

It has been recently reported that DCL2 was the primary dicer
for a specific class of 22-nt endogenous (endo) siRNAs derived
from two endogenous inverted repeat loci (13). Although the ac-
cumulation levels of these endo-siRNAs were not examined here,
it is possible that some of these siRNAs may function to target
certain plant genes to regulate cellular responses to changing tem-
perature and virus susceptibility. Evaluation of the potential anti-
viral role of the endogenous siRNAs could reveal additional new
insights in the cross talk between endogenous and antiviral RNA
silencing pathways.

Interestingly, we were unable to implicate any of the RDR pro-
teins in this RNA silencing-based defense process. TCV inocula-
tions of all of single-, double-, or triple-knockout mutants of
RDRI1, RDR2, and RDR6 produced infection symptoms that were
indistinguishable from wild-type plants at both temperatures
(Zhang and Qu, unpublished). Viral RNA levels, as well as vsSRNA
levels, in these plants were likewise similar to those of wild-type
plants. Furthermore, inoculations with the CPB mutant (with
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partial silencing suppression activity) also failed to yield discern-
ible elevation of viral RNA levels in the rdr mutants. Finally, the
CPC mutant (no VSR activity) failed to move systemically in the
triple rdr knockouts, despite the fact that it was able to move
systemically in dcl2 dcl4 double knockouts (5; Zhang and Qu,
unpublished). Our findings are consistent with the study by Dal-
may et al. (8) showing that rdr6 mutant plants failed to become
more susceptible to TCV. Together these data suggest that unlike
Cucumber mosaic virus and Turnip mosaic virus (TuMV), siRNA
amplification through RDRs does not significantly contribute to
the silencing-based defense against TCV (15, 22, 30, 31). These
findings further suggest that viruses with different replication
strategies and intracellular accumulation levels may have been
subject to different coevolutionary adaptation with the RNA si-
lencing machinery of the host plants.

In conclusion, we propose that a surrogate RNA silencing
pathway comprised of at least DCL2, AGO2, and HEN1 functions
to partially attenuate the stress caused by rigorously replicating
TCV at higher temperature, thus preventing the death of infected
Arabidopsis plants. Due to the presence of the strong VSR encoded
by TCV, this defense process is unable to clear all viral RNAs from
the infected cells. Rather, it manages to achieve a modest compet-
itive advantage that allows for the completion of the reproductive
cycle of the plants. This advantage appears to be attributable to
increased DCL2 activity at higher temperature, although the ac-
tivities of AGO2 and HENT1 could also be upregulated by temper-
ature. Our observations establish yet another layer of arms race
between a virus pathogen and its plant host, highlighting the rel-
evance of maintaining an intermediate state that permits the sur-
vival of both organisms.
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