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Higher plants use RNA silencing as a defense mechanism against viral infections, but viruses may encode
suppressor proteins that counteract these defenses. Several virus-encoded suppressors also exert an
inhibitory effect on endogenous small RNA regulatory pathways. Here we characterized the Tobacco rattle
virus-encoded 16-kDa (TRV-16K) protein as a suppressor that blocked local RNA silencing induced by single
(s)- and double-stranded (ds) RNA, indicating that TRV-16K interfered with a step in the silencing pathway
downstream of dsRNA formation. The suppressor activity of TRV-16K was severely compromised bymoderate
to high dosages of dsRNA inducer. When silencing was locally triggered by ssRNA or low levels of dsRNA,
silencing suppression by TRV-16K was associated with reduced accumulation of silencing-related siRNAs.
TRV-16K also prevented partially cell-to-cell movement and systemic propagation of silencing but not
transitive amplification of RNA silencing. We showed that neither TRV nor TRV-16K caused a global
deregulation of the microRNA-regulatory pathway in Arabidopsis, suggesting that interference with microRNA
biology was not a prerequisite for TRV, and probably many other plant viruses, to develop systemic infections
in plants.

© 2008 Elsevier Inc. All rights reserved.
Keywords:
RNA silencing
Plant virus
Viral suppressor
Small RNA
MicroRNA
TRV-16K
Introduction

RNA silencing has essential regulatory functions in plants control-
ling development, stress-based responses and chromatin mainte-
nance (Baulcombe, 2004; Brodersen and Voinnet, 2006). RNA
silencing is initiated through RNase III DICER-like (DCL)-mediated
processing of RNA with double-stranded (ds) features into small RNA
duplexes of 21–24 nucleotides (nt) (Baulcombe, 2004). One strand of
the duplex is incorporated into different silencing effector complexes
to provide specificity for degradation of complementary RNA,
inhibition of RNA translation or chromatin rearrangement (Sonthei-
mer, 2005). Endogenous small RNAs are classified as microRNAs
(miRNA) or small interfering RNAs (siRNA) on the basis of their origin
and function. miRNAs are derived from processing of nuclear hairpin
RNA precursors and guide cleavage of cellular transcripts carrying
miRNA-target sequences (Fahlgren et al., 2007; Llave et al., 2002).
Plant siRNAs include several classes of small RNAs whose biogenesis
entail production of long, perfect dsRNA by means of host-encoded
RNA-dependent RNA polymerases (RDR) (Kasschau et al., 2007).

In plants, RNA silencing against cellular transcripts can be elicited
systemically in tissues other than those where the silencing response
was triggered (Voinnet, 2005b). Initiation of local RNA silencing is
frequently accompanied by a short-range, cell-to-cell trafficking of a
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siRNA signal over a limited number of cells. Long-range, cell-to-cell
signaling results from re-iterated short-range movement and requires
RDR6-mediated amplification through the synthesis of transitive,
secondary siRNAs (Himber et al., 2003; Vaistij et al., 2002). A silencing
signal, likely involving a nucleic acid, also enters the vascular system
and travels long distances in the plant (Hamilton et al., 2002).

RNA silencing represents a host antiviral defense mechanism that
efficiently restricts the extent of virus infections inplants (Dunoyer and
Voinnet, 2005). Plant viruses may trigger a silencing response through
DCL-mediated processing of genomic regions with highly base-paired
structure, dsRNA resulting from annealing of complementary regions
between viral RNAs of positive and negative polarities, and host RDR-
dependent virus-derived dsRNA (Molnar et al., 2005; Voinnet, 2005a).
The antiviral effect becomes systemic through the spreading of a
mobile silencing signal to distant organs in the plant either with or
ahead of the virus infection front (Voinnet et al., 2000). Most RNA and
DNA plant viruses, if not all, use virus-encoded proteins with silencing
suppressor activities to counteract this defense mechanism (Voinnet,
2005a). A striking particularity is that these proteins are structurally
heterogeneous and do not share any common sequence motifs. Their
mode of action is diverse (Voinnet, 2005a), although several
suppressor proteins belonging to distinct families of plant viruses are
known toprevent the formation of the RNA-induced silencing complex
(RISC) by sequestering siRNAs (Chellappan et al., 2005; Hemmes et al.,
2007; Lakatos et al., 2006; Merai et al., 2006; Zhou et al., 2006).
Interestingly, certain silencing suppressors also interfere with the
miRNA regulatory pathway by modulating the accumulation of

mailto:llucimarpri@cib.csic.es
mailto:ldonaire@cib.csic.es
mailto:danibr7@hotmail.com
mailto:cesarllave@cib.csic.es
http://dx.doi.org/10.1016/j.virol.2008.03.024
http://www.sciencedirect.com/science/journal/00426822


347L. Martínez-Priego et al. / Virology 376 (2008) 346–356
miRNAs and preventing or enhancing miRNA-guided cleavage of
endogenous transcripts (Chapman et al., 2004; Chellappan et al., 2005;
Chen et al., 2004; Dunoyer et al., 2004; Kasschau et al., 2003; Zhang et
al., 2006). Whether or not this interference is a deliberate strategy to
promote virus infections in a susceptible host is still a matter of
speculation.

Tobacco rattle virus (TRV) is a bipartite single-stranded, positive-
sense RNA plant virus and the type member of the genus Tobravirus
(MacFarlane, 1999). The genomic RNA1 encodes the 134- and 194-kDa
replicase proteins, the 29-kDa cell-to-cell movement protein and the
16-kDa protein. A previous report using Drosophila cell cultures sug-
gested that TRV-16K acts as a suppressor of RNA interference (Reavy
et al., 2004). The genomic RNA2usually contains the coat protein (CP), a
nematode-transmission factor 2b, and factor 2c, a protein of unknown
function. A characteristic of TRV is that RNA1 is capable of replicating
and spreading in host plants in the absence of RNA2. TRV infects awide
range of plant species, including the model plants Nicotiana benthami-
ana and Arabidopsis thaliana. The 134-, 29- and 16-kDa proteins are
herein referred to as TRV-134K, TRV-29K and TRV-16K, respectively.

In this paper, to gain insight into the relative impact of RNA silencing
on the final outcome of a plant–virus interaction, we dissected in planta
the silencing suppressor activities of the TRV-16K protein and assessed
the effects caused by TRV infection on miRNA-guided regulatory
pathways in Arabidopsis.
Fig. 1. Silencing suppressor activity of the TRV-16K protein in the Agrobacterium-mediated
terium cultures containing the following constructs as indicated: GFP, empty vector, TRV-16K,
used at OD600=0.2, and the remaining constructs at OD600=0.4 (A) or 0.2 (B). (A) GFP fluores
view of the injected zone on one of the infiltrated leaves, marked by an arrow, is shown belo
samples were collected formRNA and GFP-specific siRNA analysis. RNA blots were hybridized
indicated. RNA size markers of 21 and 24 nts are shown on the left side of each siRNA blot.
Results

TRV-16K functions as a suppressor of local RNA silencing

We used the Agrobacterium-mediated transient assay in N.
benthamiana and a green fluorescent protein (GFP) reporter gene
(Johansen and Carrington, 2001) to identify the TRV-16K protein as a
suppressor of RNA silencing in plants. When leaves were infiltrated
with amixture of cultures carrying a single-stranded (ss) GFP construct
(OD600=0.2) plus empty vector (OD600=0.4), GFP fluorescence reached
the highest levels in the agroinjected zone 2–3 days post-infiltration
(dpi), and then decreased to almost disappear at ∼6 dpi due to RNA
silencing inducedupon transient expression ofGFP (Fig.1A). In contrast,
leaves agroinjectedwith a GFP plus infectious, fullymobile TRV virus or
leaves coinjected with cultures containing GFP plus TRV-16K
(OD600=0.4) showed a marked increased in green fluorescence in the
infiltrated area at 3 dpi, and remained at a high level by 6 dpi (Fig. 1A).
Neither TRV-29K nor TRV-134K caused any effects on GFP fluorescence,
and the fluorescence disappeared at 6 dpi (Fig. 1A).

Northern blot analysis revealed that in tissue coinjected with GFP
plus empty vector (Agrobacterium suspensions were used at a final
OD600 of 0.4, with each construct at OD600=0.2), GFPmRNA reached its
highest expression at 2 dpi then sharply decreased to very low levels
from 4 dpi onward (Fig. 1B). However, the GFP mRNA reached higher
transient assay. N. benthamiana leaves were infiltrated with combinations of Agrobac-
TRV-29K, TRV-134K, TEV-HCPro as well as infectious TRV. GFP-containing cultures were
cence was monitored under UV light at 3 and 6 days post-infiltration (dpi). A magnified
w each picture. The same infiltrated spot is shown at 3 and 6 dpi. (B) At the dpi shown,
with radiolabeled probes corresponding to GFP, TRV-16K or TEV-HCPro coding region as
Ethidium bromide-stained RNA (prior to transfer) is shown as loading control.
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levels of expression at 2 dpi and remained at a high level through 7 dpi
in the presence of TRV-16K (Fig. 1B). Together, our results firmly
suggested that TRV-16K was a potent suppressor of local silencing
initiated by transient expression of ssRNA. Moreover, the TRV-16Kwas
as effective as the HCPro suppressor protein of Tobacco etch virus (TEV-
HCPro), amember of the potyvirus, in suppressing RNA silencing under
these experimental conditions, as judged by the levels of GFP
fluorescence and GFP mRNA in the infiltrated tissue (Figs. 1A and B).
The steady-state levels of mRNAs of GFP, TRV-16K and TEV-HCPro
decreased gradually over time, which presumably reflected age-based
effects on the transcriptional activity of recipient cells (Fig. 1B).
Fig. 2. TRV-16K counteracts local RNA silencing triggered by low levels of dsRNA indu
N. benthamiana transient assay in the presence of decreasing concentrations (OD600) of dsGF
16K or TEV-HCPro (Final OD600=0.5; each construct at OD600=0.2) plus dsGFP as indicated.
(A), confocal microscopy (B), and RNA blot analysis using a GFP-specific radiolabeled pro
fluorescence (A, B). Excitation laser lines at 488 and 633 nmused for confocal imaging are indic
indicated (level in tissue coinjected with GFP plus empty vector was arbitrarily designated as
We next examined the formation of GFP-derived siRNAs as a
hallmark of RNA silencing. RNA blot assays showed that silencing of
the GFP mRNA in tissue agroinfiltrated with GFP plus empty vector
correlatedwith increasing levels of GFP-specific siRNAs of 21 and 24 nts
that were especially abundant at 7 dpi (Fig. 1B). In contrast, accumula-
tion of siRNAs with homology to the GFP sequence was significantly
reduced in the presence of TRV-16K suppressor and, to a much higher
extent, in tissue coinjected with TEV-HCPro protein (Fig. 1B). Longer
exposures of the X-ray filmswere required to detect increasing amounts
of GFP siRNAs overtime in the presence of TRV-16Kor TEV-HCPro. These
results indicated that the suppressor activity of TRV-16K ultimately
cer. Silencing suppressor activity of TRV-16K or TEV-HCPro was assessed using the
P. Leaves were agroinjected with mixed cultures containing GFP and empty vector, TRV-
GFP expression in the infiltrated tissue was monitored at 3 dpi under UV illumination
be (C). The red background in the plant tissue under UV light is due to chlorophyll
ated. Scale bar: 150 μm (B). The relativemRNA accumulation (RA) levels for each sample is
1.0). Ethidium bromide-stained RNA (prior to transfer) is shown as loading control (C).



Fig. 3. TRV-16K blocked accumulation of siRNAs derived from low amounts of dsRNA
inducer. N. benthamiana plants were agroinoculated with dsGFP-carrying cultures at
different concentrations (OD600) in the presence of empty vector, TRV-16K or TEV-
HCPro (OD600=0.2). RNA samples were collected at 2 dpi and analyzed by RNA blot
using a GFP-specific radiolabeled probe. The relative siRNA accumulation (RA) levels for
each set of samples is indicated (level in samples from tissue coinjectedwith GFP, empty
vector and dsGFP at each concentration was arbitrarily designated as 1.0). Ethidium
bromide-stained RNA (prior to transfer) is shown as loading control.
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reduced, but not abolished, the accumulation of RNA silencing-
associated siRNAs produced by a weak silencing inducer in the
agroinoculated tissue.

TRV-16K suppresses RNA silencing triggered by low levels of dsRNA
inducer in the agroinjection assay

RNAs containing extensively base-paired hairpin structures such as
those originating from inverted-repeat transcripts are considered
strong inducers of RNA silencing since they produce high levels of
functional siRNAs (Johansen and Carrington, 2001). To determine the
ability of TRV-16K to interfere with GFP silencing initiated by a dsGFP
inducer, we carried out experiments in N. benthamiana leaves in
which cultures containing GFP and dsGFP were coinfiltrated with
empty vector, TRV-16K or TEV-HCPro (Final OD600=0.5; each
construct at OD600=0.2, except for dsGFP). When dsGFP-containing
Agrobacterium was used at OD600 of 0.1, visual inspection at 3 dpi
under UV light revealed that green fluorescence practically disap-
peared in tissue coinfiltrated with GFP, dsGFP and empty vector, and
remained undetectable in tissue expressing TRV-16K (Fig. 2A). In
contrast, TEV-HCPro was able to partially inhibit GFP silencing under
these experimental conditions (Fig. 2A). This preliminary result
suggested either that TRV-16K could not block local silencing
triggered by a strong dsGFP inducer, or that the capability of TRV-
16K to inhibit GFP silencing induced by dsGFP could be largely
influenced by the concentration of the inducer. To test these two
possibilities, we infiltrated constant amounts of Agrobacterium
carrying GFP reporter plus empty vector, TRV-16K or TEV-HCPro in
the presence of decreasing amounts of dsGFP. Interestingly, GFP
fluorescence under a UV light source was visibly restored in tissue
expressing TRV-16K, but not empty vector, when dsGFPwas used at an
OD600 below 0.05 and gradually became more intense as dsGFP
amounts decreased (Fig. 2A). This result indicated that TRV-16K was
capable of blocking silencing triggered by low doses of dsRNA.

Wenext used confocalmicroscopy tomonitor greenfluorescence in
the agroinjected tissue. When N. benthamiana leaves were infiltrated
with cultures containing GFP, we observed that virtually all cells
expressed the GFP reporter protein and that fluorescence was more
intense in the presence of TRV-16K or TEV-HCPro (Fig. 2B). Confocal
images demonstrated that transient expression of GFP was totally
abolished when the GFP construct was coinjected with dsGFP at
concentrations (OD600) of 0.1 and 0.05, and was reduced when dsGFP-
containing cultures were used at OD600 of 0.01 (Fig. 2B). However,
coexpression of GFP and TRV-16K in the presence of dsGFP culture
concentrations of OD600=0.1 and 0.05 (at which induction of silencing
was complete) led to partial restitution of GFP fluorescence in the
injected tissue as a result of partial suppression of silencing byTRV-16K
(Fig. 2B).

As further confirmation, we carried out RNA blot analysis to
monitor the accumulation of GFP transcripts upon dsRNA-mediated
induction of GFP silencing in the agroinjected tissue. Hybridization
signals were quantitated, and relative accumulation levels were
calculated for each sample. When cultures containing GFP were
coinfiltrated with dsGFP at concentrations corresponding to OD600 of
0.1 to 0.01, the GFP mRNA in the agroinjected patches accumulated to
less than 2% of normal levels, and approximately 7% of normal levels in
the presence of dsGFP at OD600 of 0.005 (Fig. 2C). These results
demonstrated that dsRNA levels as lowasOD600 of 0.005were sufficient
to trigger an efficient local silencing response that targets complemen-
tary mRNA for degradation. In contrast, GFP mRNA levels were
enhanced in tissue expressing TRV-16K, although the outcome of
suppression was influenced by the amount of dsGFP inducer. When
Agrobacteria containing GFP and dsGFP constructs were coinfiltrated
with TRV-16K, GFP transcripts remained at very low levels when dsGFP
was used at OD600 of 0.1 (Fig. 2C). However, GFP mRNA levels were
partially restored by TRV-16K by nearly 10% when dsRNA was injected
at an OD600 of 0.05, which means that GFP mRNA was ∼5-fold more
abundant in the presence than in the absence of TRV-16K (Fig. 2C). At
dsGFP concentrations of OD600 of 0.01, the GFPmRNAwas 40-foldmore
abundant in tissue coinfiltrated with GFP, dsGFP and TRV-16K than in
tissue receiving GFP, dsGFP and empty vector (Fig. 2C). Although
induction of local GFP silencing was not complete with a dsGFP
concentration of OD600=0.005, GFP mRNA levels were drastically
decreased bymore than an order ofmagnitude in tissue expressingGFP,
empty vector and dsGFP at this concentration (Fig. 2C). By contrast, GFP
mRNAaccumulated to levels approximately 90-foldhigher in this tissue
if TRV-16K was present (Fig. 2C). Taken together, these results clearly
demonstrated that the TRV-16K protein suppressed silencing triggered
by an inverted-repeat construct although the efficacy of suppression
was compromised by the amounts of dsRNA, and suggested that TRV-
16K disrupted a cellular function downstream of dsRNA formation. In
summary, TRV-16K behaved as a weak suppressor that blocked
initiation of silencing at very low levels of inducer compared to the
well-characterized HCPro.

Effect of TRV-16K on accumulation of siRNAs derived from a dsRNA
inducer of silencing

To test the effect of TRV-16K on processing of dsRNA substrates and
accumulation of dsRNA-derived siRNAs, we used the agroinfiltration
assay to coinjectN. benthamiana plantswithmixed cultures containing
empty vector or TRV-16K (OD600=0.2) plus dsGFP at different
concentrations. TEV-HCPro was used as a control. RNA blot assay of
siRNAs demonstrated that dsGFP was efficiently digested into GFP-
specific siRNAs of 21 and 24 nts in the agroinjected tissue regardless of
the presence of either silencing suppressor (Fig. 3). However, when
dsRNA substrate was used at OD600 of 0.005, GFP-specific siRNAs were
reduced by nearly 90% in the presence of TRV-16K or TEV-HCPro. This
reductionwas approximately of 30% and 80% in tissue expressing TRV-
16K and TEV-HCPro, respectively, at dsGFP concentrations of
OD600=0.01 (Fig. 3). At higher dsRNA concentrations, the effect of
TRV-16K on siRNA accumulation was not noted (Fig. 3). These results
confirmed our previous observation that TRV-16K reduced the amount
of silencing-associated siRNAs generated from low levels of inducer in
the agroinjected tissue and suggested that TRV-16K may target a step
that is required for siRNAs to accumulate in the silencing pathway.

TRV-16K inhibits local silencing and partially prevents cell-to-cell and
long-distance movement of silencing in GFP-transgenic N. benthamiana

We sought to determine whether TRV-16K was also able to
interfere with local as well as cell-to-cell and systemic silencing of a
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constitutive GFP transgene. Tissue from GFP-expressing transgenic
N. benthamiana plants (line 16c) was injected with Agrobacteria con-
taining GFP (OD600=0.5) or dsGFP (OD600=0.05) as an elicitor of
transgene silencing plus TRV-16K (OD600=0.5). Empty vector or TRV-
29K was used as negative control. Leaves infiltrated with the exog-
enous GFP construct plus either control resulted in bright fluorescence
at 2 dpi but then started to decrease by ∼7 dpi, reflecting induction of
a silencing response that targeted both the GFP transgene and the
agroinjected GFP construct (data not shown and Fig. 4A). By contrast,
enhanced green fluorescence was observed at ∼7 dpi in transgenic
tissue receiving both GFP and TRV-16K simultaneously (Fig. 4A). In
GFP-transgenic leaves injected with cultures carrying a dsGFP as a
silencing inducer, green fluorescence of the GFP transgene gradually
decayed in control tissues but remained close to background levels
until ∼11 dpi if TRV-16K was present (Fig. 4B).

Northern blot assay revealed that accumulation of transgenic GFP
mRNA was reduced by nearly 80% after induction of silencing by
Agrobacterium at OD600=0.05 containing an inverted-repeat construct
corresponding to the 5′ half of the GFP transgene (dsGF) (Fig. 4C). This
reduction was approximately two orders of magnitude after 7 dpi.
However, GFP mRNA levels were reduced by only 50% at 2 dpi in the
tissue receiving dsGF and TRV-16K simultaneously, indicating that
TRV-16Kwas able to prevent partially siRNA-guided destruction of the
transgenic GFPmRNA. This suppressor effectwas however less evident
at 7 dpi (Fig. 4C). To our surprise, local suppression of transgene
silencing by TRV-16K in N. benthamiana 16c was also noted, but to a
lesser extent, when cultures carrying a dsGF construct were used at
OD600=0.5 (Fig. 4C). This result apparently conflictedwith the failure of
TRV-16K to suppress local silencing of a transiently-expressed GFP
construct triggered byhigh doses of dsRNA. A possible explanationwas
in that the outcome of induction of silencing and suppression by viral
proteins between a constitutively-expressed GFP transgene and a GFP
construct that is transiently delivered in the agroinjected tissue may
not be necessarily the same. In agreement with our previous results,
suppression of silencingwas associatedwith a substantial reduction of
the level of GFP-derived siRNA in patches coinfiltrated with dsGF plus
TRV-16K constructs at 5 and 7 dpi (Fig. 4C). Together these results
confirmed that TRV-16K behaved as a competent suppressor of local
silencing initiated by transient expression of ssRNA but as a weak
suppressor when silencing was triggered by dsRNA.

The GFP-transgenic line 16c system provides a valuable tool to
investigate the effect of silencing suppressors on short-range as well
as long-distance movement of the mobile signal that spreads a
silencing response against homologous sequences in upper leaves
(Himber et al., 2003; Voinnet et al., 1998). After induction of GFP
silencing in this system, short-range, cell-to-cell movement of the
signal is evidenced by a narrow layer of red fluorescence around the
infiltrated area which reflects the silencing of the transgenic GFP
transcripts (Himber et al., 2003). When N. benthamiana 16c plants
were injected with Agrobacterium containing either GFP (OD600=0.5)
or dsGFP (OD600=0.05) as a trigger of RNA silencing plus empty vector
or TRV-29K (OD600=0.5), the appearance of the thin red border of GFP-
silenced cells was evident at ∼6–7 dpi and became more intense at
∼15 dpi in all patches analyzed (Figs. 4A and B). In contrast, TRV-16K
expression (OD600=0.5) caused a delay in short-range movement of
GFP silencing as evidenced by the lack of the red border around the
infiltrated zone at 7 to 11 dpi (Figs. 4A and B). However, the silenced
ring of cells became visible at ∼15 dpi in the tissue agroinjected with
TRV-16K plus GFP or dsGFP when green fluorescence in the patch also
declined to, or below, background levels (Figs. 4A and B). These
observations suggested that the appearance of the red border of
silenced cells coincided with a diminished suppressor activity of local
silencing by TRV-16K at this time point. These results were
reproducibly found in all patches analyzed: twelve leaf-patches
from six independent replicates per each construct combination and
time point tested.
We next investigated whether TRV-16K interfered with the
establishment of systemic silencing of the GFP transgene. Agroinocu-
lation of an inverted-repeat dsGFP construct (OD600=0.5) in GFP-
transgenic tissue led to a gradual disappearance of fluorescence in
upper non-infiltrated leaves as a result of local induction of GFP
silencing presumably followed by long-distance movement of a
systemic signal within the vascular tissue (data not shown). While
at ∼7 dpi, the upper leaves of 85% of the transgenic plants coinjected
with dsGFP plus empty vector showed systemic silencing of the GFP
transgene, only 45% and 0% of the plants coinjected with dsGFP plus
TRV-16K and TEV-HCPro (each construct at OD600=0.5), respectively,
displayed partial disappearance of green fluorescence (Fig. 4D). These
results suggested that TRV-16K prevented, at least partially, the
mobile signal of silencing to move over long distances in the plant
shortly after agroinjection, although less efficiently than TEV-HCPro.
However, at later times after agroinoculation gradual GFP silencing
was observed on most of the plants regardless of the expression of
silencing suppressors (Fig. 4D).

Maintenance and extensive movement of RNA silencing is strongly
linked to RDR6-dependent spreading of RNA targeting, also known as
transitivity, which involves generation of secondary siRNAs located
outside the primary targeted regions of a transcript (Himber et al.,
2003; Vaistij et al., 2002; Voinnet et al., 1998). We examined whether
spreading of RNA silencing of the GFP transgene was affected by TRV-
16K. GFP-expressing transgenic 16c plants were agroinjected with
cultures containing a dsGF construct (OD600=0.05), and siRNA produc-
tionwas analyzed by RNA blot assay. Using normalized probes for total
radioactivity, 21 and 24 nt siRNA species that hybridized to probes
corresponding to the 5′ (GF) or 3′ (P) region of the GFP transgene were
detected in tissue coinjected with dsGF plus empty vector or TRV-16K
(Fig. 4C). As expected, siRNAs derived from the P region of the GFP
transcripts were less abundant and longer exposures of the X-ray film
were required for detection. We concluded that TRV-16K had no
noticeable effect on the transitive amplification of RNA silencing by
means of the formation of secondary siRNAs since siRNAs correspond-
ing to the P region outside the primary targeted GF region of the GFP
transcripts were formed irrespective of the silencing suppressor.

TRV infection does not cause a global interferencewith themiRNApathway

Given that interference with the miRNA pathway is a property of
several unrelated virus-encoded silencing suppressors, we examined
the effect of TRV infection on accumulation and activity of a subset of
Arabidopsis miRNAs. Plants were infected with TRV and the upper,
systemically infected tissue was analyzed. Infection was confirmed by
RT-PCR using TRV-specific primers. TRV-derived siRNAswere detected
by RNA blot analysis of duplicate samples (two independent
replicates) from virus-infected Arabidopsis, but not in samples from
mock-inoculated plants (Fig. 5A). Small RNA blot assays revealed that
most of the miRNAs tested accumulated to comparable levels in TRV-
infected and mock-inoculated control plants (Fig. 5A). However, some
of the miRNA tested showed accumulation profiles that were altered
in at least one of the two samples analyzed from TRV-infected plants
with respect to those observed in samples from mock-inoculated
plants. For instance, miR169 levels were reduced by approximately 40
to 60% in the two samples analyzed from plants infected with TRV,
miR398 was enhanced by up to 80% in TRV-infected tissue, while
miR172 showed reduced levels in only one of the samples from TRV-
infected Arabidopsis (Fig. 5A). Although these observations may reflect
natural variation between independent samples rather than specific
responses to virus infection, we cannot exclude the possibility that
TRV specifically alters the biogenesis of certain miRNA species.

We also checked accumulation of passenger miRNA⁎ strands,
which arise from the opposite foldback arm of the miRNA precursor
during DCL1-mediated processing (Jones-Rhoades et al., 2006).
miRNA⁎ intermediates are normally below the detection limit of



Fig. 4. Effect of TRV-16K on local silencing of a GFP transgene, short- and long-distance propagation of GFP silencing and transitive amplification of GFP silencing. (A, B) GFP-
expressing N. benthamiana transgenic plants (line 16c) were agroinfiltrated with mixed cultures containing GFP (OD600=0.5) (A) or dsGFP (OD600=0.05) (B), as inducers of GFP
silencing, plus empty vector or TRV-16K (OD600=0.5). TRV-29K and TEV-HCProwere used as controls. GFP fluorescencewasmonitored under UV light at 7,11 and 15 dpi. A closer view
of the outer border of infiltrated cells (indicated by an arrow) is shown at 7 dpi. (C) RNA blot analysis of transgenic GFPmRNA and GFP-related siRNAs from 16c plants coinjected with
a dsGF construct (OD600=0.05 or 0.5) plus empty vector or TRV-16K (OD600=0.5). RNAwas isolated at 2, 5 and 7 dpi and analyzed using radiolabeled probes corresponding to the GFP
coding sequence (for mRNA analysis) or to the GF or P region of GFP for siRNA analysis. The relative RNA accumulation (RA) level for each set of samples is indicated (for mRNA
analysis, level in tissue infiltrated with empty vector, or with empty vector plus dsGF at 2 dpi for siRNA analysis was arbitrarily designated as 1 in each set). RNA size markers are
indicated. Ethidium bromide-stained RNA (prior to transfer) is shown as loading control. (D) Effect of TRV-16K on systemic silencing of a GFP transgene. 16c plants were agroinjected
with cultures containing dsGFP (OD600=0.5) plus empty vector, TRV-16K or TEV-HCPro (OD600=0.5). Green fluorescence in upper non-infiltrated leaves was recorded from 3 to 22 dpi
using a UV light source.
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small RNA blots in wild-type plants presumably because they are
excluded from the RISC complex and are rapidly degraded (Khvorova
et al., 2003; Schwarz et al., 2003). However, miRNA⁎s accumulate to
high levels in transgenic plants expressing several viral silencing
suppressors, suggesting that these suppressors interferewith unwind-
ing of miRNA/miRNA⁎ duplexes (Chapman et al., 2004; Dunoyer et al.,
2004). In our study, all miRNA⁎ strands tested could not be detected
using specific radiolabeled probes in both mock-inoculated and TRV-
infected Arabidopsis plants, except for miR172⁎ that accumulated to
similar detectable levels in both cases (Fig. 5B).
To test the hypothesis that TRV infection and TRV-16K silencing
suppressor interfere with miRNA-directed regulatory processes, their
effects on miR171-guided endonucleolytic cleavage of a Scarecrow-like
(SCL6-IV; At2g45160) mRNA target was determined using the
agroinjection assay in N. benthamiana (Llave et al., 2002). Coexpres-
sion of the SCL6-IV and miR171 constructs resulted in low accumula-
tion of full-length mRNA [(a) form] along with a shorter 3′ RNA
cleavage product [(b) form] owing to miR171-directed processing of
the full-length mRNA (Llave et al., 2002). Expression of the SCL6-IV
construct alone resulted in accumulation of predominantly full-length



Fig. 5. Accumulation profile of Arabidopsis miRNAs in TRV-infected plants. Low molecular weight RNA preparations from duplicate samples of mock-inoculated and TRV-infected
Arabidopsis plants were analyzed by RNA blot assay using oligonucleotide probes complementary to each miRNA sequence (A) and its corresponding miRNA star (⁎) strand (B).
Ethidium bromide-stained RNA (prior to transfer) is shown as loading control. Numbers below each panel refer to accumulation levels (RA) relative to the sample with the highest
hybridization signal from mock-inoculated plants (arbitrarily designated as 1). Blots were hybridized with a radiolabeled probe corresponding to the TRV sequence to detect TRV-
specific siRNAs as a confirmation of TRV infection.
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mRNA [(a) form], although a low proportion of cleavage product [(b)
form] accumulated due to the activity of endogenous miR171 in N.
benthamiana leaves (Fig. 6A). We found that processing of SCL6-IV
mRNA was not impaired in tissues expressing TRV-16K or fully
infectious TRV (Fig. 6A). As in virus-infected plants, miR171 accumu-
lated to the same levels in the injected tissue in the presence or
absence of TRV infection or TRV-16K (Fig. 6A). Similarly, RNA blot
analysis showed that miR171-guided cleavage of SCL6-IV mRNA was
not perturbed by TRV in inflorescence tissue from virus-infected Ar-
abidopsis plants (data not shown). Moreover, we carried out a target
cleavage analysis using RNA ligase-mediated 5′ RACE to detect
miRNA-guided cleavage products of endogenous target mRNAs
(Kasschau et al., 2003; Llave et al., 2002). Using gene-specific primers,
a major PCR product matching the predicted size of a miRNA-directed
cleavage event was detected for SCL6-IV or ARF10 (At2g28350; a target
of miR160) in both mock-inoculated and TRV-infected plants (Fig. 6B).



Fig. 6. Effect of TRV infection and TRV-16K on miRNA-guided cleavage of endogenous mRNA targets. (A) Constructs containing themiR171 (OD600=0.6) and the SCL6-IV (OD600=0.2)
coding sequences were coagroinjected inN. benthamiana leaves along with empty vector, TRV-16K (OD600=0.2) or infectious TRV as indicated. RNA blots of normalized RNA extracted
3 dpi were hybridized with radiolabeled probes corresponding to the 3′ end region of the SCL6-IV coding sequence (top panel) andmiR171 (bottom panel). Ethidium bromide-stained
RNA (prior to transfer) is shown as loading control. NI, non-infiltrated tissue. (B) miRNA-guided cleavage of endogenous transcripts. Ethidium bromide-stained agarose gel showing
the 5′ RACE products for miRNA-sensitive ARF10 and SCL6-IV targets. CLV is not a miRNA target as was used as a negative control. I, inflorescence; R, rosette leaves. DNA size markers
are shown. (C) Relative expression levels, normalized to CBP20 and β-tubulin, of three miRNA targets (SCL6-IV, HAP2A and CSD2) using real-time RT-PCR in mock-inoculated (−) and
TRV-infected (+) Arabidopsis. Quantitative analysis was conducted by relative quantification method modified from the original concept of 2−ΔΔCt methods (Biorad IQ5 software
Standard edition version 2.0). ⁎ indicates significant differences at Pb0.01. hisH4 is not a miRNA target and was used as a control. (D) General vegetative effects of TRV infection
in Arabidopsis.
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A consequence of virus-mediated interference with miRNA
function is ectopic expression of mRNAs that are normally negatively
regulated bymiRNA-guided endonucleolytic cleavage (Kasschau et al.,
2003). To assess the global impact of TRV infection on miRNA activity,
we used reverse transcription coupled to real-time quantitative PCR
(qRT-PCR) to compare the levels of several miRNA-sensitive target
mRNAs produced in mock-inoculated and TRV-infected Arabidopsis.
Infection of plant tissue was confirmed by RT-PCR using TRV-specific
primers. SCL6-IV, HAP2A and CSD2, which are regulated by miR171,
miR169 and miR398, respectively, were selected for analysis of their
transcript expression levels because they are targeted by miRNAs
whose accumulation profiles either differed (miR169 and miR398) or
were similar (miR171) between mock-inoculated and TRV-infected
plants (Fig. 5A). PCR primer pairs were amplified near the 5′ end of the
selected coding sequence to avoid amplification of stable 3′ end
products resulting from miRNA cleavage. SCL6-IV, HAP2A and hisH4
(which is predicted to be unaffected by miRNAs and was used as a
control) mRNAs were present at equivalent levels in mock-inoculated
and TRV-infected plants (F1,4b7.11, PN0.05) (Fig. 6C). By contrast, CSD2
mRNA was significantly more abundant in TRV-infected compared to
mock-inoculated Arabidopsis (F1,4=20.59, Pb0.01) although these
differences corresponded to less than 0.27 quantitative real-time
PCR cycles (Fig. 6C). These data indicated that the accumulation levels
of SCL6-IV, HAP2A, hisH4 mRNAs were essentially the same in the
presence or absence of TRV infection, whereas the CSD2 mRNA was
slightly enhanced in TRV-infected tissue. However, this gene was not
regarded as differentially expressed at p-value b0.05 in inflorescence
or rosette leaf tissue from TRV-infected Arabidopsis using the complete
Arabidopsis transcriptome microarray (CATMA) (del Toro and Llave,
unpublished data).

Taken together, our data suggested that systemic TRV infection in
Arabidopsis did not provoke global changes in miRNA accumulation
and miRNA-directed gene control. Consistent with this finding, TRV-
infected Arabidopsis plants did not show developmental abnormalities
(Fig. 6D) such as those associated with loss-of-function Arabidopsis
dcl1 or ago1 mutants, or transgenic-expression of certain viral
suppressors that interfere widely with miRNA pathways (Chapman
et al., 2004; Dunoyer et al., 2004; Kasschau et al., 2003).

Discussion

Here we present evidence that TRV-16K functions as a suppressor
of RNA silencing by inhibiting initiation and spreading of silencing
promoted by either ssRNA or dsRNA in N. benthamiana. We found that
the ability of TRV-16K to suppress local RNA silencing was severely
compromised bymoderate to high levels of dsRNA. Although TRV-16K
displayed little suppressor activity at dsRNA-culture concentrations
(OD600) of 0.1 and 0.05, dsRNA levels derived from Agrobacterium
suspensions at OD600 of 0.01 represented the optimum at which TRV-
16K blocked dsRNA-induced local silencing in the transient assay. It is
worth noting however that silencing of the GFP construct triggered by
dsGFP cultures at OD600=0.01 was not complete, as evidenced by
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traces of green fluorescence and GFP mRNA observed by confocal
imaging and RNA blot, respectively, in the injected tissue. Therefore,
TRV-16K probably acted at the borderline of silencing induction, as
opposed to TEV-HCPro which behaved as a strong suppressor of
silencing induced by doses of dsRNA corresponding to OD600=0.1. We
concluded that TRV-16K is a relatively weak suppressor that
effectively suppresses RNA silencing in the presence of low levels of
dsRNA inducer. However, as dsRNA inducer accumulates, the
suppressing activity of TRV-16K is overcome. TRV-16K notably
reduced the accumulation of RNA silencing-associated siRNAs in the
injected tissue. At low levels of dsRNA inducer, TRV-16K was able to
cause a remarkable reduction of nearly 90% of silencing-associated
siRNAs in the infiltrated leaf, whereas the reduction in siRNA levels
was far less evident as dsRNA concentrations increased. Therefore, our
data suggested that the suppressor activity of TRV-16K was strongly
linked to the reduced accumulation of siRNAs in the injected tissue.
We concluded that TRV-16K counteracts RNA silencing at a step
downstream of dsRNA formation that ultimately reduced accumula-
tion of siRNAs.Whether this effect occurs downstream, or at a point of,
production of siRNAs remains to be tested.

We showed that TRV-16K was competent to inhibit, at least in part,
short- and long-distance propagation of silencing in GFP-transgenic N.
benthamiana. TRV-16K blocked partly systemic spreading of transgene
silencing initiated by dsRNA concentrations (OD600) as high as 0.5, at
which this viral protein did not display suppressor activity of local
silencing in the transient assay, and little activity in the transgenic
assay. This finding suggested that TRV-16K may target specific
components of the signaling pathway that are not shared by the
initiation and/or maintenance pathways. There are several possible
non-excluding scenarios for TRV-16K to interfere with the signaling
pathway of RNA silencing. First, TRV-16K might restrict the formation
of the mobile signal, resulting in limited accumulation of signal
molecules in the injected area. This idea is in agreement with the
notion that 21-nt siRNA species are the RNA component of the cell-to-
cell silencing signal (Dunoyer et al., 2005; Himber et al., 2003). We
found that little silencing-associated, GFP-specific siRNAs accumulated
in tissue expressing TRV-16K in the agroinjection assay, thus suggest-
ing that a threshold of siRNA signal might be required for efficient cell-
to-cell movement. Second, TRV-16K may specifically prevent move-
ment of the short- and/or long-distance silencing signals either by
interferingwith signal loading into functionalmovement complexes or
by blocking signal propagation through the plasmodesmata and
phloem. Third, TRV-16K might interfere with the formation or activity
of other essential cellular components and accessory factors of the RNA
silencing pathway required for efficient signaling of silencing. Another
important issue is that the suppressor effects of TRV-16Kon cell-to-cell
and systemic movement of silencing faded away long after agroinjec-
tion (i.e., at 15 dpi) when the ability of TRV-16K to suppress local
silencing in our experimental system declined. A likely explanation is
that formation and/or spreading of the silencing signals begin to occur
at functional levels once TRV-16K or TEV-HCPro suppression of
silencing in the injected tissue breaks down.

The suppressor activity of TRV-16K using the Agroinfiltration assay
partially resembles that of the well-characterized HCPro suppressor
encoded by potyviruses. Recent studies demonstrate that HCPro as
well as some other unrelated viral proteins prevent assembly of the
effector RISC complex through sequestration of small RNA duplexes
(Chapman et al., 2004; Chellappan et al., 2005; Dunoyer et al., 2004;
Lakatos et al., 2006). Preliminary results in our laboratory using a
coimmunoprecipitation assay with anti-HA monoclonal antibody
showed that TRV-16K was unable to bind in planta both dsRNA-
derived siRNAs and miRNAs (data not shown) suggesting a novel
mechanism of suppression. Other suppression mechanisms including
inhibition of one or more DCL activities (Deleris et al., 2006; Qu et al.,
2003; Takeda et al., 2005), suppression of AGO1 slicer activity (Zhang
et al., 2006), F-box motif-mediated interaction with essential compo-
nents of the RNA silencing machinery (Pazhouhandeh et al., 2006),
suppression of systemic signaling (Guo and Ding, 2002; Voinnet et al.,
2000), recruitment of cellular inhibitors of RNA silencing (Ananda-
lakshmi et al., 2000), andmodifications of the host transcriptome (Van
Wezel et al., 2003) have been reported for a variety of plant viruses. It
will be interesting to carry out additional experiments involving
interaction with cellular factors in the RNA silencing pathway and
binding to several classes of RNA molecules to elucidate the precise
mode of action of the TRV-16K suppressor protein.

A remarkable difference between the potyvirus HCPro and the
TRV-16K protein is their ability to interfere with endogenous small
RNA-guided regulatory pathways. HCPro and other silencing sup-
pressors are known to exert an inhibitory effect onmiRNAmetabolism
likely by sequestering miRNAs in a similar manner as they bind
silencing-associated siRNAs (Chapman et al., 2004; Chellappan et al.,
2005; Dunoyer et al., 2004; Kasschau et al., 2003; Lakatos et al., 2006).
In this paper, we have provided several lines of evidence to show that
the Arabidopsis miRNA pathway was not globally affected by TRV
infection or TRV-16K. Most of the miRNAs tested in this study
accumulated to similar levels in mock-inoculated and TRV-infected
tissue, although the accumulation profile of several miRNAs suggested
that the TRV-infectious process might impact directly or indirectly on
the formation of certain miRNAs species. Unlike the scenario
described for other plant viruses and silencing suppressors where
miRNA-target genes are ectopically expressed in the infected tissue
(Chapman et al., 2004; Chellappan et al., 2005; Dunoyer et al., 2004;
Kasschau et al., 2003; Zhang et al., 2006), our data suggested that TRV
did not interfere substantially with miRNA-guided regulatory pro-
cesses. Indeed, the transcript levels of several genes sensitive to
miRNA-mediated regulation were not significantly increased or
decreased in TRV-infected Arabidopsis compared to mock-inoculated
plants. However, CSD2 mRNA was found to be slightly enhanced in
TRV-infected plants using qRT-PCR. The differential expression of this
gene might be likely attributed to transcriptional changes occurring in
response to TRV infection, rather than to specific virus-mediated
interference on miR398 activity. The idea that TRV did not alter
miRNA-guided processes in Arabidopsis was further supported by the
lack of severe disease symptoms and developmental defects in plants
infected with TRV. Developmental anomalies reminiscent of those
observed in loss-of-function Arabidopsis dcl1 or ago1 mutants alleles
are frequently associated with infections by viruses that generally
interfere with miRNA activity (Chapman et al., 2004; Dunoyer et al.,
2004; Kasschau et al., 2003). Our findings using TRV are in good
agreement with those observed for transgenic Arabidopsis that
expressed constitutively the P38 protein of Turnip crinckle virus and
the P25 protein of Potato virus X, two suppressors that neither elicited
developmental anomalies in Arabidopsis nor altered miRNA-guided
mRNA cleavage (Dunoyer et al., 2004). These observations agree with
the current hypothesis that interference with miRNA functions
reported for several plant viruses is probably an inadvertent
secondary consequence of its primary effect on siRNA pathways that
would account for the morphological defects in plant tissues, but that
would not represent a necessary strategy to modulate host gene
expression and achieve systemic infection.

Materials and methods

Plant materials and TRV inoculation

Non-transgenic and GFP-expressing transgenic (line 16c) (Ruiz et al.,
1998)N. benthamiana andA. thaliana ecotype Columbia-0were used. The
infectious clone of TRV-PDS was described before (Liu et al., 2002). N.
benthamiana plants were inoculated by infiltration of Agrobacterium
cultures containing pTRV1 and pTRV2-PDS mixed in 1:1 ratio as
described (Dinesh-Kumar et al., 2003). Threeweek-oldArabidopsis plants
were sap inoculated using an inoculum prepared from N. benthamiana
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systemic infected leaves at 3 dpi. Infection was confirmed by RNA blot
assay using a TRV-specific radiolabeled probe or by RT-PCR using TRV-
specific primers.

Transient expression assay in N. benthamiana

The 134-, 29- and 16-kDa coding sequences of TRV were PCR
amplified using a 5′ end primer that added an N-terminal HA epitope
and cloned into a pRTL2 vector (Restrepo et al., 1990). The expression
cassettes containing the 35S promoter and terminator sequences and
a 5′ untranslated leader sequence of Tobacco etch virus (TEV) were
inserted into the plant-transformation vector pSLJ75I55 and then
introduced into Agrobacterium tumefaciens strain GV2260 (Jones et al.,
1992). The TEV-P1/HCPro, GFP, dsGFP, SCL6-IV and miR171 constructs
were described previously (Johansen and Carrington, 2001; Llave et
al., 2002). Agroinfiltration of mature N. benthamiana leaves was
performed as described (Johansen and Carrington, 2001). Cultures
were injected in combination at different concentrations as indicated
in the text. Unless otherwise indicated, the concentration of bacteria
in all experiments was normalized to OD600=0.5 or 1.0 by varying the
concentration of cells containing empty vector.

RNA analysis

Total RNA was extracted with the TRIZOL reagent (Invitrogen) for
RNA blot analysis and with the RNeasy Kit (Qiagen) for RNA ligase-
mediated rapid amplification of cDNA ends (5′-RACE) and real-time
RT-PCR. Poly (A)+ mRNAwas prepared by purificationwith an Oligotex
mRNA Midi Kit (Qiagen). Low molecular weight RNA for small RNA
analysis was isolated as described (Llave et al., 2000).

Blot hybridization of normalized total or low molecular weight
RNA was performed as described (Llave et al., 2000). Radiolabeled
DNA probes from cloned sequences were made by random priming
reactions in the presence of [α-32P] dCTP. Oligonucleotides comple-
mentary to Arabidopsis miRNA or miRNA⁎ sequences were end-
labeledwith [γ-32P] ATP using T4 polynucleotide kinase (New England
Biolabs). Unincorporated nucleotides were removed using Micro Bio-
Spin Chromatography columns (Bio-Rad). Ethidium bromide staining
of gels before blot transfer was used to visualize ribosomal RNA and
monitor equivalent loading of RNA samples. Relative RNA accumula-
tion was measured by densitometry of RNA blots exposed to auto-
radiographic film.

5′ RACE was used to detect miRNA-guided cleavage products as
described (Llave et al., 2002) using poly(A)+mRNA prepared from
Arabidopsis rosette leaf and inflorescence tissue.

Real-time RT-PCR

RNA samples were treated with TURBO DNase (Ambion) to
eliminate genomic DNA contamination. The concentration and
integrity of the RNA samples were determined by using an ND1000
spectrophotometer (Nanodrop Technologies) and the Experion RNA
Analysis Kit (Bio-Rad), respectively. First strand cDNAwas synthesized
from 1 μg of total RNA using iScript™ cDNA synthesis Kit (Bio-Rad)
following the manufacturer's instructions. Total RNA without reverse
transcriptase was used as control to ensure the absence of DNA
template in the samples. Real-time PCR was carried out in the iCycler
iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). PCRs were
performed, recorded, and analyzed using the iQ5 Software Standard
Edition version 2.0 (Bio-Rad). The optimized PCR master mix (20 μl)
consisted of 4 μl of cDNA template, Quantimix Easy SYGmaster mix for
SYBR Green I (Biotools) and 3 μM of each gene-specific primers.
Optimized thermal programwas as follow: 1 initial cycle of denatura-
tion (95 °C for 10 min), followed by 40 cycles of amplification (95 °C,
20 s; test annealing temperature, 62 °C 20 s; elongation and signal
acquisition, 72 °C, 20 s). Primer sequences were as follow: SCL6-IV
(At2g45160), forward (F) (TTCCCGTCGTCTTCTTCTTCC) and reverse (R)
(GTGGTCGCCGTTGTTGTTTC); HAP2A (At5g12840), F (GAGCCCTGGTG-
GAAAAACAA) and R (GGGGCAATCCAAAGAAGAGG); CSD2 (At2g8190),
F (CAATCCTCGCATTCTCATCTCC) and R (GAGCTTTAACGGCGAAG-
GAAAC); hisH4 (At1g07820) F (GGGAAGAGGAAAGGGAGGAA) and R
(CCACTGATACGCTTGACACCA); CBP20 (At5g44200), F (GTGGCTTTTG-
TTTCGTCCTGTT) and R (GCCCCATTGTCTTCCTTCTTG); β-tubulin
(At1g20010), F (GCAACAATGAGCGGTGTGACTT) and R (GAAATGGA-
GACGAGGGAATGG). Primer efficiency was assessed by analyzing a
dilution series of mRNA. The amplification efficiency of each mRNA
was estimated by using the equation E=10−1/slope, where the slopewas
derived from the plot of amplification critical time (Ct value) versus
serially diluted template cDNA. The relative expression levels of
each mRNA were calculated using the 2−ΔΔCt method normalizing to
β-tubulin and CBP20 as reference genes. The presence of desired DNA
products was verified by 2% agarose gel electrophoresis and direct
sequencing, and by melting curve analyses containing a single melt
curve peak. Two independent biological samples and three technical
replicates for each biological replicate were analyzed. Statistical an-
alyses (ANOVA followed by Duncan's multiple range test) were
performed using the statistical software STATGRAPHICS Plus 5.1
(Statistical Graphics Corp.).

GFP imaging and confocal microscopy

Expression of GFP was visualized using a long-wave UV lamp. A
Confocal Laser Scanning Microscope Leica TCS SP2 with Acousto
Optical Beam Splitter and an HC PL APO CS (20×) objective was used
for confocal imaging. Laser lines at 488 and 633 nm were used for
excitation of GFP and chlorophyll, respectively.
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