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Traditional virus-induced gene silencing (VIGS) is a powerful virus-based short interfering RNA-mediated RNA silencing
technique for plant functional genomics. Besides short interfering RNAs, microRNAs (miRNAs) have also been shown to
regulate gene expression by RNA silencing in various organisms. However, plant virus-based miRNA silencing has not been
reported. In addition, a number of plant miRNAs have been identified or predicted, while their functions are largely unknown.
Thus, there is an urgent need for the development of new technologies to study miRNA function. Here, we report that a
modified cabbage leaf-curl geminivirus vector can be used to express artificial and endogenous miRNAs in plants. Using this
viral miRNA expression system, we demonstrate that VIGS using artificial miRNAs, dubbed as “MIR VIGS,” was effective to
silence the expression of endogenous genes, including PDS, Su, CLA1, and SGT1, in Nicotiana benthamiana. Silencing of SGT1
led to the loss of N-mediated resistance to Tobacco mosaic virus. Furthermore, using this viral miRNA expression system, we
found that viral ectopic expression of endogenous miR156 and miR165 but not their mutants in N. benthamiana resulted in
earlier abnormal developmental phenotypes, and expression of miR165 induced abnormal chlorotic spots on leaves. These
results demonstrate that the cabbage leaf-curl geminivirus-based miRNA expression system can be utilized not only to
specifically silence genes involved in general metabolism and defense but also to investigate the function of endogenous

miRNAs in plants.

The explosive genome sequence data and increasing
collections of a large number of ESTs demand simple
and rapid reverse genetics tools to bridge the gap
between sequence information and gene functions in
plants. In recent years, RNA silencing has emerged as
one of the most powerful techniques in plant func-
tional genomics. It down-regulates gene expression at
the posttranscriptional level through small RNAs,
referred to as silencing RNAs, that act in a sequence-
specific manner to target mRNA for degradation or to
inhibit translation. Short interfering RNAs (siRNAs)
and microRNAs (miRNAs) are two major classes of
silencing RN As (Llave et al., 2002; Reinhart et al., 2002;
Chen, 2009). Techniques involving the use of both
siRNA and miRNA have been developed to knock
down gene expression in plants (Lu et al., 2003;
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Kusaba, 2004; Tenllado et al., 2004; Watson et al.,
2005; Mansoor et al., 2006).

Traditional virus-induced gene silencing (VIGS) is a
siRNA-mediated silencing approach and uses viral
vectors carrying a fragment of a gene of interest to
generate long double-stranded RNAs, which are then
processed by Dicer to produce siRNAs for the silenc-
ing of the target gene. This traditional siRNA-mediated
VIGS, dubbed as “SIR VIGS” hereafter, has been
exploited as an effective and rapid gene “knockdown”
technology and widely used to define gene functions
(Robertson, 2004). This technique avoids stable plant
transformation, and virus-induced silencing pheno-
types can be readily observed within 3 to 4 weeks.
However, SIR VIGS can generate a large number
of different 21- to 24-nucleotide siRNAs, which
may cause unintended nonspecific gene suppression
(Jackson et al., 2003; Jackson and Linsley, 2004; Xu
et al., 2006).

On the other hand, miRNAs are widely distributed
noncoding small RNAs, usually 18 to 25 nucleotides
long. They regulate gene expression and play an
important role in plant development and response to
biotic or abiotic stress (Lagos-Quintana et al., 2001,
2003; Carrington and Ambros, 2003; Bartel, 2004). In
plants, miRNAs can inhibit gene expression by induc-
ing target mRNA’s degradation or translation repres-
sion (Bartel, 2009; Voinnet, 2009). Recently, artificial
miRNA (amiRNA) technology has been developed
using endogenous miRNA precursors to generate new
target-specific miRNAs for gene silencing in animals
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and plants (Schwab et al.,, 2006; Qu et al., 2007;
Khraiwesh et al., 2008; Ossowski et al., 2008; Warthmann
et al.,, 2008; Zhao et al., 2008; Molnar et al., 2009).
AmiRNA has been shown to efficiently and specifi-
cally silence both single and multiple target genes by
well-designed precursor sequences (Schwab et al.,
2006). Compared with siRNAs, miRNAs cause more
accurate gene silencing, as deduced from genome-
wide expression profiling (Schwab et al., 2005). More-
over, computational biology and high-throughput
sequencing have predicted numerous putative miRNAs
with unknown functions (Zhang et al., 2006; Sunkar
and Jagadeeswaran, 2008). Therefore, there is a need to
develop a toolbox for the induction of miRNA-mediated
gene silencing and for functional analyses of miRNAs
in plants.

Cabbage leaf curl virus (CaLCuV) is a member of the
genus Begomovirus, family Geminiviridae. CaLCuV infects
a broad range of plants, including cabbage (Brassica
capitata), cauliflower (Brassica oleracea), Arabidopsis
(Arabidopsis thaliana), and Nicotiana benthamiana, and
replicates in the nucleus (Hill et al., 1998). Its genome
consists of two approximately 2.6-kilonucleotide
circular single-stranded DNA components, DNA-A
and DNA-B. DNA-A possesses five genes, AR1, ALI,
AL2, AL3, and AL4, encoding the coat protein,
replication-associated protein, transcription activator,
replication enhancer, and putative pathogenesis-
related protein, respectively. DNA-B encodes two
movement proteins, BR1 and BL1. The two genomic
components share an almost identical common region
of approximately 200 nucleotides, which includes the
viral origin of replication and bidirectional promoters
for both virion sense and complementary sense gene
expression (Hill et al., 1998; Paximadis et al., 1999).
The coat protein AR1 gene is not required for viral
systemic infection, and an ARI gene replacement
CaLCuV-based VIGS vector has already been devel-
oped to trigger siRNA-mediated silencing in Arabi-
dopsis (Turnage et al., 2002). Here, we report that a
modified CaLCuV vector can be used not only to
express amiRNAs to induce efficient VIGS using
amiRNAs (MIR VIGS) but also to express endogenous
miRNAs to study their biological functions.

RESULTS

Construction of a User-Friendly Infectious
CaLCuV Vector

The currently available CaLCuV vector (Turnage
et al., 2002) requires particle bombardment, a rela-
tively tedious and less effective process, to introduce
viral DNA into plants. In contrast, agroinfection is a
simple and efficient approach to establish virus infec-
tion in plants (Grimsley et al., 1986; Vaghchhipawala
and Mysore, 2008). In order to use this technique to
infect plants with CaLCuV, we converted the currently
available CaLCuV vector (Turnage et al., 2002) into
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T-DNA viral vectors by cloning the partially dupli-
cated genome sequences of the A and B components of
CaLCuV into pCAMBIA1301 (AF234297) to produce
pCVA and pCVB, respectively (Fig. 1A). N. benthami-
ana plants infiltrated with Agrobacterium tumefaciens
carrying both pCVA and pCVB developed mild leaf
curling at 3 weeks post agroinoculation, while plants
infiltrated with Agrobacterium carrying the empty
binary vector remained symptomless (Fig. 1B). Viral
DNA accumulated in the upper systemic leaves and
was readily detectable by PCR using CaLCuV DNA
A-specific primers (Fig. 1C). These results demonstrate
that CaLCuV is infectious once delivered into plants
by agroinoculation.

MIR VIGS of Marker Plant Genes

To test whether the modified CaLCuV vectors could
express amiRNAs to induce gene silencing, we first
identified three N. benthamiana genes: Phytoene desatur-
ase (NbPDS; EU165355), Sulfur (NbSu; AJ571699), and
Cloroplastos alterados1 (NbCLA1; N. benthamiana EST
NbGI-3.0 Annotator TC16528). We then used the Web
MicroRNA Designer, a Web-based tool (http://wmd2.
weigelworld.org), to aid our amiRNA design and
cloned the precursor sequences of amiRNAs targeting
NbPDS, NbSu, and NbCLA1 (Fig. 2A) into pCVA in the
same orientation of the ARI gene to produce pCVA-
amiR-PDS, pCVA-amiR-Su, and pCVA-amiR-CLA1,
respectively. The CaLCuV AR1 gene promoter would
drive the transcription of the amiRNA precursors in
the nucleus, where these amiRNA precursors are
expected to be processed to mature amiRNAs to
induce silencing of target genes. It has been reported
that SIR VIGS of PDS and Su resulted in photobleached
leaves (Kumagai et al, 1995) and yellow-colored
leaves (Hiriart et al.,, 2002, 2003). CLAI1 encodes
1-deoxy-p-xylulose-5-phosphate synthase, and Arabi-
dopsis plants with a CLAI null mutation are albino
(Mandel et al., 1996; Estevez et al., 2000, 2001). Simi-
larly, in three separate experiments (four plants
were used for each amiRNA in a single repeat exper-
iment), all N. benthamiana plants coinfiltrated with
Agrobacterium mixtures containing pCVA-amiR-PDS
and pCVB (CaLCuV-amiR-PDS) developed a typical
photobleached phenotype at approximately 3 weeks
post infiltration (wpi). Plants coinfiltrated with Agro-
bacterium mixtures containing pCVA-amiR-Su and
pCVB (CaLCuV-amiR-Su) resulted in yellowing leaves
at about 3 wpi. Albino appeared in the freshly grown
part of the plants coinfiltrated with Agrobacterium
cultures containing pCVA-amiR-CLA1 and pCVB
(CaLCuV-amiR-CLA1) in 2 to 3 wpi. However, none
of CaLCuV-infected control plants showed any silenc-
ing phenotypes (Fig. 2B).

The end-point stem-loop reverse transcription (RT)-
PCR is a highly sensitive and specific method to detect
miRNA and has been widely used for the detection
and quantification of miRNAs (Chen et al., 2005; Tang
et al., 2006; Varkonyi-Gasic et al., 2007). To investigate
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Figure 1. Agroinfection of plants with A P, Xbal Kpnl
the modified CaLCuV vector. A, Con- — \/
struction of CalLCuV T-DNA vector. CR AL AL CR CR BL1 BR1 CR

CR, Common region; LB, left border;
RB, right border. B, Agroinfection of
N. benthamiana plants with CaLCuV
pCVA and pCVB (right), but not the
control vector pCAMBIAT301 (left),
causes the leaf-curl symptom. Photo-
graphs were taken of N. benthami-
ana plants at 3 wpi. C, PCR showing
the existence of CaLCuV infection in
plants infiltrated with Agrobacterium
containing pCVA and pCVB (right
lane) but not pCAMBIA1301 (middle
lane). The positions of primers OTY77/
OTY78 for PCR detection are indi-
cated. M, Marker.

pCAMBIA1301

whether CaLCuV-based expression of amiRNA genes
can generate mature amiRNAs in plants, we did
end-point stem-loop RT-PCR. Indeed, the correspond-
ing mature amiRNAs were detected in plants in-
fected with CaLCuV-amiR-PDS, CaLCuV-amiR-Su,
or CaLCuV-amiR-CLA1, respectively, but not in
CaLCuV-infected plants (Fig. 2C).

To confirm the silencing of NbPDS, NbSu, and
NDCLA1 genes by CaLCuV-delivered amiRNAs at
the molecular level, we performed semiquantitative
RT-PCR. As shown in Figure 2D, the RNA levels of
NbPDS, NbSu, or NbCLA1 in leaf tissues with silencing
phenotypes decreased when compared with that in
CaLCuV-based vector-infected leaf tissues. In all RNA
samples, the endogenous actin mRNA levels, as an
internal control, were similar (Fig. 2D). Taken together,
our results suggest that CaLCuV-based vector can be
used to express amiRNA to induce efficient gene
silencing in N. benthamiana plants.

MIR VIGS of NbSGT1 Compromises N-Mediated
Resistance to Tobacco mosaic virus

In order to test whether the modified CaLCuV-based
miRNA expression vector can be used to study plant
defense signaling, we decided to use this system to
silence the SGT1 gene (for suppressor of G-two allele
of Skpl) and investigated the effect of silencing of
SGT1 on N gene-mediated resistance to Tobacco mosaic
virus (TMV). SGT1 is a highly conserved eukaryotic
protein and has been shown to interact directly with
RARI1 and HSP90 to form a protein complex that plays
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an important role in R protein-mediated host resis-
tance and nonhost resistance in plants (Shirasu and
Schulze-Lefert, 2003; Schulze-Lefert, 2004). Silencing
of SGT1 led to the loss of N-mediated resistance to
TMV (Liu et al., 2002b; Peart et al., 2002; Xu et al.,
2010). We designed an amiRNA targeting NbSGT1
(amiR-SGT1; Fig. 3A) and used the CaLCuV vector to
express its precursor gene to induce miRNA-mediated
silencing of NbSGT1 in N-containing transgenic N.
benthamiana (NN plants; Liu et al., 2002a). As shown in
Figure 3B, NN plants infected by CaLCuV vector alone
remained resistant to TMV. GFP-tagged TMV (TMV-
GFP; Liu et al., 2002a) was unable to move into the
upper leaves. In contrast, plants infiltrated with Agro-
bacterium mixtures carrying pCVA-amiR-SGT1 and
pCVB (CaLCuV-amiR-SGT1) became susceptible to
TMV infection. TMV-GFP moved into the upper un-
inoculated leaves, and strong GFP fluorescence was
observed (Fig. 3B). We then confirmed the presence of
TMYV RNA in the upper uninfected leaves by RT-PCR
analysis using primers that anneal to the TMV move-
ment protein gene (Fig. 3C). No TMV RNA was
detected in NN control plants infected with CaLCuV
alone. We repeated this experiment four times, with
four plants for each construct in each experiment, and
obtained similar results.

To verify the production of amiRNAs targeting
NbSGT1 RNA, we performed end-point stem-loop
RT-PCR. As shown in Figure 3D, amiR-SGT1 was
detected in CaLCuV-amiR-SGT1-infected plants but
not in CaLCuV vector-infected plants. In both RNA
samples, the internal control RNA levels of endoge-
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nous actin were similar (Fig. 3D). These results
showed that amiR-SGT1 was indeed produced in
CaLCuV-amiR-SGT1-infected plants. Moreover, we
performed semiquantitative RT-PCR to examine the
effect of amiR-SGT1 on the endogenous mRNA level
of NbSGT1. In CaLCuV-amiR-SGT1-infected plants,
the mRNA level of NbSGT1 was reduced compared
with that in CaLCuV vector alone-infected control
plants. However, Actin mRNA levels were similar (Fig.
3E). These results clearly suggest that the CaLCuV-
based MIR VIGS can be used to study plant defense.

Comparison between MIR VIGS and SIR VIGS

CaLCuV-based SIR VIGS using long insertion of the
target gene has been proved to induce efficient gene
silencing. Furthermore, it has been reported that po-
tato virus X-based SIR VIGS using 23 nucleotides of a
GFP fragment can induce weak GFP silencing in the
GFP-overexpressing transgenic plants (Thomas et al.,
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Figure 2. MIR VIGS of marker genes.
A, The designed amiRNA sequences
and their related target mRNA se-
quences. B, Silencing phenotypes of
marker genes in N. benthamiana plants
coinfiltrated with CalLCuV, CalLCuV-
amiR-PDS, CalLCuV-amiR-Su, or Cal-
CuV-amiR-CLA1. Photographs were
taken at 35 dpi. C, End-point RT-PCR
(30 cycles) analyses showing the exis-
tence of mature amiRNAs (amiR-PDS,
amiR-Su, and amiR-CLA1) in inocu-
lated plants. D, Semiquantitative RT-
PCR analysis of the effects of MIR
VIGS on the levels of the PDS, Su, and
CLAT mRNAs. Lanes 1 to 5 represent
PCRs with 18, 21, 24, 27, and 30
cycles, respectively. PCR products to
the left of the marker (M) are from the
silenced plants, and those to the right
are the nonsilenced controls. Actin
mRNA was used as an internal control,
and a no-RT control (C) was also in-
cluded.

CalLCuV-amiR-CLA1

¥ 12345CM12345C¢C

Actin

PDS

2001). To test whether the MIR VIGS system has any
advantage over SIR VIGS, we used a range of insert
sizes and selected NbPDS as the target gene to compare
their silencing efficiency. For this purpose, we cloned
23-bp (nucleotides 1,572-1,594), 40-bp (nucleotides
1,561-1,600), 60-bp (nucleotides 1,555-1,614), 100-bp
(nucleotides 1,555-1,653), 300-bp (nucleotides 1,508-
1,787), and 500-bp (nucleotides 1,190-1,689) fragments
of NbPDS (EU165355) into pCVA to obtain pCVA-
PDS-23, pCVA-PDS-40, pCVA-PDS-60, pCVA-PDS-
100, pCVA-PDS-300, and pCVA-PDS-500, respectively.
The insertion in each of these constructs included a
common 21-bp target NbPDS sequence (nucleotides
1,572-1,592) of amiR-PDS. N. benthamiana plants were
coinfiltrated with Agrobacterium carrying pCVB and
pCVA or its derivatives. Plants coinfiltrated with
pCVB and pCVA-amiR-PDS, pCVA-PDS-100, pCVA-
PDS-300, or pCVA-PDS-500 began to show white color
in their upper young leaves at 3 wpi. In contrast, no
plants by SIR VIGS using shorter insertions (60, 40, and
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Figure 3. TMV response to MIR VIGS A

and its cognate target sequence. B,
N. benthamiana plant coinfiltrated
with TMV-GFP and CaLCuV (top row)
or CaLCuV-amiR-SGT1 (bottom row).
Photographs were taken at 20 dpi. C,
RT-PCR detection of TMV in plants
agroinfected by Cal.CuV-amiR-SGT1.
D, End-point stem-loop RT-PCR (30
cycles) analysis showing the existence
of mature amiRNAs (amiR-SGT1) in
inoculated plants. E, Semiquantitative
RT-PCR analysis of the effects of MIR
VIGS on NbSGTT mRNA. Lanes 1 to 5
represent PCRs with 18, 21, 24, 27,
and 30 cycles, respectively. PCR prod-
ucts to the left of the marker (M) are
from the silenced plants, and those to
the right are the nonsilenced controls.
Actin mRNA was used as an internal
control, and a no-RT control (C) was
also included. E

Normal Light

r . e r
of NbSGTT1. A, The amiR-SGT1 sequence 5 U??%FG(E?}?J?ACUAGCACCAG 3

GGCCACGAUUUGAUCGUGGUC

x
UV lllumination > &

amiR-SGT1

NbSGT1

CalLCuV

CaLCuV-amiR-SGT1

T ctin
= = e
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23 bp) showed any leaf color change at 3 wpi (data not
shown). At 4 wpi, SIR VIGS using the shortest PDS
insertions (40 and 23 bp) did not result in any NbPDS
silencing phenotype (Fig. 4). When the size of the SIR
VIGS insertion was 60 bp, only some leaves of some
infiltrated plants (four out of eight plants) showed
weak white color. However, once the size of the SIR
VIGS insertion increased to 100, 300, and 500 bp, all
infiltrated plants developed a clear PDS gene silenc-
ing phenotype (Fig. 4). More importantly, although
amiRNA-PDS targeted only one site on PDS mRNA,
all plants infected with CaLCuV-miR-PDS showed the
same level of photobleached phenotype as the plants
infected with CaLCuV with insertion of an over 300-bp
PDS fragment. These results suggest that 21-bp
miRNA-based MIR VIGS is sufficient to trigger the
same level of gene silencing induced by SIR VIGS with
insertion of over 300 bp in length. We repeated this
experiment twice, with four plants for each construct
in each experiment, and obtained similar results.

CaLCuV Vector Can Be Used to Evaluate Plant
Endogenous miRNA Function

Overexpression of miRNAs is one of the most
widely used approaches to study miRNA function in
plants (Jones-Rhoades et al., 2006). In order to figure
out whether a CaLCuV-based miRNA expression vec-
tor would be suitable to study the function of plant
endogenous miRNAs, we used the CaLCuV vector to
express precursors of Arabidopsis miR156b and
miR165a (CaLCuV-miR156b and CaLCuV-miR165a,

636

respectively) in N. benthamiana plants. As negative
controls, we also expressed their inactive mutants
(miR156b-m and miR165a-m) with mutations at posi-
tions 9 and 10. As shown in Figure 5A, plants infil-
trated with Agrobacterium carrying CaLCuV-miR156b
showed leaf-curl phenotype as early as 10 d post
infiltration (dpi). In contrast, plants infected by
CaLCuV-miR156b-m or CaLCuV appeared normal,
and clear leaf-curl symptoms did not begin to develop
until 16 to 20 dpi (Fig. 5A). Similarly, CaLCuV-based
expression of the endogenous miR165a precursor gene
also resulted in much earlier leaf-curl phenotype (Fig.
5A). Moreover, plants infected by CaLCuV-miR165a
showed many chlorotic spots on leaves about 2 wpi
(Fig. 5A). We repeated this experiment three times,
with four plants for each construct in each experiment,
and obtained similar results.

We used end-point stem-loop RT-PCR to evaluate
the levels of miR156 and miR165. As shown in Figure
5B, the levels of miR156 and miR165 were elevated
in CaLCuV-miR156b- and CaLCuV-miR165a-infil-
trated plants, respectively, but were comparable in
plants infiltrated with CaLCuV-miR156b-m or CaLCuV-
miR165a-m and in control plants. The latter could be
due to ineffective RT-PCR amplification of mutant
miRNAs using active miRNA-specific primers contain-
ing two continuous mismatches near the 3’ end with
the mutation form of miR156b or miR165a, and this
result is consistent with the previous report that the
stem-loop RT-PCR is able to discriminate miRNAs that
differ by as little as a single nucleotide (Chen et al,,
2005).
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Figure 4. Comparison of MIR VIGS and SIR VIGS with different
insertions. Phenotypes of N. benthamiana plants coinfiltrated with
Agrobacterium carrying pCVB and pCVA or its derivatives are shown.
Photographs were taken at 4 wpi.

We used the miRNA target search tool included in
Web MicroRNA Designer to look for the putative
targets of miR156 and miR165 and found that
miR156 could target at least five genes, including
two putative Squamosa promoter-binding protein-like
(SPL) genes (TC7909 and TC9706) in N. benthamiana,
and miR165 could target a gene (TC12847) that en-
codes a class III HD-Zip transcription factor in Nico-
tiana tabacum. We monitored the expression of the
above two putative SPL genes and the N. benthamiana
homolog of class IIl HD-ZIP gene (NbHD-ZIPIII) by
semiquantitative RT-PCR in order to evaluate the
silencing effect of miR156 and miR165 that were
processed from transiently expressed native miRNA
precursors. In CaLCuV-miR156b-infected plants, there
was an obvious reduction in the mRNA levels of
TC7909 and TC9706 when compared with the CaLCuV-
infected control (Fig. 5C). Similarly, the mRNA level
of N. benthamiana homologs of TC12847 in CaLCuV-
miR165a-infected plants decreased compared with
the CaLCuV-infected control (Fig. 5C). These results
show that TC7909 and TC9706 are the targets for
miR156 in N. benthamiana plants and that miR165
has a target site in the N. benthamiana ortholog of
N. tabacum TC12847.

Plant Physiol. Vol. 153, 2010

Virus-Delivered MicroRNA to Study Gene Function in Plants

DISCUSSION

In this report, we have shown that the modified
CaLCuV vector can be used to express amiRNAs and
endogenous miRNA in plants. Using this viral system,
we successfully silenced several endogenous genes
using amiRNAs in N. benthamiana plants. MIR VIGS of
NbSGT1 led to the loss of N-mediated resistance to
TMV. Using PDS as a marker gene, we showed that
MIR VIGS is more efficient than traditional SIR VIGS
using short insertions and is as efficient as SIR VIGS
using long insertions. In addition, we used the CaLCuV
miRNA expression system to evaluate the functions of
endogenous miR156 and miR165 in N. benthamiana. To
the best of our knowledge, this is the first report to use
viral vectors to induce miRNA-mediated silencing and
to study the functions of endogenous miRNAs in plants.

Like the traditional SIR VIGS approach, the de-
scribed CaLCuV-based MIR VIGS does not rely on
plant transformation and can be carried out for gene
silencing through simple agroinoculation. In addition,
there are several advantages to the use of MIR VIGS
compared with traditional SIR VIGS. First, MIR VIGS
could be more accurate. During SIR VIGS, many
unforeseen siRNAs are generated, which may cause
nonspecific silencing (Jackson et al., 2003; Jackson and
Linsley, 2004; Xu et al., 2006). Even the SIR VIGS insert
is very short (e.g. 23 nucleotides), and many siRNAs
can still be generated from the nontarget region of the
target gene RNAs (Nishikura, 2001), which may cause
nonspecific silencing. In contrast, during MIR VIGS,
only one known mature miRNA is predicted to come
out from an accurately designed miRNA precursor,
which can highly specifically silence the predicted
genes (Schwab et al., 2005; Qu et al., 2007). Second,
MIR VIGS could be more efficient. Potato virus
X-based SIR VIGS using 23 nucleotides of insertion
has been demonstrated previously, but such SIR VIGS
works only for GFP transgenes with high expression
and not for endogenous PDS genes (Thomas et al.,
2001). In our study, CaLCuV-based SIR VIGS using
less than 100 nucleotides of PDS insertions only gave
a weak photobleached silencing phenotype. In con-
trast, CaLCuV-based MIR VIGS producing only 21
nucleotides of mature miRNA induced a PDS silenc-
ing phenotype as triggered by CaLCuV-based VIGS
using long PDS insertions (300 and 500 bp). This is
consistent with the observation that miRNA could
induce stronger silencing than siRNA (Qu et al., 2007).
Third, MIR VIGS may have lower side effects. The
traditional VIGS vector produces siRNAs and long
double-stranded RNAs, and the latter may activate
RNA-dependent protein kinase pathways and cause
nonspecific cell death in plants, a phenomenon well
documented in mammalian cells (Langland et al.,
1995; Davis and Watson, 1996; Bridge et al., 2003;
Sledz et al., 2003; Tang and Galili, 2004). By contrast,
MIR VIGS uses DNA virus vector to express miRNA,
and this may avoid triggering the protein kinase
pathway. Fourth, MIR VIGS uses amiRNA to target
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Figure 5. CalLCuV-based expression of
Arabidopsis miR156b and miR165a
in N. benthamiana plants. A, Plant
phenotypes associated with CalLCuV,
CaLCuV-miR156, CaLCuV-miR156-m,
CalL.CuV-miR165, and CaLCuV-miR165-m
at 10 dpi (top row) or 16 dpi (bottom
row). B, End-point stem-loop RT-PCR
(22 cycles) analysis showing the levels
of mature miR156 and miR165 in
inoculated plants. C, Semiquantita-
tive RT-PCR analysis of the effects of
CalCuV-based expression of Arabi-
dopsis miR156b and miR165a on their
cognate target genes. Lanes 1 to 5
represent PCRs with 18, 21, 24, 27,
and 30 cycles, respectively. PCR prod-
ucts to the left of the marker (M) are
from the silenced plants, and those to

the right are the nonsilenced controls. B
Actin mRNA was used as an internal e"
control, and a no-RT control (C) was é@'
also included. 03\ 05\' 03‘
¥ N
M & & P

genes for silencing; thus, it does not require cloning
target gene fragments. Compared with the cDNA
fragment used in SIR VIGS, amiRNAs could be easier
to clone. The amiRNA precursor genes can be easily
obtained by a simple and quick overlapping PCR
(Ossowski et al., 2008) or a direct cloning of synthetic
oligonucleotides into the stem region of pre-miR169d
(Liu et al., 2010). Furthermore, it is simple to use the
modified CaLCuV vector. Use of the previously de-
scribed CaLCuV-based vector is time-consuming and
difficult and needs particle bombardment, a process
that requires care in the preparation of microprojectile
particles and has the risk of carryover between exper-
iments and the somewhat unpredictable introduction
of the silencing vector (Turnage et al., 2002; Muangsan
and Robertson, 2004; Burch-Smith et al., 2006). In
contrast, we introduce the modified CaLCuV vectors
into plants by agroinfiltration, a much simpler but
effective technique with no need of complicated oper-
ations or expensive instruments.

Three major approaches to study the functions of
miRNAs are overexpression of the target miRNAs,
expression of the mutant target gene (Palatnik et al.,
2003; Xie et al., 2005), and expression of miRNA target
mimicries (Franco-Zorrilla et al., 2007) and usually
need tedious and time-consuming work to generate
the stable transgenic plants. We show here that a viral
miRNA expression system could be used to study the
functions of endogenous miRNA genes by agroinfil-
tration. The modified CaLCuV vector may be useful in
high-throughput screening of miRNAs.
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Transient expression of Arabidopsis miR156b but
not its mutant using CaLCuV vector resulted in earlier
leaf-curl phenotype, suggesting that miR156 may play
a role in leaf development in N. benthamiana plants.
There are at least five putative targets of miR156,
including two putative SPL genes and three unchar-
acterized genes in N. benthamiana. Overexpression of
miR156 reduced the mRNA levels of two putative SPL
genes (TC7909 and TC9706), which are the homologs
of Arabidopsis SPL9 and SPL15, suggesting that these
two SPL genes are the endogenous targets of miR156
in N. benthamiana. In Arabidopsis, miR156 has com-
plementary sites on 11 of 17 SPL genes (Rhoades et al.,
2002; Gandikota et al., 2007). Among these 11 putative
Arabidopsis miR156 targets, AtSPL9 and AtSPL15
regulated by miR156 control shoot maturation (Schwab
etal., 2005) and AtSPL3 acts as a positive transcriptional
regulator modulating floral development in Arabidop-
sis (Cardon et al., 1997). In addition, miR156 has been
reported to have functions in Arabidopsis and rice
(Oryza sativa) development (Schwab et al.,, 2005; Xie
et al., 2006). Therefore, it is possible that miR156 also
regulates plant development through SPL genes in
N. benthamiana plants.

The HD-ZIP III genes are thought to be targets of
miR165 and to code for class IIIl HD-Zip transcription
factors, including Phabulosa, Phavoluta, and Revoluta,
which regulate axillary meristem initiation and leaf
development (McConnell and Barton, 1998; McConnell
et al., 2001; Emery et al., 2003; Juarez et al.,, 2004;
Kidner and Martienssen, 2004). In Arabidopsis, over-
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expression of miR165 induces very similar phenotypes
caused by loss-of-function mutations of HD-ZIP III
genes (Zhou et al., 2007). Overexpression of miR165
but not its mutant in this research resulted in abnormal
development of leaves and the appearance of many
chlorotic spots in N. benthamiana plants. These pheno-
types are very different from CaLCuV symptoms. Our
results suggest that some HD-ZIP Il genes may have a
role in leaf development regulated by miR165.

In summary, the modified CaLCuV-based miRNA
expression vector described in this report has great
potential for the study of functions of not only protein-
encoding genes but also miRNA genes.

MATERIALS AND METHODS
Plasmid Construction

Plasmids pCPCbLCVA.007 (GenBank accession no. AY279345) and
pCPCbLCVB.002 (GenBank accession no. AY279344), containing partial direct
repeats of the CaLCuV A and B components, were kindly provided by Prof.
Dominique Robertson (Turnage et al., 2002). GFP-tagged TMV was described
previously (Liu et al., 2002a).

To generate pCVA (Fig. 1A), a fragment containing partial repeats of the
CaLCuV DNA-A was PCR amplified from pCPCbLCVA.007 using primers
OYLT97 and OYLT98 (Supplemental Table S1). The resulting PCR product was
digested with HindIII and cloned into HindIII-Ecl13611 sites of pPCAMBIA1301.
pCVB (Fig. 1A) was generated by cloning a Sall-BamHI fragment containing
the partial direct repeats of the CaLCuV B component from pCPCbLCVB.002
into Sall-BamHI sites of pPCAMBIA1301. The cloned CaLCuV DNA fragments
were confirmed by sequencing.

We use a Web-based tool called Web MicroRNA Designer (http://wmd3.
weigelworld.org/cgi-bin/webapp.cgi; see also Supplemental Materials and
Methods S1) to design 21-mer amiRNA sequences. The sequences of our cho-
sen amiRNAs targeting NbPDS, NbSu, NbCLA1, and NbSGT1 are 5'-UCA-
ACAUAGACUGAUUGGGGC-3', 5'-UAAGAUCUAACCGUGGCGCAC-3’,
5-UGUAUCUGAAACAACUUGGUG-3’, and 5'-UCGGUGCUAAACUAG-
CACCAG-3', respectively. For each amiRNA sequence, four oligonucleotide
sequences are suggested by Web MicroRNA Designer and then used to PCR
amplify the designed amiRNA along with two common primers, oligo A and
oligo B, using the Arabidopsis (Arabidopsis thaliana) endogenous miR319a
precursor as backbone (At4g23713). The detailed protocol for designing and
obtaining amiRNA gene can be found in Supplemental Materials and
Methods S1. PCR products containing amiR-PDS, amiR-Su, amiR-CLA1,
and amiR-SGT1 were digested by Kpnl and Xbal and cloned into pCVA to
produce pCVA-amiR-PDS, pCVA-amiR-Su, pCVA-amiR-CLA1, and pCVA-
amiR-SGT1, respectively. All the cloned amiRNA sequences were confirmed
by DNA sequencing.

Traditional CaLCuV SIR VIGS vectors pCVA-PDS-23, pCVA-PDS-40,
pCVA-PDS-60, pCVA-PDS-100, pCVA-PDS-300, and pCVA-PDS-500 were
generated by cloning 23-bp (nucleotides 1,572-1,594), 40-bp (nucleotides
1,561-1,600), 60-bp (nucleotides 1,555-1,614), 100-bp (nucleotides 1,555—
1,653), 300-bp (nucleotides 1,508-1,787), and 500-bp (nucleotides 1,190
1,689) fragments of NbPDS (EU165355) into pCVA, respectively.

To generate pCVA-miR156b and pCVA-miR165a, Arabidopsis miR156b
and miR165a (ath-miR156b and ath-miR165a) genes were PCR amplified from
Arabidopsis genomic DNA and cloned into Kpnl-Xbal sites of pCVA.
Arabidopsis miR156b and miR165a mutant genes at positions 9 and 10 (ath-
miR156b-m and ath-miR165a-m) were obtained by overlapping PCR and
cloned into pCVA to generate pCVA-miR156b-m and pCVA-miR165a-m,
respectively. The primers used in this study are listed in Supplemental Ta-
ble S1.

Plant Growth, Agroinfiltration, and GFP Imaging

Nicotiana benthamiana plants were grown in pots at 25°C under a 16-h-
light/8-h-dark cycle. For the CaLCuV-based MIR VIGS and SIR VIGS assays,
pCVB and pCVA or their derivatives were introduced into Agrobacterium
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tumefaciens strain GV3101. The Agrobacterium cultures were inoculated in 5 mL
of Luria-Bertani medium containing antibiotics (30 mg L™t rifampicin, 50 mg
L' gentamycin, and 50 mg L' kanamycin) and grown overnight in a 28°C
shaker. Agrobacterium cultures were harvested and resuspended in infiltration
buffer (10 mm MgCl,, 10 mm MES, and 200 um acetosyringone) and then
adjusted to an optical density at 600 nm of 2.0. After keeping at room
temperature for 3 to 4 h, Agrobacterium cultures containing pCVB and pCVA or
their derivatives were mixed at a 1:1 ratio and infiltrated into the stem nodes
and petioles of six-leaf stage plants using a 1-mL syringe. In order to
investigate the effect of expression of amiR-SGT1 on N-mediated TMV
resistance, the N-containing N. benthamiana plants (Liu et al., 2002a) were
infiltrated with mixture cultures of Agrobacterium containing pCVB, pCVA-
amiR-SGT1, and TMV-GFP at a 1:1:2 ratio. GFP imaging was illuminated
under long-wavelength UV light, and photographs were taken using a Nikon
D80 digital camera.

DNA and RNA Isolation, PCR Detection, RT-PCR
Analysis, and Mature miRNA Detection

Total DNA was extracted from CaLCuV-infected N. benthamiana plants
following a standard cetyl-trimethyl-ammonium bromide extraction protocol.
Primers used for CaLCuV DNA detection are OTY77 and OTY78 (Supple-
mental Table S1). Total RNA was extracted from leaves of silenced and
nonsilenced N. benthamiana plants using TRNzol solution (Tiangen) and
treated with RNase-free DNase I (MBI Fermentas). First-strand cDNA was
synthesized using 10 ug of total RNA, oligo(dT) primer, and RevertAid
Moloney murine leukemia virus reverse transcriptase (MBI Fermentas).
Semiquantitative RT-PCR was performed as described previously (Liu et al.,
2004). Mature miRNAs were detected using an end-point stem-loop RT-PCR
method (Chen et al., 2005; Tang et al., 2006; Varkonyi-Gasic et al., 2007). A
stem-loop-containing RT primer with its 5 end complementary to target the
miRNA’s last six nucleotides at the 3’ end was designed. RT was performed at
16°C for 30 min, followed by 60 cycles of pulsed RT at 30°C for 30 s, 42°C for 30
s, and 50°C for 1 s using 10 ug of total RNA, the stem-loop RT primer, and
RevertAid Moloney murine leukemia virus reverse transcriptase (MBI Fer-
mentas). Semiquantitative RT-PCR was performed using a forward primer
containing the 5’ part sequence of miRNA and a universal primer comple-
menting the stem-loop part of the RT primer at 94°C for 2 min, followed by 30
cycles (for amiRNAs) or 22 cycles (for miR156 and miR165) of 94°C for 15 s
and 60°C for 1 min. The reaction products (about 60 bp) were analyzed by
electrophoresis on a 4% agarose gel in 1X Tris-acetate EDTA buffer. The
primers used in this study are listed in Supplemental Table S1.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Table S1. List of primers used in this work.
Supplemental Materials and Methods S1. The protocol for MIR VIGS.
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