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Abstract: RNAi (RNA interference) is an important defense response against virus infection in plants.
The core machinery of the RNAi pathway in plants include DCL (Dicer Like), AGO (Argonaute) and
RdRp (RNA dependent RNA polymerase). Although involvement of these RNAi components in
virus infection responses was demonstrated in Arabidopsis thaliana, their contribution to antiviral
immunity in Nicotiana benthamiana, a model plant for plant-pathogen interaction studies, is not well
understood. In this study, we investigated the role of N. benthamiana NbAGO2 gene against TMV
(Tomato mosaic virus) infection. Silencing of NbAGO2 by transient expression of an hpRNA construct
recovered GFP (Green fluorescent protein) expression in GFP-silenced plant, demonstrating that
NbAGO?2 participated in RNAi process in N. benthamiana. Expression of NbAGO2 was transcriptionally
induced by both MeSA (Methylsalicylate acid) treatment and TMV infection. Down-regulation of
NDAGO?2 gene by amiR-NbAGO?2 transient expression compromised plant resistance against TMV
infection. Inhibition of endogenous miR403a, a predicted regulatory microRNA of NbAGO2, reduced
TMYV infection. Our study provides evidence for the antiviral role of NbAGO2 against a Tobamovirus
family virus TMV in N. benthamiana, and SA (Salicylic acid) mediates this by induction of NbAGO2
expression upon TMV infection. Our data also highlighted that miR403a was involved in TMV
defense by regulation of target NbAGO2 gene in N. Benthamiana.
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1. Introduction

Virus diseases threaten crop production and agriculture globally. Plant evolved and developed
sophisticated mechanisms to defend against virus infections. RNA interference (RNAi) is an antiviral
defense mechanism in plants. The history of our understanding of RNAI for viral defense can be traced
back to 1928, when Wingard reported the recovery of virus infected plant from later virus infection [1].
RNAIi phenomenon was then reported in petunia in 1990 and was termed as “co-suppression” and
later as post transcriptional gene silencing (PTGS) [2]. In 1993, Lindbo et al. suggested a working
mechanism for RNAi while studying gene silencing phenomena in transgenic plants [3]. In 1998, Fire
et al. silenced endogenous gene expression in Caenorhabditis elegans by injection of double-stranded
RNA (dsRNA), which was therefore identified as the molecule mediating sequence specific inhibitory
effects during RNAi process [4]. In 1999, Hamilton and Baulcombe found that 25-nucleotide antisense
RNA served as the intermediate for RNAi [5]. RNAi was also found in fungus and virus infected
plant, and was coined as quelling and virus-induced gene silencing (VIGS) respectively [6-8]. Briefly,
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RNAi mechanism is as follows: dsRNA of different sources are excised by the RNase III family
endoribonuclease Dicer/DCL (Dicer-like) to generate small interfering RNA (siRNA) with the length
of approximately 21-24 nucleotides. The guide strand, which is complementary to target RNA, is
incorporated into the RNA-induced silencing complex (RISC), the main component of which is the PIWI
family Argonaute (AGO) protein. RISC-incorporated siRNA then finds the target RNA by base-pairing
and degrades it by the activity of AGO protein. RNA dependent RNA polymerase (RdRp, RDR)
amplifies the silencing signal via the synthesis of secondary siRNAs from primary single-stranded
siRNAs [9].

Although both AGO and Dicer/DCL proteins are involved in RNAi process, their functions
are diverged in defense responses against different viruses. Furthermore, there are many AGO and
DCL members in plants and they showed specialized roles against different pathogens. In model
system Arabidopsis thaliana, the functions of these two family proteins were heavily investigated.
AGOI1 plays key role against viruses like turnip crinckle virus (TCV, Tombusvirus) [10], cucumber
mosaic virus (CMV, Cucumovirus) [11], potato virus X (PVX, Potexvirus) [12] and turnip mosaic virus
(TuMV, Potyvirus) [13]. AGO?2 is involved in antiviral role against TuMV [14], TCV, CMV [15] and
PVX[16]. AGO4 functions against PVX [17], CMV [18], beet curly top virus (BCTV, Geminivirus) [19]
and Plantago asiatica mosaic virus (PLAMYV, Potexvirus) [20]. DCL1 is involved in antiviral role against
nuclear DNA viruses like cauliflower mosaic virus (CaMV, Caulimovirus) [21], while DCL2 plays
role against TuMV [22] and TCV [23]. RDR1 is involved in antiviral role against tobacco rattle virus
(TRV, Tobravirus) [24], TuMV [22] and CMYV [25]. RDR2 contributes to plant responses to TRV [24]
and TuMV [22]. In other plant species, RDR1 plays antiviral role against sugarcane mosaic virus
(SCMYV, Potyvirus) in maize [26] and against PVX and tobacco mosaic virus (TMV, Tobamovirus) in
tobacco [27]. In rice, RDR1 and RDR6 functions against brome mosaic virus (BMV, Bromovirus) and rice
stripe virus (RSV, Tenuivirus), but not wheat dwarf geminivirus (WDV, Geminivirus) [28]. In virological
model species Nicotiana benthamiana (N. benthamiana, Nb), several but limited studies were reported on
antiviral role of AGO and DCL family proteins. NbDCL4 plays key role against zucchini yellow mosaic
virus (ZYMV, Potyvirus) in N. benthamiana [29]. Although NbRDR1 is involved in antiviral rsponses
in both tobacco and Arabidopsis thaliana, but is not functional in N. benthamiana [30]. NbRDR6 plays
role against TCV, PVX and TMV in N. benthamiana [30]. NbRDRG6 is also involved in plant responses
to potato virus Y (PVY, Potyvirus) and the Y satellite of CMV but not TRV or CMV alone [31]. AGO
proteins are key players in RNA interference pathway and RNAi-mediated antiviral mechanisms.
Higher plants encode many AGOs, but their functions are not fully known. The role of NbAGO2
was broadly investigated in Arabidopsis thaliana, and its antiviral role in N. benthamiana was also
reported for TBSV (Tombusvirus), PVX (Potexvirus), TuMV (Potyvirus) and TCV (Tombusvirus) [32,33].
Therefore, we investigated the role of NbAGO2 in RNAi-mediated antiviral role against infection by
TMYV, a virus belonging to Tobamoviridae. From its first use in Arabidopsis thaliana in 1996, Artificial
microRNA (amiRNA) has been applied in many model and monocot species including Oryza sativa
and Brachypodium distachyon [34-36]. Virus-based expression vector was also developed for amiRNA
expression [37]. We used amiRNA technology to silence NbAGO?2 expression and investigated its role
for TMV responses. Our results showed that NbAGO?2 played key roles in antiviral responses against
TMV in N. benthamiana, and miR403a and SA was implicated in these responses.

2. Materials and Methods

2.1. Plant Cultivation and Treatment

Wild type and 16¢c GFP (Green fluorescent protein)-transgenic (GFP16¢) N. benthamiana plants were
used. Wild type N. benthamiana was provided by Prof. Xiaohan Mo from the Yunnan Tobacco Research
Institute (Kunming, China) and the GFP16c line was provided by Prof. Feng Li from Huazhong
Agricultural University (Wuhan, China). N. benthamiana seeds were cultured in sterilized nutrient
soil and vermiculite (1:1) at growth temperature of 22-25 °C with photoperiod of 14:10 (light:dark)
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and 70% relative humidity. Three-leaf stage seedlings were used for following experiments. 0.5 mM
MeSA (Methylsalicylic acid) in water solution was sprayed on the leaves and the leaves were collected
one day after treatment. Water solution was sprayed as mock treatment. For GFP visualization,
TMV-GFP infected plants were illuminated with a hand-held UV lamp at 320 nm or under Nikon
SMZ18 microscope (Nikon, Tokyo, Japan).

2.2. SA Content Measurement

The content of endogenous salicylic acid (SA) was determined by UV Vis Spectrophotometry.
A set of standard solutions, containing 5, 10, 20, 30, and 40 pg/mL of SA, were prepared in 60% ethanol
solution and one of the standard solution was used for measuring maximum absorption wavelength
within a 280-320 nm wavelength range (5 nm interval), which was used as a subsequent detection
wavelength. The maximum absorption wavelength was 310 nm and the linear regression equation
according to the absorbance of five standard solutions was deduced. N. benthamiana leaves infected
with TMV and mock solution were collected and frozen in liquid nitrogen after five hours. The collected
leaves were ground in liquid nitrogen and soaked with 5 mL 60% ethanol, and the supernatant after
centrifugation was used to detect absorbance at 310 nm, which was then converted to SA concentration
according to the standard curve [38].

2.3. Vector Construction

2.3.1. Construction of hpGFP Vector

For silencing of GFP gene, GFP interfering sequences were amplified by Forward primer
5'-TGCGGGATATCGGACGACGGGAACTACAAGA-3’
and reverse primer
5 -TGCGGGATATCAAAGGGCAGATTGTGTGGAC-3’

from genomic DNA of GFP16c line. The fragment was cloned into pQBV3 entry vector by EcoRV and
then was subcloned into binary vector pCB2004B to produce hairpin construct for insert GFP fragment.

2.3.2. Construction of amiR Based Silencing Vector for NbAGO2 Gene

For construction of viral pCV (CaLCuV)-based (cabbage leaf-curl virus) amiR vector, following
oligonucleotides were designed by amiR design function in www.benthgenome.com website.
amiR1:

5 -GGATCTAGATTGATCTGAAGGAGCTGAGTTGGAGGGTTTAGCAGGGTGAAGTAAAG-3'

5 -GGAGGTACCTTGATCTGAAGTCGCTGAGTAGAAGAGTGAAGCCATTAAAGGG-3’
amiR2:

5’-GGATCTAGAAAGCTAGGTGGGATAAGTCGTGGAGGGTTTAGCAGGGTGAAGTAAAG-3’

5-GGAGGTACCAAGCTAGGTGGTCTAAGTCGAGAAGAGTGAAGCCATTAAAGGG-3’
amiR3:

5’-GGATCTAGAGACCACAGGACGCAGAAGATTGGAGGGTTTAGCAGGGTGAAGTAAAG-3'

5’-GGAGGTACCGACCACAGGACTGAGAAGATAGAAGAGTGAAGCCATTAAAGGG-3'.
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The above primers were used to amplify amiR fragment using Arabidopsis thaliana miR159b as
template backbone and the amplicons were cloned into pCVA vector by Xbal/Kpnl sites. The same
amplicons were cloned into pBI121 vector by Xbal/Kpnl sites to produce non-viral binary vector based
amiR constructs.

2.3.3. Construction of NbAGO2 Overexpression Vector (Ox-NbAGO2)

To overexpress NDAGO2 gene, open reading frame (ORF) region of NbAGO2 was amplified by
the primers
5"-TACGGATCCATGGATCGTGGAAATTACCG-3'

and
5-TCAGAGCTCTCAGACAAAGAACATTTTGAAC-3

from cDNA of N. benthamiana and the amplicon was cloned into pBI121 vector by BamH]I/Sacl sites.

2.3.4. Construction of STTM-Based Inhibitory Vectors for Endogenous microRNAs

For development of STTM (Short tandem target mimic) constructs for miR390a, miR393a and
miR403a, the following sequences and their complementary sequences were designed and synthesized.
miR390a, 5'-ctcgagGGTGCTATCCCCTATCCTGAGCTTGTTGTTGTTGTTATGGTCTAATTTAAATAT
GGTCTAA AGAAGAAGAATGGTGCTATCCCCTATCCTGAGCTTgaattc-3"; miR393a, 5'-ctcgagCCAA
AGGGCTAATAGCATGATGTTGTTGTTGTTATGGTCTAATTTAAATATGGTCTAAAGAAGAAGAAT
CCAAAGGGCTAATAGCATGATgaattc-3’; and miR403, 5'-ctcgagAGTTTGTGCCTAGTGAATCTAA
GTTGTTGTTGTTATGGTCTAATTTAAATATGGTCTAAAGAAGAAGAATAGTTTGTGCCTAGTGAA
TCTAAgaattc-3’. The restriction endonuclease sites are shown in lower-case letter, and the STTM spacer
sequences were underlined. The oligonucleotides and complementary sequences were annealed to
produce dsDNA and this dsDNA was then ligated into the pGreen-GUS-Competitor vector by Xhol and
EcoRI respectively.

2.4. Plant Inoculation, Gene Silencing and Virus Infection

The above constructs were transformed into Agrobacterium tumefaciens GV3101 competent cells. The
transformants were grown to optical density ODggp = 1 at 28 °C, cells were collected by centrifugation
and resuspended in inoculation buffer (10 mM 2-(N-Morpholino)ethanesulfonic acid (MES), 10 mM
MgCl,, 200 uM acetosyringone). ODggg values of agrobacterium inoculation solution were all adjusted
to 1.0 unless stated otherwise. The inoculation solution was leaf-infiltrated into three-leaf stage N.
benthamiana by needleless syringe. For pCV-based silencing experiment, pCVB was simultaneously
transformed and co-infiltrated with recombinant pCVA vectors. For virus infection, infectious clone of
TMYV expressing green fluorescent protein (TMV-GFP), pJL24, was infected as the same way. For pJL24,
ODygq value of Agrobacterium inoculation solution was 0.1. In all experiments, inoculation buffer with
empty vector was used as mock treatment.

2.5. Total RNA Extraction and cDNA Preparation

Leaf tissues were grounded in liquid nitrogen by using mortar and pestle. The powder was
homogenized in Trizol reagent (CWBio, Beijing, China) and extracted following manufacturer’s
protocols. DNase was used to remove contaminated genomic DNA. Total RNA quality was confirmed
by measurement of ODy¢y/OD5gg using NanoDrop2000 Spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis. One pg of total RNA was used as template and
cDNA was synthesized by random hexamer using GoScript Reverse Transcription System (Promega
Corporation, Madison, WI, USA).
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2.6. Assessment of NbAGO2 Expression by gRT-PCR Experiment and Semi-Quantitative RT-PCR

The cDNAs were subjected to PCR experiment. The PCR reaction was run on qTOWER
2.2 (Analytik Jena AG, Jena, Germany) equipment. Fast SYBR Green Master Mix (ThermoFisher
Scientific, Waltham, MA, USA) was used for evaluation of NbAGO2 level by qRT-PCR. The primer sets
5 -ATGTGAAATGGTACGGGCTGAA-3’ and 5'-CAACAAGGTTCCACTGGCATTT-3" were used for
NDAGO2. As an internal control, steady state level of N. benthamiana GAPDH gene was evaluated by
primer set 5'-CTGACAAGGACAAGGCTGCT-3’ and 5'-AAGCAGCTCTTCCACCTCTC-3'. The ratio
of mRNA level between treatment and mock samples was determined by the 2744CT method. At least
three biological replicates with two technical replications were carried out, and the differences were
evaluated by t-test.

2.7. Northern Hybridization Experiment

Ten pg of total RNA was resolved by agarose gel electrophoresis. RNAs were transferred
from the gel to nylon membrane (Amersham Hybond-N*, positively charged) (GE Healthcare Life
Sciences, Pittsburgh, PA, USA) by an electrokinetic capillary apparatus. 3*P or digoxigenin-labelled
probes were prepared by the methods described as previously, and hybridization and signal
visualization were performed as per the literatures [39,40]. For N. benthamiana NbPRla gene,
a contig sequence with transcript ID of JN247448 from N. benthamiana sequence database
(www.benthgenome.com) was used and the primer pairs 5-GGATGCCCATAACACAGCTC-3'
and 5’-CCTAGCACATCCAACACGAA-3" were used for amplification of 313bp probe sequence.
For N. benthamiana B-actin gene, a partial cDNA sequence (JQ256516.1) was used and the primer
pairs 5'-CCCAAAGGCTAATCGTGAAA-3" and 5’-GCAGCTTCCATTCCAATCAT-3’ were used for
amplification of 483bp probe sequence. For TMV detection, nucleotide encoding capsid protein was used
and the primer pairs 5'-CAAGCTCGAACTGTCGTTCA-3" and 5-GACCAGAGGTCCAAACCAAA-3’
were used for amplification of 352bp probe sequence.

3. Results

3.1. Transient Silencing of NbAGO2 in N. benthamiana by amiR-NbAGO2

Artificial miRNA recently emerged as a newly developed technology for gene silencing. NbAGO2
amiR sequences were designed in www.benthgenome.com website and were used to amplify amiR
fragment using Arabidopsis thaliana miR159b as template backbone (Figure 1A, Supplementary Figure
S1). An overexpression vector for amiR-NbAGO2 was constructed in CaLCuV (cabbage leaf-curl
virus, Geminivirus) -based vector pCVA under 35S promoter [37]. The pCVA-amiR-NbAGO2 was
transformed into Agrobacterium tumefaciens strain GV3101 and agro-infiltrated into N. benthamiana
leaves together with pCVB. We used three different regions of NbAGO?2 for amiR targeting, and named
them amiR-NbAGO2-1, amiR-NbAGO2-2 and amiR-NbDAGO?2-3 respectively (Figure 1B). Three days
later, silencing effects on NDAGO2 expression were determined by qRT-PCR experiment. As shown in
Figure 1C, overexpression of amiR-NbAGO?2 significantly down-regulated the level of NbAGO2 by
53-74%. The most pronounced effect was observed for amiR-NbAGO2-2. The results demonstrated the
efficacy of amiR constructs for knockdown of NbAGO2 expression, and different amiR varied as regards
to silencing efficacy. Therefore, we used amiR-NbAGO2-2 for following experiments. As inoculation of
pCV interfere with subsequent infection of other viruses like TMV-GFP (Supplementary Figure S2),
we then used pBI121-based binary vector to overexpress amiR. Time course experiment showed that
silencing efficiency of pBI121-amiR was most evident at 6 DPI (days post infection) (Figure 2). In the
following experiments, we used pBI121-amiR-NbAGO2-2 for NbAGO?2 silencing experiments. To verify
the effectiveness of amiRNAs on NbAGO2 expression, another internal control, GAPDH, was used and
the results were similar to the results from NbActin as internal control (Supplementary Figure S3).
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Figure 1. Silencing of NbAGO?2 via transient expression of different amiRs from pCV-based vector.
(A) Oligonucleotides for amiR was designed, and the sequences were used as primers to amplify
Arabidopsis thaliana miR159b to produce amiR construct. After transcription and processing, mature
amiR binds to complementary site at target mRNA. amiR* denotes amiR star strand. (B) The positions
of amiR target sequences on NbAGO2 were shown with different colors, and qPCR primers for detection
of NDAGO?2 expression were shown with arrowhead. The numbers indicated the positions of amiR
target sites and qPCR primers. (C) Different amiR constructs cloned in pCVA vector were transiently
expressed in N. benthamiana leaves by agroinfiltration. At 3 DPI, plants were harvested and were
assayed for NbAGO?2 expression by quantitative real-time PCR. Plants inoculated with empty pCV
vector (EV) served as control treatment, and NbAGO2 expression in control group was arbitrarily
designated as 1. N. benthamiana NbActin gene served as the internal control. Significant differences
between control and treatment groups were calculated by Student’s t-test. Double and three asterisks
indicated significant difference at p < 0.01 and p < 0.001, respectively.
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Figure 2. Silencing of NbAGO?2 via transient expression of amiR2 from PBI121-based vector.
pBI121-amiR2 construct was transformed into GV3101, infiltrated on N. benthamiana leaves, and
the leaves were collected at different DPI. NbAGO2 expression was determined by quantitative real-time
PCR. Plants inoculated with empty pBI121 vector (EV) served as control treatment. NbAGO2 expression
in control was arbitrarily designated as 1. NbActin gene served as the internal control. Significant
differences between control and treatment groups were calculated by Student’s t-test. Double and three
asterisks indicated significant difference at p < 0.01 and p < 0.001, respectively.
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3.2. Silencing of NbAGO2 Compromised dsRNA-Mediated Gene Silencing in N. benthamiana

To confirm that NbAGO2 is functionally involved in RNAi process, a GFP16¢ N. benthamiana line
which overexpresses green fluorescent protein (GFP) was used. First, we used pCB2004B-hpGFP to
transiently silence GFP expression in GFP16¢ plant. The result showed that GFP expression was largely
silenced by transient overexpression of hpGFP by agroinfiltration, and both GFP fluorescence and
GFP mRNA levels decreased by hpGFP expression. One should note that GFP signal in GFP16c plant
was mostly localized in vascular tissue. Next, we used this system to investigate the involvement
of NbAGO2 in RNA silencing. Down-regulation of NbAGO2 by amiR-NbAGO?2 recovered both the
GFP fluorescence and GFP mRNA levels in the hpGFP expressed GFP16c¢ plant, while in the control
plant GFP was significantly silenced (Figure 3A,B). The loss of silencing by NbAGO2 knockdown via
amiR-NbAGO?2 transient expression verified the participation of NbPAGO2 in RNAi process.

pCB2004B pCB2004B-hpGFP pCB2004B-hpGFP + amiR-NbAGO2

(A)

1.00 070 137

Figure 3. Silencing of NbAGO2 compromised hairpin induced RNAi in N. benthamiana. (A) Three-leaf
stage GFP16c transgenic plants were inoculated with different combinations of vector constructs. GFP
fluorescence was visualized under Nikon SMZ18 microscope at 3 DPI. (B) The infiltrated leaf tissues
were harvested, total RNAs were extracted, and GFP mRNA levels were determined by Northern blot
experiment. Expression of N. benthamiana (3-actin served as internal control. The number below the
panel indicates the ratio of the blot band intensity between GFP and NbActin, in which the ratio in first
lane was arbitrarily designated as 1.

3.3. Expression of NbAGO2 was Induced by Both MeSA Treatment and TMYV Infection

Salicylic acid (SA) is reported to be broadly engaged in virus infection and defense response. We
also investigated the involvement of SA in the TMV infection process in N. benthamiana. Exogenous
MeSA was sprayed on three-leaf stage N. benthamiana seedlings and the seedlings were collected 2,
10 and 24 h post spray. To verify the effectiveness of SA treatment, expression of SA marker gene
NbPR1a was determined by Northern blot experiment. As shown in Figure 4A, NbPR1a was strongly
induced by MeSA treatment after 10 h, demonstrating that foliar application of MeSA is effective in N.
benthamiana. Quantitative real-time PCR was performed to determine the mRNA level of NbDAGO?2.
Under MeSA treatment, transcript level of NbAGO2 was shortly elevated at 10 h by 2.4-fold and then
declined to basal level by 24 h (Figure 4B). We then evaluated the expression of NbPAGO?2 in response to
TMYV infection. NbAGO2 was significantly induced by TMV infection during 1-4 DPI (Figure 5A). In
tobacco, SA was responsible for plant resistance to virus infection, especially of TMV. Our data showed
that SA level was significantly elevated by TMV infection (Figure 5B), and NbPR1a was also induced
by TMV infection in N. benthamiana (Figure 4A).
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Figure 4. Exogenous spray of MeSA induced NbAGO?2 expression. (A) 500 uM of MeSA was sprayed
on N. benthamiana leaves and the leaves were collected at 10 h post spray. Total RNAs were isolated
and NbPR1a level was determined by Northern blot experiment using NbPR1a sequence specific probe.
The same blot also includes the TMV infected leaf sample after 10 h of infection. NbActin served as
internal control and its mRNA level was evaluated by same way using NbActin specific probe. The
number below the panel indicates the ratio of the blot band intensity between NbPR1a and NbActin, in
which the ratio in first lane was arbitrarily defined as 1. (B) The same leaf tissues treated by MeSA were
collected at different time points and NbAGO?2 expression was determined by quantitative real-time
PCR. Plants sprayed with water solution served as control treatment. NbAGO2 expression in control
was arbitrarily designated as 1. N. benthamiana GAPDH gene served as the internal control. Significant
differences between groups were calculated by Student’s t-test. Single asterisk indicated significant

difference at p < 0.05.
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Figure 5. TMV infection elevated NPAGO2 expression and endogenous SA level. (A) Three-leaf
stage N. benthamiana was infected with TMV, and the leaves were collected at different DPI. NbDAGO2
expression was determined by quantitative real-time PCR. Plants inoculated with inoculation buffer
containing empty vector expression GV3101 served as control treatment. NbAGO2 expression in control
was arbitrarily designated as 1. NbActin gene served as the internal control. (B) Three-leaf stage
N. benthamiana was infected with TMV, and the leaves were collected 5 h post infection. SA level was
determined by UV Vis Spectrophotometry at 310 nm. Significant differences between mock and infected
groups were calculated by Student’s t-test. Single, double, and three asterisks indicated significant
difference at p < 0.05, p < 0.01, and p < 0.001, respectively.

3.4. Down-Regulation of NbAGO2 Promoted TMV Infection

As shown above, NbPAGO2 was responsive to TMV infection and MeSA treatment. Involvement
of NDAGO2 in TMV infection was further investigated as follows. NbPAGO2 was first silenced by
pBI121-amiR-NbAGO?2 agroinfiltration, and after one day the same leaf region was agroinfiltrated with
TMV-GEFP, an infectious TMV engineered to express green fluorescent protein, which was retained in
the infiltrated area for at least 6 days. The inoculated leaves were monitored daily for the appearance of
GEFP fluorescence. As shown in Figure 6A, silencing of NbDAGO?2 caused stronger accumulation of virus
(GFP fluorescence) as compared to control empty vector (pBI121) inoculated leaves. In accordance with
this, overexpression of NbAGO2 (Ox-NDAGO2) resulted in weaker virus accumulation, and this effect
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was abolished by simultaneous amiR-NbAGO?2 expression. In addition, virus spread was reduced by
treatment with MeSA (Figure 6B). TMV RNA level was also determined by Northern blot experiment
with CP (Capsid protein) region-specific probe, and the result was consistent with GFP fluorescence
data (Figure 6C,D). Taken together, we concluded that NbAGO2 was an antiviral factor effective against
TMYV, and SA was implicated in this process by inducing NbAGO2 expression, at least to some extent.

(A) (B)

amiR-NbAGO2
+ Ox-NbAGO2 MeSA Mock

amiR-NbAGO2

pBI121 Ox-NbAGO2 05 1 27 13 06 1

Figure 6. NbAGO2 contributed to TMV defense in N. benthamiana. (A) N. benthamiana plants were
first inoculated with different combinations of vector constructs by agroinfiltration, and infected with
TMV-GFP after one day of inoculation. GFP fluorescence was visualized by hand-held UV lamp at
320 nm, and the photographs were taken five days post TMV infection. pBI121, empty pBI121 vector;
amiR-NbAGO2, amiR-NbAGO2 construct in pBI121 vector; Ox-NbAGO2, NbAGO?2 overexpression
construct in pBI121. (B) N. benthamiana plants were sprayed with 500 uM MeSA daily, and infected with
TMV-GEFP after the first spray. GFP fluorescence was visualized by hand-held UV lamp at 320 nm, and
the photographs were taken five days post TMV infection. (C,D) Detection of TMV genomic RNA by
Northern blot experiment. The same treated samples from above were subjected to detection of TMV
RNA. Total RNAs were isolated and TMV RNA level was determined by Northern blot experiment
using capsid protein sequence specific probe labelled with 32P. NbActin served as internal control and
the mRNA level of NbActin was evaluated in the same way using 3*P labelled NbActin specific probe
(lower panel). The band corresponding to TMV genomic DNA was indicated by the arrowhead. The
number below the panel indicates the ratio of the blot band intensity between TMV and NbActin, in
which the ratio in control lane was arbitrarily designated as 1.

3.5. STTM_miR403a Suppressed TMV Infection

As a core element in RISC formation, AGO2 plays an important role in RNAi-mediated disease
resistance response. We therefore hypothesized that some miRNA, especially which participate in
RNAIi, may have an effect in the process. We chose three miRNAs to further verify this. Among them,
miRNA390a and miRNA393a were reported to influence the activity of AGO2 by binding to it [41],
while miRNA403a was reported to mitigate AGO2 expression by posttranscriptional regulation [42].
Short tandem target mimic (STTM) is a complementary RNA which blocks small RNA functions in
plants by sponge activity. Therefore, we designed an STTM inhibitory vector for each miRNA to
examine functions of these miRNAs in virus defense according to the methods described by Tang et
al. [43]. After co-inoculation with STTM constructs and TMV-GFP via agroinfiltration in N. benthamiana
plants, the GFP fluorescence was observably weakened in STTM_miR390a, STTM_miR393a, and
STTM_miR403a co-infected area at 6 DPI compared to pGreen_GUS_competitor, which served as
the control construct (Figure 7A). Subsequently, fluorescence intensity was quantified, and the GFP
intensity of STTM co-expressed groups, especially that of STTM_miR403a, showed statistical differences
compared with the control (Figure 7B). In the subsequent analysis, we found that miR403a had a target
site in 3’ UTR of NbDAGO2 transcript (Supplementary Figure S4). STTM_miR403a expression reduced
NbAGO2 mRNA level (Figure 7C), while STTM_miR390a, STTM_miR393a expression did not alter
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NbAGO2 mRNA level. Our data showed the regulatory role of miR403a on the expression of NbAGO2
as well as its role in antiviral response.
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Figure 7. STTM_miR403a suppressed TMV infection. (A) N. benthamiana plants were co-inoculated
with vector constructs and TMV-GFP by agroinfiltration. GFP fluorescence was visualized by hand-held
UV lamp at 320 nm, and the photographs were taken at 6 DPI. STTM_miR390a, STTM_miR393a, and
STTM_miR403a constructs were cloned in pGreen_GUS_Competitor vector. (B) The GFP fluorescence
of infection area in (A) was converted into gray density by Gel-Pro Analyzer software (V4.0, Media
Cybernetics, Inc., Rockville, USA), Dunnett’s multiple comparisons test was used for comparison
of GFP intensity value of seven infected leaves. (C) Total RNAs were extracted from the same leaf
regions from above experiments, and NbAGO2 expression was determined by qRT-PCR experiment
using NbActin mRNA level as internal control. Single, double, and three asterisks indicated significant
difference at p < 0.05, p < 0.01, and p < 0.001, respectively.

4. Discussion

SA-mediated defenses were involved in plant response against a variety of pathogen types
including viruses, bacteria and fungi [44]. Involvement of SA in plant response against virus infection
was first established for the well-known interaction between TMV and its resistance gene N from
tobacco [45]. Furthermore, SA was reported to be inductively accumulated after virus infection,
highlighting the importance of this plant hormone in compatible plant-virus interactions [46,47].
Both RNA viruses and DNA viruses were reported to trigger SA signaling pathway [48,49]. In
fact, accumulation of SA after pathogen attack and induction of hallmark PR genes were commonly
observed [50,51]. Infection of a diverse range of plant pathogens activated SA signaling pathway
and subsequent hypersensitive reaction (HR) or systemic acquired resistance (SAR) [51]. RNAi is a
well-known antiviral defense mechanism in plants. Cross-talk of RNA silencing and SA triggered
defense responses were manifested by several reports. First, N. benthamiana AGO4 protein was involved
in translational repression and was indispensable for SA-mediated defense response by N gene [17].
Second, silencing suppressor proteins encoded by virus genome influence both RNAi and SA-induced
plant defenses against viruses [52-54]. Third, expression of some RNA silencing component genes
are influenced by SA treatment. For example, among plant RNA silencing components, activity or
expression level of RdRp1 from a variety of plant species including Arabidopsis thaliana, N. benthamiana,
maize, cotton, potato and tobacco were elicited by SA or virus infection, as led to activation of antiviral
defense responses [26,27,55-59]. Our data showed that foliar application of MeSA induced NbAGO?2
expression and activated defense against TMYV, as is consistent with results from other studies [60,61].
We used TMV infectious clone pJL24 and it was retained in the infiltrated area within our detection time.
Induction of NbAGO2 expression by SA indicated that cross-talk of RNA silencing and SA-mediated
antiviral defenses were mediated by RdRp or AGO2 in some plant species like N. benthamiana [62].
As for the TMV defense reaction, NbRdRp1 was reported to function in systemic leaves but not on
directly-inoculated leaves [27,55,63], while NbAGO?2 played TMV defense role in inoculated leaves in
our results.
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Induction of RNAi pathway component genes by corresponding pathogens were reported in
several manuscripts. In Arabidopsis thaliana, AGO2 was induced by bacterial pathogen Pseudomonas
syringae, virus pathogens TCV, CMV and also by virus silencing suppressor proteins [41,53,64]. RdRp1
expression was induced by TMV infection [55]. Expression of DRB4 was induced by infection of viruses
such as tobacco yellow mosaic virus (TYMYV, Tymovirus), TCV, CaMV [65] and TCV [66,67]. In rice, RSV
infection induced expression of AGO18 and AGO2, while RDV infection induced expression of several
OsRDR genes but not OsAGO genes [68]. Here, we showed that expression of NbPAGO2 was induced
by TMV infection in virological model species N. benthamiana. NbAGO2 was shown to be involved
in both RNAi and virus defense responses here. NbAGO2 was reported to mediate defense against
tomato bushy stunt virus (TBSV, Tombusvirus) [32]. CRISPR/Cas9 mediated inactivation of NbDAGO2
compromise defenses against PVX, TuMV and TCV, but not Tombusvirus and CMYV infections [33].
Transgenic approach showed that AGO2 defends against TBSV, TMV and PVX, but not foxtail mosaic
virus (FoMYV, Potexvirus) [69]. Our data add weight to the present evidence that AGO2 is a broad
spectrum antiviral gene whose activity is achieved by RNAi mechanism. Artificial miRNA was shown
to be effective to silence variety of genes in a diversity of plant species including N. benthamiana [70],
Arabidopsis thaliana [71], N. tabacum [72], Oryza sativa [35], Glycine max [73], Solanum melongena [74],
Medicago truncutula [75], Triticum aestivum [76], Vitis vinifera [77], Solanum tuberosum [78] and Solanum
lycopersicum [79]. Here, we also showed that artificial miRNA was an effective way to silence N.
benthamiana AGO family genes via transient expression from both virus vector and binary vector. As
infection of virus vector (pCV) hindered subsequent TMV infection, we used pBI121 for expression
of amiRNA and its effects on TMV infection. It is interesting to note that AGO?2 itself is targeted by
miR403a in plants [80], and here we showed for the first time that attenuation of miR403a inhibition on
NDAGO?2 by STTM technology influenced TMV infection. As for the miR390a and miR393a, both of
them were reported to bind to NbAGO?2 protein competitively [41], therefore we speculated that this is
the reason that they play similar role with miR403a in our experiments. Paudel et al. reported that
NbAGO2 expression was induced by tomato ringspot virus (ToRSV; Secoviridae) isolates TORSV-Rasp1
or ToRSV-GYV, and silencing of NbAGO2 elevated ToRSV accumulation [81]. This indicated that
NbAGO2 was involved in plant responses toward different families of viruses.

5. Conclusions

The role of NbAGO?2 gene against TMV infection was investigated in N. benthamiana. NbAGO2 was
demonstrated to be involved in RNAi process in N. benthamiana. NbAGO2 mRNA level was elevated
by both TMV infection and MeSA treatment. Suppression of NbAGO2 gene by amiR technology
compromised plant resistance against TMV infection. Inhibition of endogenous miR403a, a predicted
regulatory microRNA of NbAGO2, reduced TMV infection. Taken all this together, we conclude that
SA participates in NbAGO2 mediated TMV response and miR403a is also involved in this response by
post-transcriptionally regulating NbAGO2 expression (Figure 8).

TMYV infection
NbAGO2 | miR403a

Figure 8. Model for NbAGO2 mediated antiviral defenses against TMV infection in Nicotiana benthamiana.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/7/526/s1,
Figure S1: NbAGO?2 (Unigene No. Nbv3K585706870, retrieved from www.benthgenome.com) was aligned
with Arabidopsis thaliana NDAGO2 (Accession No. NM_102866.3), Nicotiana tabacum NtAGO2 (Accession No.
XM_016619080.1), Solanum lycopersicum SlyAGO2 (Accession No. NM_001279306.2), and Glycine max GmAGO2
(Accession No. XM_006605460.3) by DNAMAN software (Version 6.0.3.99, Lynnon Biosoft, San Ramon, CA, USA).
The sequences for amiR target sites were shown on top by lines with different colors, Figure S2: N. benthamiana
leaves were first inoculated with pCV (both pCVA and pCVB), and then were infected with TMV-GFP (pJL24) one
day later. As a control, pCambia1301, the backbone of pCV infectious clone used here, was inoculated. The result
showed that first inoculation of pCV impeded TMV-GEFP infections, Figure S3: The experiments in (A) and (B)
were performed the same as Figures 1 and 2, respectively. The only difference is Actin gene was used as internal
control here instead of GAPDH in Figures 1 and 2, Figure S4: Sequence alignment between miR403a and target
NbAGO?2 gene from 17Wt Nicotiana Benthamiana. “|” indicates perfect match, while gap shows mismatches.

Author Contributions: Conceptualization, Y.N. and H.W.; Formal analysis, P.D. and Q.Z.; Funding acquisition,
Y.N. and HW.,; Investigation, P.D., Q.Z., H.S.,, WM., A.C., R.Y. and ].W.; Methodology, P.D. and Q.Z.; Project
administration, Y.N. and H.W.,; Supervision, HW.; Validation, H.S.; Visualization, P.D.; Writing—original draft, Y.N.
and H.W. All authors read and approved the final manuscript.

Funding: This research was funded by National Natural Science Foundation of China (31460036, 31570142),
National Foundation for College Students (201710126039) and Inner Mongolia Innovation Project for College
Students (201614262).

Acknowledgments: We are grateful to Yule Liu (Tsinghua University), Feng Li (Huazhong Agricultural University),
Xiaohan Mo (Yunnan Tobacco Research Institute) and Bryce W. Falk (University of California, Davis) for providing
vectors or plant seeds.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Wingard, S.A. Hosts and symptoms of ring spot, a virus disease of plants. J. Agric. Res. 1928, 37, 127-153.
Napoli, C.; Lemieux, C.; Jorgensen, R. Introduction of a Chimeric Chalcone Synthase Gene into Petunia
Results in Reversible Co-Suppression of Homologous Genes in trans. Plant Cell 1990, 2, 279-289. [CrossRef]
[PubMed]

3. Lindbo, J.A,; Silva-Rosales, L.; Proebsting, W.M.; Dougherty, W.G. Induction of a higly specific antiviral state
in transgenic plants: Implications for regulation of gene expression and virus resistance. Plant Cell 1993, 5,
1749-1759. [CrossRef] [PubMed]

4. Fire, A,; Xu, S.Q.; Montgomery, M.K,; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806-811. [CrossRef]
[PubMed]

5. Hamilton, A.J.; Baulcombe, D.C. A species of small antisense RNA in posttranscriptional gene silencing in
plants. Science 1999, 286, 950-952. [CrossRef] [PubMed]

6. Romano, N.; Macino, G. Quelling: Transient inactivation of gene expression in Neurospora crassa by
transformation with homologous sequences. Mol. Microbiol. 1992, 6, 3343-3353. [CrossRef] [PubMed]

7. Noad, R.J.; Turner, D.S.; Covey, S.C. Expression of functional elements inserted into the 35S promoter region
of infectious cauliflower mosaic virus replicons. Nucleic Acids Res. 1997, 25, 1123-1129. [CrossRef]

8. Ratcliff, F.; Harrison, B.D.; Baulcombe, D.C. A similarity between viral defense and gene silencing in plants.
Science 1997, 276, 1558-1560. [CrossRef]

9. Meister, G.; Tuschl, T. Mechanisms of gene silencing by double-stranded RNA. Nature 2004, 431, 343-349.
[CrossRef]

10. Azevedo, ].; Garcia, D.; Pontier, D.; Ohnesorge, S.; Yu, A.; Garcia, S.; Braun, L.; Bergdoll, M.; Hakimi, M.A.;
Lagrange, T.; et al. Argonaute quenching and global changes in Dicer homeostasis caused by a
pathogen-encoded GW repeat protein. Genes Dev. 2010, 24, 904-915. [CrossRef]

11. Duan, C.-G;; Fang, Y.-Y.; Zhou, B.-].; Zhao, ].-H.; Hou, W.-N.; Zhu, H.; Ding, 5.-W.; Guo, H.-S. Suppression of
Arabidopsis ARGONAUTE1-Mediated Slicing, Transgene-Induced RNA Silencing, and DNA Methylation by
Distinct Domains of the Cucumber mosaic virus 2b Protein. Plant Cell 2012, 24, 259-274. [CrossRef]

12.  Garcia, D.; Garcia, S.; Pontier, D.; Marchais, A.; Renou, J.P,; Lagrange, T.; Voinnet, O. Ago Hook and RNA
Helicase Motifs Underpin Dual Roles for SDE3 in Antiviral Defense and Silencing of Nonconserved Intergenic
Regions. Mol. Cell 2012, 48, 109-120. [CrossRef] [PubMed]


http://www.mdpi.com/2073-4425/10/7/526/s1
www.benthgenome.com
http://dx.doi.org/10.2307/3869076
http://www.ncbi.nlm.nih.gov/pubmed/12354959
http://dx.doi.org/10.2307/3869691
http://www.ncbi.nlm.nih.gov/pubmed/12271055
http://dx.doi.org/10.1038/35888
http://www.ncbi.nlm.nih.gov/pubmed/9486653
http://dx.doi.org/10.1126/science.286.5441.950
http://www.ncbi.nlm.nih.gov/pubmed/10542148
http://dx.doi.org/10.1111/j.1365-2958.1992.tb02202.x
http://www.ncbi.nlm.nih.gov/pubmed/1484489
http://dx.doi.org/10.1093/nar/25.6.1123
http://dx.doi.org/10.1126/science.276.5318.1558
http://dx.doi.org/10.1038/nature02873
http://dx.doi.org/10.1101/gad.1908710
http://dx.doi.org/10.1105/tpc.111.092718
http://dx.doi.org/10.1016/j.molcel.2012.07.028
http://www.ncbi.nlm.nih.gov/pubmed/22940249

Genes 2019, 10, 526 13 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Garcia-Ruiz, H.; Carbonell, A.; Hoyer, ].S.; Fahlgren, N.; Gilbert, K.B.; Takeda, A.; Giampetruzzi, A.;
Ruiz, M.T.G.; McGinn, M.G.; Lowery, N; et al. Roles and Programming of Arabidopsis ARGONAUTE Proteins
during Turnip Mosaic Virus Infection. PLoS Pathog. 2015, 11, e1004755. [CrossRef] [PubMed]

Carbonell, A.; Fahlgren, N.; Garcia-Ruiz, H.; Gilbert, K.B.; Montgomery, T.A.; Nguyen, T.; Cuperus, ].T.;
Carrington, J.C. Functional Analysis of Three Arabidopsis ARGONAUTES Using Slicer-Defective Mutants.
Plant Cell 2012, 24, 3613-3629. [CrossRef] [PubMed]

Harvey, ].J.W.; Lewsey, M.G; Patel, K.; Westwood, J.; Heimstaedt, S.; Carr, J.P.,; Baulcombe, D.C. An Antiviral
Defense Role of AGO2 in Plants. PLoS ONE 2011, 6, e14639. [CrossRef] [PubMed]

Jaubert, M.; Bhattacharjee, S.; Mello, A.ES.; Perry, K.L.; Moffett, . ARGONAUTE2 Mediates RNA-Silencing
Antiviral Defenses against Potato virus X in Arabidopsis. Plant Physiol. 2011, 156, 1556-1564. [CrossRef]
Bhattacharjee, S.; Zamora, A.; Azhar, M.T.; Sacco, M. A.; Lambert, L.H.; Moffett, P. Virus resistance induced by
NB-LRR proteins involves Argonaute4-dependent translational control. Plant J. 2009, 58, 940-951. [CrossRef]
[PubMed]

Hamera, S.; Song, X.; Su, L.; Chen, X.; Fang, R. Cucumber mosaic virus suppressor 2b binds to AGO4-related
small RNAs and impairs AGO4 activities. Plant J. 2012, 69, 104-115. [CrossRef]

Raja, P; Sanville, B.C.; Buchmann, R.C.; Bisaro, D.M. Viral genome methylation as an epigenetic defense
against geminiviruses. J. Virol. 2008, 82, 8997-9007. [CrossRef]

Brosseau, C.; El Oirdi, M.; Adurogbangba, A.; Ma, X.; Moffett, P. Antiviral Defense Involves AGO4 in an
Arabidopsis-Potexvirus Interaction. Mol. Plant-Microbe Interact. 2016, 29, 878-888. [CrossRef]

Blevins, T.; Rajeswaran, R.; Shivaprasad, P.V.; Beknazariants, D.; Si-Ammour, A.; Park, H.-S.; Vazquez, F;
Robertson, D.; Meins, F, Jr.; Hohn, T.; et al. Four plant Dicers mediate viral small RNA biogenesis and DNA
virus induced silencing. Nucleic Acids Res. 2006, 34, 6233-6246. [CrossRef] [PubMed]

Garcia-Ruiz, H.; Takeda, A.; Chapman, E.J.; Sullivan, C.M.; Fahlgren, N.; Brempelis, K.J.; Carrington, J.C.
Arabidopsis RNA-Dependent RNA Polymerases and Dicer-Like Proteins in Antiviral Defense and Small
Interfering RNA Biogenesis during Turnip Mosaic Virus Infection. Plant Cell 2010, 22, 481-496. [CrossRef]
[PubMed]

Zhang, X.; Zhang, X.; Singh, J.; Li, D.; Qu, F. Temperature-Dependent Survival of Turnip Crinkle Virus-Infected
Arabidopsis Plants Relies on an RNA Silencing-Based Defense That Requires DCL2, AGO2, and HENT. J.
Virol. 2012, 86, 6847-6854. [CrossRef] [PubMed]

Donaire, L.; Barajas, D.; Martinez-Garcia, B.; Martinez-Priego, L.; Pagan, I; Llave, C. Structural and genetic
requirements for the biogenesis of tobacco rattle virus-derived small interfering RNAs. J. Virol. 2008, 82,
5167-5177. [CrossRef] [PubMed]

Wang, X.-B.; Wu, Q.; Ito, T.; Cillo, F;; Li, W.-X.; Chen, X,; Yu, ].-L.; Ding, S.-W. RNAi-mediated viral immunity
requires amplification of virus-derived siRNAs in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2010, 107,
484-489. [CrossRef] [PubMed]

He, J.; Dong, Z.; Jia, Z.; Wang, J.; Wang, G. Isolation, expression and functional analysis of a putative
RNA-dependent RNA polymerase gene from maize (Zea mays L.). Mol. Biol. Rep. 2010, 37, 865-874.
[CrossRef] [PubMed]

Xie, Z.X.; Fan, B.F; Chen, C.H.; Chen, Z.X. An important role of an inducible RNA-dependent RNA
polymerase in plant antiviral defense. Proc. Natl. Acad. Sci. USA 2001, 98, 6516-6521. [CrossRef]

Jiang, L.; Qian, D.; Zheng, H.; Meng, L.-Y.; Chen, J.; Le, W.-].; Zhou, T.; Zhou, Y.-J.; Wei, C.-H.; Li, Y.
RNA-dependent RNA polymerase 6 of rice (Oryza sativa) plays role in host defense against negative-strand
RNA virus, Rice stripe virus. Virus Res. 2012, 163, 512-519. [CrossRef]

Cordero, T.; Cerdan, L.; Carbonell, A.; Katsarou, K.; Kalantidis, K.; Daros, J.-A. Dicer-Like 4 Is Involved
in Restricting the Systemic Movement of Zucchini yellow mosaic virus in Nicotiana benthamiana. Mol.
Plant-Microbe Interact. 2017, 30, 63-71. [CrossRef]

Qu, F; Ye, X.H.; Hou, G.C; Sato, S.; Clemente, T.E.; Morris, T.J. RDR6 has a broad-spectrum but
temperature-dependent antiviral defense role in Nicotiana benthamiana. ]. Virol. 2005, 79, 15209-15217.
[CrossRef]

Schwach, F; Vaistij, EE.; Jones, L.; Baulcombe, D.C. An RNA-dependent RNA polymerase prevents meristem
invasion by potato virus X and is required for the activity but not the production of a systemic silencing
signal. Plant Physiol. 2005, 138, 1842-1852. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.ppat.1004755
http://www.ncbi.nlm.nih.gov/pubmed/25806948
http://dx.doi.org/10.1105/tpc.112.099945
http://www.ncbi.nlm.nih.gov/pubmed/23023169
http://dx.doi.org/10.1371/journal.pone.0014639
http://www.ncbi.nlm.nih.gov/pubmed/21305057
http://dx.doi.org/10.1104/pp.111.178012
http://dx.doi.org/10.1111/j.1365-313X.2009.03832.x
http://www.ncbi.nlm.nih.gov/pubmed/19220787
http://dx.doi.org/10.1111/j.1365-313X.2011.04774.x
http://dx.doi.org/10.1128/JVI.00719-08
http://dx.doi.org/10.1094/MPMI-09-16-0188-R
http://dx.doi.org/10.1093/nar/gkl886
http://www.ncbi.nlm.nih.gov/pubmed/17090584
http://dx.doi.org/10.1105/tpc.109.073056
http://www.ncbi.nlm.nih.gov/pubmed/20190077
http://dx.doi.org/10.1128/JVI.00497-12
http://www.ncbi.nlm.nih.gov/pubmed/22496240
http://dx.doi.org/10.1128/JVI.00272-08
http://www.ncbi.nlm.nih.gov/pubmed/18353962
http://dx.doi.org/10.1073/pnas.0904086107
http://www.ncbi.nlm.nih.gov/pubmed/19966292
http://dx.doi.org/10.1007/s11033-009-9692-2
http://www.ncbi.nlm.nih.gov/pubmed/19685166
http://dx.doi.org/10.1073/pnas.111440998
http://dx.doi.org/10.1016/j.virusres.2011.11.016
http://dx.doi.org/10.1094/MPMI-11-16-0239-R
http://dx.doi.org/10.1128/JVI.79.24.15209-15217.2005
http://dx.doi.org/10.1104/pp.105.063537
http://www.ncbi.nlm.nih.gov/pubmed/16040651

Genes 2019, 10, 526 14 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Scholthof, H.B.; Alvarado, V.Y.; Vega-Arreguin, J.C.; Ciomperlik, J.; Odokonyero, D.; Brosseau, C.; Jaubert, M.;
Zamora, A.; Moffett, P. Identification of an ARGONAUTE for Antiviral RNA Silencing in Nicotiana benthamiana.
Plant Physiol. 2011, 156, 1548-1555. [CrossRef] [PubMed]

Ludman, M.; Burgyan, J.; Fatyol, K. Crispr/Cas9 Mediated Inactivation of Argonaute 2 Reveals its Differential
Involvement in Antiviral Responses. Sci. Rep. 2017, 7, 1010. [CrossRef] [PubMed]

Schwab, R.; Ossowski, S.; Riester, M.; Warthmann, N.; Weigel, D. Highly specific gene silencing by artificial
microRNAs in Arabidopsis. Plant Cell 2006, 18, 1121-1133. [CrossRef] [PubMed]

Warthmann, N.; Chen, H.; Ossowski, S.; Weigel, D.; Herve, P. Highly Specific Gene Silencing by Artificial
miRNAs in Rice. PLoS ONE 2008, 3, €1829. [CrossRef] [PubMed]

Carbonell, A.; Fahlgren, N.; Mitchell, S.; Cox, K.L., Jr.; Reilly, K.C.; Mockler, T.C.; Carrington, ].C. Highly
specific gene silencing in a monocot species by artificial microRNAs derived from chimeric miRNA precursors.
Plant J. Cell Mol. Biol. 2015, 82, 1061-1075. [CrossRef] [PubMed]

Tang, Y.; Wang, F.; Zhao, ].; Xie, K.; Hong, Y.; Liu, Y. Virus-Based MicroRNA Expression for Gene Functional
Analysis in Plants. Plant Physiol. 2010, 153, 632—-641. [CrossRef]

He, X.F,; Xia, PF; Wang, A.G.; Liu, D.; Zhao, L.M. Determination methods for the content of methyl
salicylate-2-O-beta-D-galactopyranoside (1-4)-beta-D-glucopyranoside. Acta Pharm. Sinica 2012, 47, 966-968.
Wuriyanghan, H.; Falk, B.W. RNA Interference towards the Potato Psyllid, Bactericera cockerelli, Is Induced in
Plants Infected with Recombinant Tobacco mosaic virus (TMV). PLoS ONE 2013, 8, e66050. [CrossRef]
Ganbaatar, O.; Cao, B.; Zhang, Y.; Bao, D.; Bao, W.; Wuriyanghan, H. Knockdown of Mythimna separata
chitinase genes via bacterial expression and oral delivery of RNAI effectors. BMC Biotechnol. 2017, 17, 17-19.
[CrossRef]

Zhang, X.; Zhao, H.; Gao, S.; Wang, W.-C.; Katiyar-Agarwal, S.; Huang, H.-D.; Raikhel, N.; Jin, H. Arabidopsis
Argonaute 2 Regulates Innate Immunity via miRNA393*-Mediated Silencing of a Golgi-Localized SNARE
Gene, MEMB12. Mol. Cell 2011, 42, 356-366. [CrossRef] [PubMed]

Allen, E.; Xie, Z.X.; Gustafson, A.M.; Carrington, ].C. microRNA-directed phasing during trans-acting siRNA
biogenesis in plants. Cell 2005, 121, 207-221. [CrossRef] [PubMed]

Tang, G; Yan, J.; Gu, Y.; Qiao, M.; Fan, R.; Mao, Y.; Tang, X. Construction of short tandem target mimic (STTM)
to block the functions of plant and animal microRNAs. Methods 2012, 58, 118-125. [CrossRef] [PubMed]
Delaney, T.P,; Uknes, S.; Vernooij, B.; Friedrich, L.; Weymann, K.; Negrotto, D.; Gaffney, T.; Gut-Rella, M.;
Kessmann, H.; Ward, E.; et al. A central role of salicylic acid in plant disease resistance. Science 1994, 266,
1247-1250. [CrossRef] [PubMed]

Gaftney, T.; Friedrich, L.; Vernooij, B.; Negrotto, D.; Nye, G.; Uknes, S.; Ward, E.; Kessmann, H.; Ryals, J.
Requirement of salicylic acid for the induction systemic acquired resistance. Science 1993, 261, 754-756.
[CrossRef] [PubMed]

Love, AJ; Yun, BW,; Laval, V.; Loake, G.J.; Milner, J.J. Cauliflower mosaic virus, a compatible pathogen of
Arabidopsis, engages three distinct defense-signaling pathways and activates rapid systemic generation of
reactive oxygen species. Plant Physiol. 2005, 139, 935-948. [CrossRef] [PubMed]

Whitham, S.A.; Quan, S.; Chang, H.S.; Cooper, B.; Estes, B.; Zhu, T.; Wang, X.; Hou, Y.M. Diverse RNA
viruses elicit the expression of common sets of genes in susceptible Arabidopsis thaliana plants. Plant ]. 2003,
33, 271-283. [CrossRef] [PubMed]

Whitham, S.A.; Yang, C.; Goodin, M.M. Global impact: Elucidating plant responses to viral infection. Mol.
Plant-Microbe Interact. 2006, 19, 1207-1215. [CrossRef]

Ascencio-Ibanez, ].T.; Sozzani, R.; Lee, T.-].; Chu, T.-M.; Wolfinger, R.D.; Cella, R.; Hanley-Bowdoin, L. Global
analysis of Arabidopsis gene expression uncovers a complex array of changes impacting pathogen response
and cell cycle during Geminivirus infection. Plant Physiol. 2008, 148, 436—454. [CrossRef]

Uknes, S.; Dincher, S.; Friedrich, L.; Negrotto, D.; Williams, S.; Thompson-Taylor, H.; Potter, S.; Ward, E.;
Ryals, J. Regulation of pathogenesis-related protein-la gene expression in tobacco. Plant Cell 1993, 5, 159-169.
[CrossRef]

Chen, H.; Zhang, Z.; Teng, K,; Lai, J.; Zhang, Y.; Huang, Y.; Li, Y;; Liang, L.; Wang, Y.; Chu, C,; et al.
Up-regulation of LSB1/GDU3 affects Geminivirus infection by activating the salicylic acid pathway. Plant |.
2010, 62, 12-23. [CrossRef] [PubMed]


http://dx.doi.org/10.1104/pp.111.178764
http://www.ncbi.nlm.nih.gov/pubmed/21606315
http://dx.doi.org/10.1038/s41598-017-01050-6
http://www.ncbi.nlm.nih.gov/pubmed/28432338
http://dx.doi.org/10.1105/tpc.105.039834
http://www.ncbi.nlm.nih.gov/pubmed/16531494
http://dx.doi.org/10.1371/journal.pone.0001829
http://www.ncbi.nlm.nih.gov/pubmed/18350165
http://dx.doi.org/10.1111/tpj.12835
http://www.ncbi.nlm.nih.gov/pubmed/25809382
http://dx.doi.org/10.1104/pp.110.155796
http://dx.doi.org/10.1371/journal.pone.0066050
http://dx.doi.org/10.1186/s12896-017-0328-7
http://dx.doi.org/10.1016/j.molcel.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21549312
http://dx.doi.org/10.1016/j.cell.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15851028
http://dx.doi.org/10.1016/j.ymeth.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23098881
http://dx.doi.org/10.1126/science.266.5188.1247
http://www.ncbi.nlm.nih.gov/pubmed/17810266
http://dx.doi.org/10.1126/science.261.5122.754
http://www.ncbi.nlm.nih.gov/pubmed/17757215
http://dx.doi.org/10.1104/pp.105.066803
http://www.ncbi.nlm.nih.gov/pubmed/16169957
http://dx.doi.org/10.1046/j.1365-313X.2003.01625.x
http://www.ncbi.nlm.nih.gov/pubmed/12535341
http://dx.doi.org/10.1094/MPMI-19-1207
http://dx.doi.org/10.1104/pp.108.121038
http://dx.doi.org/10.1105/tpc.5.2.159
http://dx.doi.org/10.1111/j.1365-313X.2009.04120.x
http://www.ncbi.nlm.nih.gov/pubmed/20042021

Genes 2019, 10, 526 15 of 16

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ji, L.H.; Ding, S.W. The suppressor of transgene RNA silencing encoded by Cucumber mosaic virus interferes
with salicylic acid-mediated virus resistance. Mol. Plant-Microbe Interact. 2001, 14, 715-724. [CrossRef]
[PubMed]

Lewsey, M.G.; Murphy, A.M.; MacLean, D.; Dalchau, N.; Westwood, ].H.; Macaulay, K.; Bennett, M.H.;
Moulin, M.; Hanke, D.E.; Powell, G.; et al. Disruption of Two Defensive Signaling Pathways by a Viral RNA
Silencing Suppressor. Mol. Plant-Microbe Interact. 2010, 23, 835-845. [CrossRef] [PubMed]

Wang, X.; Goregaoker, S.P.; Culver, ].N. Interaction of the Tobacco Mosaic Virus Replicase Protein with a
NAC Domain Transcription Factor Is Associated with the Suppression of Systemic Host Defenses. J. Virol.
2009, 83, 9720-9730. [CrossRef] [PubMed]

Yu, D.Q.; Fan, B.F,; MacFarlane, S.A.; Chen, Z.X. Analysis of the involvement of an inducible Arabidopsis
RNA-dependent RNA polymerase in antiviral defense. Mol. Plant-Microbe Interact. 2003, 16, 206-216.
[CrossRef]

Liu, Y;; Gao, Q.; Wu, B.; Ai, T.; Guo, X. NgRDR1, an RNA-dependent RNA polymerase isolated from Nicotiana
glutinosa, was involved in biotic and abiotic stresses. Plant Physiol. Biochem. 2009, 47, 359-368. [CrossRef]
Gao, Q.; Liu, Y;; Wang, M.; Zhang, J.; Gai, Y.; Zhu, C.; Guo, X. Molecular cloning and characterization of an
inducible RNA-dependent RNA polymerase gene, GhRARP, from cotton (Gossypium hirsutum L.). Mol. Biol.
Rep. 2009, 36, 47-56. [CrossRef]

Hunter, L.J.R.; Brockington, S.F.; Murphy, A.M.; Pate, A.E.; Gruden, K.; MacFarlane, S.A.; Palukaitis, P.;
Carr, ].P. RNA-dependent RNA polymerase 1 in potato (Solanum tuberosum) and its relationship to other
plant RNA-dependent RNA polymerases. Sci. Rep. 2016, 6, 23082. [CrossRef]

Yang, S.J.; Carter, S.A.; Cole, A.B.; Cheng, N.H.; Nelson, R.S. A natural variant of a host RNA-dependent
RNA polymerase is associated with increased susceptibility to viruses by Nicotiana benthamiana. Proc. Natl.
Acad. Sci. USA 2004, 101, 6297-6302. [CrossRef]

Shang, J.; Xi, D.-H.; Xu, E; Wang, S.-D.; Cao, S.; Xu, M.-Y.; Zhao, P.-P.; Wang, J.-H.; Jia, S.-D.; Zhang, Z.-W.;
et al. A broad-spectrum, efficient and nontransgenic approach to control plant viruses by application of
salicylic acid and jasmonic acid. Planta 2011, 233, 299-308. [CrossRef]

Zhu, F; Xi, D.-H.; Yuan, S.; Xu, E; Zhang, D.-W.; Lin, H.-H. Salicylic Acid and Jasmonic Acid Are Essential
for Systemic Resistance Against Tobacco mosaic virus in Nicotiana benthamiana. Mol. Plant-Microbe Interact.
2014, 27, 567-577. [CrossRef] [PubMed]

Naylor, M.; Murphy, A.M.; Berry, ].O.; Carr, J.P. Salicylic acid can induce resistance to plant virus movement.
Mol. Plant-Microbe Interact. 1998, 11, 860-868. [CrossRef]

Lee, W.-S.; Fu, S.-F,; Verchot-Lubicz, J.; Carr, ].P. Genetic modification of alternative respiration in Nicotiana
benthamiana affects basal and salicylic acid-induced resistance to potato virus X. BMC Plant Biol. 2011, 11,
1-10. [CrossRef] [PubMed]

Endres, M\W.; Gregory, B.D.; Gao, Z.; Foreman, A.\W.; Mlotshwa, S.; Ge, X.; Pruss, G.J.; Ecker, J.R,;
Bowman, L.H.; Vance, V. Two Plant Viral Suppressors of Silencing Require the Ethylene-Inducible Host
Transcription Factor RAV2 to Block RNA Silencing. PLoS Pathog. 2010, 6, €1000729. [CrossRef] [PubMed]
Jakubiec, A.; Yang, S.W.; Chua, N.-H. Arabidopsis DRB4 protein in antiviral defense against Turnip yellow
mosaic virus infection. Plant . 2012, 69, 14-25. [CrossRef] [PubMed]

Qu, F; Ye, X.; Morris, T.J. Arabidopsis DRB4, AGO1, AGO7, and RDR6 participate in a DCL4-initiated
antiviral RNA silencing pathway negatively regulated by DCL1. Proc. Natl. Acad. Sci. USA 2008, 105,
14732-14737. [CrossRef] [PubMed]

Haas, G.; Azevedo, J.; Moissiard, G.; Geldreich, A.; Himber, C.; Bureau, M.; Fukuhara, T.; Keller, M.;
Voinnet, O. Nuclear import of CaMV P6 is required for infection and suppression of the RNA silencing factor
DRB4. EMBO J. 2008, 27, 2102-2112. [CrossRef] [PubMed]

Du, P.; Wu, J.; Zhang, J.; Zhao, S.; Zheng, H.; Gao, G.; Wei, L.; Li, Y. Viral Infection Induces Expression of
Novel Phased MicroRNAs from Conserved Cellular MicroRNA Precursors. PLoS Pathog. 2011, 7, €1002176.
[CrossRef]

Odokonyero, D.; Mendoza, M.R.; Alvarado, V.Y.; Zhang, J.; Wang, X.; Scholthof, H.B. Transgenic
down-regulation of ARGONAUTE2 expression in Nicotiana benthamiana interferes with several layers
of antiviral defenses. Virology 2015, 486, 209-218. [CrossRef]

Qu, J.; Ye, J.; Fang, R. Artificial microRNA-mediated virus resistance in plants. J. Virol. 2007, 81, 6690-6699.
[CrossRef]


http://dx.doi.org/10.1094/MPMI.2001.14.6.715
http://www.ncbi.nlm.nih.gov/pubmed/11386367
http://dx.doi.org/10.1094/MPMI-23-7-0835
http://www.ncbi.nlm.nih.gov/pubmed/20521947
http://dx.doi.org/10.1128/JVI.00941-09
http://www.ncbi.nlm.nih.gov/pubmed/19625399
http://dx.doi.org/10.1094/MPMI.2003.16.3.206
http://dx.doi.org/10.1016/j.plaphy.2008.12.017
http://dx.doi.org/10.1007/s11033-007-9150-y
http://dx.doi.org/10.1038/srep23082
http://dx.doi.org/10.1073/pnas.0304346101
http://dx.doi.org/10.1007/s00425-010-1308-5
http://dx.doi.org/10.1094/MPMI-11-13-0349-R
http://www.ncbi.nlm.nih.gov/pubmed/24450774
http://dx.doi.org/10.1094/MPMI.1998.11.9.860
http://dx.doi.org/10.1186/1471-2229-11-41
http://www.ncbi.nlm.nih.gov/pubmed/21356081
http://dx.doi.org/10.1371/journal.ppat.1000729
http://www.ncbi.nlm.nih.gov/pubmed/20084269
http://dx.doi.org/10.1111/j.1365-313X.2011.04765.x
http://www.ncbi.nlm.nih.gov/pubmed/21883552
http://dx.doi.org/10.1073/pnas.0805760105
http://www.ncbi.nlm.nih.gov/pubmed/18799732
http://dx.doi.org/10.1038/emboj.2008.129
http://www.ncbi.nlm.nih.gov/pubmed/18615098
http://dx.doi.org/10.1371/journal.ppat.1002176
http://dx.doi.org/10.1016/j.virol.2015.09.008
http://dx.doi.org/10.1128/JVI.02457-06

Genes 2019, 10, 526 16 of 16

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Niu, Q.-W,; Lin, S.-S.; Reyes, J.L.; Chen, K.-C.; Wu, H.-W.,; Yeh, S.-D.; Chua, N.-H. Expression of artificial
microRNAs in transgenic Arabidopsis thaliana confers virus resistance. Nat. Biotechnol. 2006, 24, 1420-1428.
[CrossRef] [PubMed]

Simon-Mateo, C.; Garcia, J.A. MicroRNA-Guided processing impairs Plum pox virus replication, but the
virus readily evolves to escape this silencing mechanism. J. Virol. 2006, 80, 2429-2436. [CrossRef] [PubMed]
Melito, S.; Heuberger, A.L.; Cook, D.; Diers, B.W.; MacGuidwin, A.E.; Bent, A.F. A nematode demographics
assay in transgenic roots reveals no significant impacts of the Rhgl locus LRR-Kinase on soybean cyst
nematode resistance. BMC Plant Biol. 2010, 10, 104. [CrossRef] [PubMed]

Toppino, L.; Kooiker, M.; Lindner, M.; Dreni, L.; Rotino, G.L.; Kater, M.M. Reversible male sterility in eggplant
(Solanum melongena L.) by artificial microRNA-mediated silencing of general transcription factor genes. Plant
Biotechnol. J. 2011, 9, 684-692. [CrossRef] [PubMed]

Haney, C.H.; Long, S.R. Plant flotillins are required for infection by nitrogen-fixing bacteria. Proc. Natl. Acad.
Sci. USA 2010, 107, 478-483. [CrossRef]

Fahim, M.; Millar, A.A.; Wood, C.C.; Larkin, PJ. Resistance to Wheat streak mosaic virus generated by
expression of an artificial polycistronic microRNA in wheat. Plant Biotechnol. ]. 2012, 10, 150-163. [CrossRef]
[PubMed]

Jelly, N.S.; Schellenbaum, P.; Walter, B.; Maillot, P. Transient expression of artificial microRNAs targeting
Grapevine fanleaf virus and evidence for RNA silencing in grapevine somatic embryos. Transgenic Res. 2012,
21,1319-1327. [CrossRef] [PubMed]

Pieczynski, M.; Marczewski, W.; Hennig, ].; Dolata, J.; Bielewicz, D.; Piontek, P; Wyrzykowska, A.;
Krusiewicz, D.; Strzelczyk-Zyta, D.; Konopka-Postupolska, D.; et al. Down-regulation of CBP80 gene
expression as a strategy to engineer a drought-tolerant potato. Plant Biotechnol. ]. 2013, 11, 459-469.
[CrossRef]

Zhang, X.; Li, H.; Zhang, J.; Zhang, C.; Gong, P.; Ziaf, K.; Xiao, F,; Ye, Z. Expression of artificial microRNAs in
tomato confers efficient and stable virus resistance in a cell-autonomous manner. Transgenic Res. 2011, 20,
569-581. [CrossRef]

Arenas-Huertero, C.; Perez, B.; Rabanal, F.; Blanco-Melo, D.; De la Rosa, C.; Estrada-Navarrete, G.; Sanchez, E;
Alicia Covarrubias, A.; Luis Reyes, J. Conserved and novel miRNAs in the legume Phaseolus vulgaris in
response to stress. Plant Mol. Biol. 2009, 70, 385—401. [CrossRef]

Paudel, D.B.; Ghoshal, B.; Jossey, S.; Ludman, M.; Fatyol, K.; Sanfagon, H. Expression and antiviral function
of ARGONAUTE 2 in Nicotiana benthamiana plants infected with two isolates of tomato ringspot virus with
varying degrees of virulence. Virology 2018, 524, 127-139. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nbt1255
http://www.ncbi.nlm.nih.gov/pubmed/17057702
http://dx.doi.org/10.1128/JVI.80.5.2429-2436.2006
http://www.ncbi.nlm.nih.gov/pubmed/16474149
http://dx.doi.org/10.1186/1471-2229-10-104
http://www.ncbi.nlm.nih.gov/pubmed/20529370
http://dx.doi.org/10.1111/j.1467-7652.2010.00567.x
http://www.ncbi.nlm.nih.gov/pubmed/20955179
http://dx.doi.org/10.1073/pnas.0910081107
http://dx.doi.org/10.1111/j.1467-7652.2011.00647.x
http://www.ncbi.nlm.nih.gov/pubmed/21895944
http://dx.doi.org/10.1007/s11248-012-9611-5
http://www.ncbi.nlm.nih.gov/pubmed/22427113
http://dx.doi.org/10.1111/pbi.12032
http://dx.doi.org/10.1007/s11248-010-9440-3
http://dx.doi.org/10.1007/s11103-009-9480-3
http://dx.doi.org/10.1016/j.virol.2018.08.016
http://www.ncbi.nlm.nih.gov/pubmed/30195250
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Cultivation and Treatment 
	SA Content Measurement 
	Vector Construction 
	Construction of hpGFP Vector 
	Construction of amiR Based Silencing Vector for NbAGO2 Gene 
	Construction of NbAGO2 Overexpression Vector (Ox-NbAGO2) 
	Construction of STTM-Based Inhibitory Vectors for Endogenous microRNAs 

	Plant Inoculation, Gene Silencing and Virus Infection 
	Total RNA Extraction and cDNA Preparation 
	Assessment of NbAGO2 Expression by qRT-PCR Experiment and Semi-Quantitative RT-PCR 
	Northern Hybridization Experiment 

	Results 
	Transient Silencing of NbAGO2 in N. benthamiana by amiR-NbAGO2 
	Silencing of NbAGO2 Compromised dsRNA-Mediated Gene Silencing in N. benthamiana 
	Expression of NbAGO2 was Induced by Both MeSA Treatment and TMV Infection 
	Down-Regulation of NbAGO2 Promoted TMV Infection 
	STTM_miR403a Suppressed TMV Infection 

	Discussion 
	Conclusions 
	References

