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ABSTRACT 

Martínez, F., Elena, S. F., and Daròs, J.-A. 2013. Fate of artificial 
microRNA-mediated resistance to plant viruses in mixed infections. 
Phytopathology 103:870-876. 

Artificial microRNAs (amiRNAs) are the expression products of engi-
neered microRNA (miRNA) genes that efficiently and specifically down-
regulate RNAs that contain complementary sequences. Transgenic plants 
expressing high levels of one or more amiRNAs targeting particular 
sequences in the genomes of some RNA viruses have shown specific 
resistance to the corresponding virus. This is the case of the Arabidopsis 
thaliana transgenic line 12-4 expressing a high level of the amiR159-HC-
Pro targeting 21 nucleotides in the Turnip mosaic virus (TuMV) (family 

Potyviridae) cistron coding for the viral RNA-silencing suppressor HC-
Pro that is highly resistant to TuMV infection. In this study, we explored 
the fate of this resistance when the A. thaliana 12-4 plants are challenged 
with a second virus in addition to TuMV. The A. thaliana 12-4 plants 
maintained the resistance to TuMV when this virus was co-inoculated 
with Tobacco mosaic virus, Tobacco rattle virus (TRV), Cucumber mosaic 
virus (CMV), Turnip yellow mosaic virus, Cauliflower mosaic virus 
(CaMV), Lettuce mosaic virus, or Plum pox virus. However, when the 
plants were preinfected with these viruses, TuMV was able to co-infect 
12-4 plants preinfected with TRV, CaMV, and, particularly, CMV. There-
fore, preinfection by another virus jeopardizes the amiRNA-mediated re-
sistance to TuMV. 

 
Most groups of eukaryotic organisms contain in their genomes 

microRNA (miRNA) genes, which are involved in the regulation 
of gene expression and epigenetic modifications (2). Genes 
coding for miRNAs are transcribed by the RNA polymerase II in 
long non-protein-coding primary-microRNA transcripts (pri-
miRNAs), which are first processed to fold-back precursors (pre-
miRNAs) and then matured to small double-stranded RNAs (3). 
The guide and passenger strands forming the RNA duplex are 
properly unfolded and only the mature miRNA (guide strand) is 
recruited by an Argonaute protein to form the active RNA-
induced silencing complex (RISC). In plants, such as Arabidopsis 
thaliana L., Dicer-like1, an enzyme of the Dicer family with two 
RNase III domains, mediates cleavage of the pri- and pre-miRNAs. 
The miRNA loaded in RISC acts as a template to guide the silenc-
ing of complementary target mRNAs. In plants, miRNAs are 
usually highly complementary to their target, which typically 
triggers the cleavage of the targeted mRNA and subsequent degra-
dation (24,38). 

Soon after the discovery of the basic steps of the miRNA 
processing pathway, it was shown that both animal and plant 
miRNA precursors could be engineered to express small RNAs 
whose sequences were unrelated to the corresponding mature 
miRNAs (31,40). The utility of the artificial miRNA (amiRNA) 
technology was previously demonstrated in plants silencing genes 
with high specificity (1,36). Schwab et al. (36) designed and 
expressed a series of amiRNAs based on A. thaliana miRNA172a 
and miRNA319a backbones to target selected genes with notable 
phenotypic outcomes. The technology of amiRNAs was quickly 
adapted to produce virus-resistant plants. Niu et al. (30) generated 
A. thaliana transgenic lines expressing amiRNAs targeting two 
different 21-nucleotide (nt) regions in the genes coding for the  

P69 and HC-Pro RNA-silencing suppressors of Turnip yellow mo-
saic virus (TYMV) (family Tymoviridae) and Turnip mosaic virus 
(TuMV) (family Potyviridae). Each amiRNA (amiR159-P69 and 
amiR159-HC-Pro) was produced from a 273-nt backbone based 
on the precursor of the endogenous amiR159a from A. thaliana 
and conferred specific resistance to the corresponding virus (30). 
Similar strategies based on the expression of one or co-expression 
of two or more amiRNAs conferred resistance to Cucumber 
mosaic virus (CMV) in tobacco (Nicotiana tabacum L.) (33), A. 
thaliana (10), and tomato (41); Potato virus Y in tobacco (18); 
some negative-sense single-stranded RNA viruses in N. ben-
thamiana Domin. plants (21); or Wheat streak mosaic virus in 
wheat (11). 

Using two different A. thaliana transgenic lines expressing 
different levels of the amiR159-HC-Pro against TuMV (30), we 
have recently investigated the likelihood of emergence of virus 
variants able to break the amiRNA-mediated resistance (22). Al-
though the A. thaliana transgenic line 12-4 expressing a high level 
of the amiR159-HC-Pro was remarkably resistant to TuMV 
infection, certain virus populations evolved by successive passag-
ing in A. thaliana wild-type (WT) plants were able to break the 
resistance. All virus populations breaking resistance had fixed 
alleles with at least one mutation in the 21-nt sequence targeted 
by the amiRNA. Interestingly, virus evolved by successive pas-
saging in the A. thaliana transgenic line 10-4 expressing a sub-
inhibitory level of the amiR159-HC-Pro broke the resistance of 
the 12-4 line at a seven times higher rate (22). Characterization by 
ultradeep sequencing of some of the virus lineages that were able 
to break the resistance in the A. thaliana 12-4 transgenic line 
showed that, from the very first passage, the virus populations 
contained many alleles potentially able to break resistance, al-
though at low frequencies. Some of these resistance-breaking 
alleles were predominant in the viral population once the resis-
tance was broken in the A. thaliana 12-4 line, although they co-
existed with the WT allele, now at low frequency (27). Not sur-
prisingly, the frequencies of the potentially resistance-breaking 
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alleles were more than one order of magnitude higher in the virus 
populations evolved in the A. thaliana transgenic line 10-4 ex-
pressing a subinhibitory amount of the amiR159-HC-Pro (27). 

The goal of the present study was to analyze another potential 
cause of breaking the amiRNA-mediated antiviral resistance: 
namely, mixed viral infections. Plants use some of the RNA-
silencing pathways as one of the main defense lines against invad-
ing viruses (9). Viruses respond with the expression of RNA-
silencing suppressors to counteract the plant defense (23), and the 
expression of some viral RNA-silencing suppressors has been 
shown to interfere not only with the antiviral RNA-silencing path-
ways but also with the miRNA pathway (19), potentially affecting 
the amiRNA biogenesis. Here, we screened the fate of the 
amiR159-HC-Pro-mediated resistance to TuMV in mixed infec-
tions with viruses belonging to five different taxonomic groups. 
The virus accompanying TuMV was either co-inoculated or pre-
inoculated in the A. thaliana 12-4 transgenic line. Our results 
illustrate how some viruses such as Tobacco rattle virus (TRV), 
Cauliflower mosaic virus (CaMV), and, notably, CMV help 
TuMV break the amiRNA-mediated resistance when they are 
already present in the plant at the moment of TuMV inoculation. 

MATERIALS AND METHODS 

Plant inoculations. To produce TuMV, Tobacco mosaic virus 
(TMV), TRV, CMV, TYMV, CaMV, Lettuce mosaic virus (LMV), 
and Plum pox virus (PPV) infectious extracts, adequate host 
plants for each virus were inoculated with an initial infectious 
material (see below). At ≈14 days postinoculation (dpi), when 
infection symptoms were clearly observable, symptomatic tissues 
were harvested, aliquoted, and frozen and stored at –80°C. Ali-
quots of the different infected tissues were then ground with a 
mortar and pestle in the presence of liquid N2 and homogenized in 
10 volumes of inoculation buffer (50 mM potassium phosphate, 
pH 8.0). The resulting crude extracts were used to mechanically 
inoculate batches of 3-week-old A. thaliana WT and transgenic 
(line 12-4, expressing a high level of amiR159-HC-Pro) plants. 
For this purpose, three aliquots of 5 µl of 10% carborundum in 
inoculation buffer were applied onto three different fully expanded 
rosette leaves and a cotton swab, soaked with infectious extract 
(or 1:1 mix of extracts in co-inoculation experiments), was rubbed 
gently on the leaves’ surface. In both the co-inoculation and pre-
inoculation experiments, 4 A. thaliana WT plants were inoculated 
with TuMV and TMV, TRV, TYMV, LMV, or PPV, and 20  
A. thaliana WT plants were inoculated with TuMV and CMV or 
CaMV. In the case of the A. thaliana 12-4 plants, two batches of 
20 plants were inoculated in two independent experiments (total 
of 40 plants) with TuMV and each one of the seven other viruses 
for both the co-inoculation and preinoculation. In preinoculation 
experiments, the other viruses were first inoculated and, a week 
later, three new fully expanded rosette leaves were inoculated 
with TuMV. Plants were kept in a growth chamber with cycles of 
12 h of light at 25°C and 12 h of darkness at 23°C. 

To produce the initial TuMV infection, N. benthamiana plants 
were mechanically inoculated with a plasmid containing a TuMV 
cDNA (GenBank accession number AF530055.2 with a few point 
mutations) corresponding to isolate YC5 from calla lily (Zante-
deschia sp.) (5) under the control of CaMV 35S promoter (6). In 
the case of TMV, N. benthamiana plants were mechanically 
inoculated with 5′-capped transcripts produced in vitro from a 
plasmid containing a cDNA of the TMV-U1 strain (7). The initial 
infection of TRV was produced by agroinoculation of N. bentha-
miana plants with a 1:1 mix of two Agrobacterium tumefaciens 
transformed with plasmids containing the cDNAs corresponding 
to the RNA1 and RNA2 of this virus under the control of the 
CaMV 35S promoter (8). A mix of the three 5′-capped transcripts 
corresponding to the CMV-Fny strain were produced in vitro and 
mechanically inoculated in tobacco (34). The infection with 

TYMV was started by mechanical inoculation of Arabidopsis 
thaliana with a plasmid containing a TYMV cDNA (32). Plasmid 
pCaMVW260 (35) was mechanically inoculated in Brassica rapa 
L. ‘Just Right’. A plasmid with the cDNA of an LMV sequence 
variant consisting of a recombinant between LMV-E and LMV-
AF199 under the control of CaMV 35S promoter and Agrobac-
terium tumefaciens nos terminator (20,29) was mechanically 
inoculated in N. benthamiana. Finally, the Rankovic strain of PPV 
under the control of 35S promoter and nos terminator was agro-
inoculated in N. benthamiana (25). 

Virus diagnosis. Fourteen days after the co-inoculation or after 
the second inoculation (preinoculation experiments), 100 mg of 
tissue from various systemic leaves was harvested, frozen, and 
ground in a 2-ml Eppendorf tube with a 4-mm-diameter stainless 
steel ball using a Retsch MM300 mill for 1 min at 30 s–1. RNA or 
DNA was purified using silica gel spin columns eluting in 10 µl 
(Zymo Research, Irving, CA). To reverse transcribe the viral 
RNAs, 1 µl of the RNA preparation was subjected to reverse tran-
scription (RT) with 50 U of M-MuLV reverse transcriptase 
(Revertaid; Thermo-Scientific, Waltham, MA), 10 U of RNase 
inhibitor (Thermo-Scientific), 1 mM dNTPs, and 5 pmol of the 
appropriate primer depending on the diagnosed virus (Table 1) in 
a 10-µl volume reaction with 50 mM Tris-HCl (pH 8.3), 50 mM 
KCl, 4 mM MgCl2, and 10 mM dithiothreitol for 45 min at 42°C, 
10 min at 50°C, and 5 min at 60°C. The mix of RNA and primer 
in H2O was denatured for 1.5 min at 98°C prior to addition of the 
remaining reagents. DNA or the cDNA product of the RT reaction 
(1 µl) were subjected to polymerase chain reaction (PCR) ampli-
fication in 20-µl-volume reactions with 1 U of Thermus thermo-
philus DNA polymerase (Biotools, Madrid), 1 µM each primer 
(Table 1), 0.2 mM dNTPs, 75 mM Tris-HCl (pH 9.0), 2 mM 
MgCl2, 50 mM KCl, and 20 mM (NH4)2SO4. Reactions were 
incubated for 2 min at 94°C; followed by 30 cycles of 40 s at 
94°C, 30 s at 55°C, and 3 min at 72°C; with a final extension of 
10 min at 72°C. PCR products were analyzed by electrophoresis 
in 1% agarose gels in Tris-acetate EDTA buffer (40 mM Tris, 20 
mM sodium acetate, and 1 mM EDTA, pH 7.2). Gels were stained 
with ethidium bromide. 

AmiR159-HC-Pro quantification. Total RNA was extracted 
from three different fully expanded rosette leaves of three inde-
pendent 4-week-old amiR159-HC-Pro-expressing Arabidopsis 
thaliana plants (line 12-4) noninoculated or preinfected by TMV, 
TRV, CMV, TYMV, CaMV, LMV, or PPV using the Trizol rea-
gent (Invitrogen, Life Technologies, Paisley, UK). The quantifica-
tion of amiR159-HC-Pro in the RNA preparations was performed 
by RT-quantitative PCR as described before (22). 

Statistical analyses. In single-infection experiments, Fisher’s 
exact probability tests for two-by-two contingency tables (37) 
were used to evaluate the effect of A. thaliana genotype (WT 
versus 12-4) on the infectivity of each virus. In multiple-inocu-
lation experiments, Fisher’s exact probability tests for two-by-
three contingency tables (12) were used to evaluate the effect of 
A. thaliana genotype or inoculation scheme (pre- versus co-
inoculation) in TuMV infectivity in the presence of the differ- 
ent companion viruses. The same test was also used to discard 
block effects in the case of the A. thaliana 12-4 plants. Infectivity 
data were also analyzed in a different way. An infection inter-
ference index was computed between pairs of co-infecting  
viruses as 

STuMV,y = pTuMV,y – pTuMVpy (1) 

where pTuMV,y was the observed frequency of plants simul-
taneously infected by TuMV and companion virus y, and pTuMV 
and py were the observed frequencies of infection for TuMV and 
virus y in single-inoculation experiments (Table 2). If the infec-
tivity of TuMV is independent of the presence of the companion 
virus y, then observed and expected (pTuMVpy) frequencies will be 
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equal and, thus, STuMV,y = 0. Values of STuMV,y significantly deviat-
ing from this null expectation imply synergistic (positive) or 
antagonistic (negative) interference during infection. To evaluate 
the statistical significance of STuMV,y estimates, we proceeded as 
follows. First, the standard error of every p in equation 1 was 
calculated as  

σ p = p 1− p( ) n  

(39), where n is the number of plants inoculated for a given trial. 
Second, we applied Fisher’s Δ method for error propagation to 
equation1 to obtain the standard error of STuMV,y,  

σ STuMV,y
= σ pTuMV,y

2 + py
2σ pTuMV

2 + pTuMV
2 σ py

2  

Finally, statistical significance of STuMV,y was evaluated using the 
standard normal distribution. Other statistical tests were intro-
duced when necessary. All analyses were performed using IBM 
SPSS (v. 21; Armonk, NY). 

RESULTS 

Co-inoculation of the A. thaliana transgenic line 12-4 
expressing the amiR159-HC-Pro with TuMV and a series of 
other viruses. The A. thaliana transgenic line 12-4 that expresses 
a high level of the antiviral amiR159-HC-Pro, which targets 21 nt 
in the TuMV cistron coding for HC-Pro (Fig. 1), is highly 
resistant to TuMV infection (22,30). To investigate the outcome of 
this resistance when the plants are challenged by two different 
viruses in mixed infections, plants were co-inoculated with 
infectious extracts of TuMV and other viruses belonging to the 
same or different taxonomic groups. We chose TMV (genus 
Tobamovirus) and TRV (genus Tobravirus), both belonging to the 
family Virgaviridae; CMV (family Bromoviridae); TYMV 
(family Tymoviridae); and CaMV (family Caulimoviridae) as 
representatives from phylogenetically unrelated families. We also 
chose two viruses belonging, like TuMV, to the genus Potyvirus 
(family Potyviridae): LMV and PPV. All these viruses and, par-
ticularly, the sequence variants used in this study were previously 
described to be highly infectious in the ecotype Col-0 of A. 
thaliana. Nonetheless, we checked their infectivity in our particu-
lar experimental conditions. 

Using plasmids containing the DNA (CaMV) or the cDNAs (all 
the other) of the different viruses, we first infected a typical host 
plant for each virus. As soon as the plants showed symptoms, the 
symptomatic tissues were harvested and frozen. Aliquots of these 
tissues were used to produce the different infectious extracts that 
were employed to mechanically inoculate WT and amiR159-HC-
Pro-expressing (line 12-4) A. thaliana plants. At 14 dpi, infection 
by the different viruses was diagnosed by PCR (CaMV) or RT-
PCR (all the other viruses) and subsequent electrophoretic analy-
sis of the amplification products. All extracts were highly infec-
tious in WT A. thaliana plants (Table 2). All extracts, except 
TuMV (P < 0.001) were also highly infectious in 12-4 A. thaliana 
plants (Table 2). 

Next, we sought to evaluate whether co-inoculation of plants 
with other viruses affected the infectivity of TuMV, in particular 
in the highly resistant 12-4 plants. To do so, we co-inoculated WT 
and 12-4 A. thaliana plants with TuMV and each one of the other 
viruses. At 14 dpi, systemic tissues were harvested, total RNA or 
DNA purified, and the virus infections diagnosed. Co-inoculation 
of the transgenic 12-4 plants was carried out independently twice 
with two batches of 20 plants. Results of both replicates of the 
experiment were homogenous (P = 1 in all cases); therefore, we 
combined the results to calculate the ratios of infected plants. The 
ratio of plants that were co-infected with both viruses or singly 
infected with the other virus or with TuMV is shown in Figure 
2A. In the co-inoculations with TMV, TRV, and LMV, all WT 
plants were co-infected with both viruses, whereas most 12-4 

TABLE 1. Primers used in virus diagnosis by reverse-transcription polymerase chain reaction (RT-PCR) and PCR 

Virus Reaction Deoxyoligonucleotide sequence (from 5′ to 3′)a 

Turnip mosaic virus RT TGTCCCTTGCATCCTATCAAATGTTAAG 
 PCR GCAGGTGAAACGCTTGATGCAGGTTTG (F) 
  CAACCCCTGAACGCCCAGTAAGTTATG (R) 
Tobacco mosaic virus RT CGCTTTATTACGTGCCTGCGGATGT 
 PCR CGTTGATGAGTTCGTGGAAGATGTC (F) 
  GTGGAGGGAAAAGCACTATGCG (R) 
Tobacco rattle virus RT CTAATGGCATCAGTGAATATGGTATCACC 
 PCR TAGGGATTAGGACGTATCGGACCTC (F) 
  GTCCTGCTGACTTGATGGACGATTC (R) 
Cucumber mosaic virus RT TCAGACTGGGAGCACTCCAGACG 
 PCR ATGGACAAATCTGAATCAACC (F) 
  TCAGACTGGGAGCACTCCAGACG (R) 
Turnip yellow mosaic virus RT GGTGGAAGTGTCCGTGATGAGCGG 
 PCR CGACAAAGACTCGCCCCCAAG (F) 
  GGTGGAAGTGTCCGTGATGAGCGG (R) 
Cauliflower mosaic virus PCR ATCAACAAAGTTGATGG (F) 
  GAAGGTATT TGATCTCCTG (R) 
Lettuce mosaic virus RT CCAGACTAGCAACCTTCGAGG 
 PCR CACAGAACAGACTGTTTGGAATG (F) 
  GCTGAACCTACGCCCTTACG (R) 
Plum pox virus RT CACCTTTGGCAGAGATAGTTTCG 
 PCR GACTACGGCGTCAATGCTCAAC (F) 
  CACCTTTGGCAGAGATAGTTTCG (R) 

a (F) and (R) indicate forward and reverse, respectively. 

TABLE 2. Infectivity of the different infectious extracts in plants of the 
Arabidopsis thaliana wild type (WT) and the transgenic line 12-4 expressing 
high levels of the antiviral amiR159-HC-Proa 

Virus WT Line 12-4 

Turnip mosaic virus 4/4 0/20 
Tobacco mosaic virus 4/4 20/20 
Tobacco rattle virus 3/4 14/18 
Cucumber mosaic virus 18/20 18/20 
Turnip yellow mosaic virus 4/4 20/20 
Cauliflower mosaic virus 19/20 18/20 
Lettuce mosaic virus 4/4 20/20 
Plum pox virus 4/4 15/18

a Number of infected plants (14 days postinoculation) over the number of 
inoculated plants. 
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plants were singly infected by TMV, TRV, or LMV, and these 
differences in infectivity between plant genotypes were highly 
significant (P < 0.001 in all three cases). The results with CMV 
were similar but, in this case, only 70% of the WT plants were co-
infected and 67% of the 12-4 plants were infected by only CMV 
(test of equal infectivity between plant genotypes: P < 0.001). In 
the case of CaMV, results were more complex because 75% of the 
WT plants were doubly infected and the remaining 25% were 
infected just with TuMV, whereas 20% of the 12-4 plants were 
infected by only CaMV and the other 80% not infected at all (test 
of equal infectivity between plant genotypes: P < 0.001). In the 
co-inoculation with TuMV and TYMV, all WT and 12-4 plants 
were singly infected by TYMV. Finally, in the co-inoculation with 
TuMV and PPV, TuMV singly infected all WT plants whereas 
most 12-4 plants were infected only by PPV. In all cases, not a 
single amiR159-HC-Pro-expressing 12-4 plant was infected by 
TuMV (Fig. 2A). 

The infectivity indexes STuMV,y estimated for TuMV and each 
one of the seven companion viruses obtained for the co-infection 
experiments are shown in Table 3. Interestingly, TYMV and PPV 
showed significant antagonism with TuMV in WT A. thaliana 
plants (STuMV,y < 0). Because TuMV was not found in any of the 
co-inoculated 12-4 plants, STuMV,y = 0 in all cases (Table 3). 

In conclusion, although there appear to be interactions and 
interference between some of the viruses and TuMV when co-
inoculated, we observed no impact of the co-inoculation with any 
one of the seven companion viruses on the ability of TuMV to 
break the amiR159-HC-Pro-mediated resistance of 12-4 plants. 

Inoculation with TuMV of amiR159-HC-Pro-expressing  
A. thaliana plants already infected with another virus. To 
further investigate the resistance of the A. thaliana 12-4 line to 
TuMV in mixed infections, we performed experiments in which 
plants were preinoculated with the other viruses and then inocu-
lated with TuMV at 7 dpi, once the infection by these other 
viruses was established. Fourteen days after the second inocu-
lation, DNA or RNA was purified from systemic tissues and the 
infection by the different viruses diagnosed by PCR or RT-PCR 
(Fig. 2B). Those plants that were diagnosed as noninfected by the 
first virus after the preinoculation were discarded from the analy-
sis. Again, preinoculation of the transgenic 12-4 plants was 
carried out independently twice with two batches of 20 plants. 
Results of both replicates of the experiment were also homoge-
nous (P ≥ 0.229 in all cases) and the counts combined to calculate 
ratios of infected plants. 

The new experimental setup did not alter the results in the cases 
of TMV and LMV: all WT plants were co-infected with both 
viruses whereas all of the 12-4 plants were singly infected by 
TMV or LMV (Fig. 2B). Surprisingly, the preinoculation 
approach in the case of TYMV gave the same result as TMV and 
LMV, and was radically different from what was observed in the 
co-inoculation experiment: all WT plants were infected by both 

viruses whereas all 12-4 plants were infected only by TYMV 
(Fig. 2B). Identical results were obtained for plants preinfected 
with PPV: all WT plants were co-infected by both viruses where-
as all 12-4 plants were singly infected by PPV (Fig. 2B). This 
lack of effect of the inoculation method (co- or preinoculation) on 
TuMV infectivity was consistent with the nonsignificant result of 
Fisher’s exact probability tests run for each of these viruses (P = 1 
in all cases). However, preinfection of the 12-4 plants with TRV, 
CMV, and CaMV significantly helped TuMV break the resistance 
provided by the amiRNA in a variable extent. In the case of 
CaMV, all the WT plants were doubly infected by CaMV and 
TuMV, whereas ≈36% of the infected 12-4 plants were doubly 
infected (Fig. 2B). Nonetheless, the effect of the inoculation 
method was not significant for CaMV in either plant genotype  
(P = 0.182 for WT and P = 0.076 for 12-4). Similarly, in the case 
of TRV, all the WT plants were doubly infected by TRV and 
TuMV, whereas ≈29% of the 12-4 plants were co-infected by 
TRV and TuMV (Fig. 2B), with the difference of the inoculation 
method significant in the 12-4 plants (P = 0.01) but not in the WT 
plants (P = 1). Finally, the most remarkable results were obtained 
for CMV: all WT and ≈94% of the 12-4 plants were doubly 
infected by both CMV and TuMV (Fig. 2B). The inoculation 
method has no effect for the WT plants (P = 1) whereas it has a 
highly significant effect on the 12-4 plants (P < 0.001). 

Fig. 1. Schematic representation of the Turnip mosaic virus (TuMV) genome
with a fragment of the sequence in the HC-Pro cistron containing the 21-
nucleotide complementary target of the amiR159-HC-Pro (boxed on gray
background) expressed in the Arabidopsis thaliana transgenic line 12-4. 
Boxes P1, HC-Pro, P3, P3N-PIPO, 6K1, CI, 6K2, VPg, NIaPro, NIb, and CP
represent the cistrons coding for the different TuMV gene products. Lines
5′UTR and 3′UTR represent the 5′ and 3′ untranslated regions, respectively. 

Fig. 2. Infectivity of Turnip mosaic virus (TuMV) in mixed inoculations with 
Tobacco mosaic virus (TMV), Tobacco rattle virus (TRV), Cucumber mosaic 
virus (CMV), Turnip yellow mosaic virus (TYMV), Cauliflower mosaic virus
(CaMV), Lettuce mosaic virus (LMV), and Plum pox virus (PPV) in wild-type 
(WT) and amiR159-HC-Pro-expressing 12-4 Arabidopsis thaliana plants. A, 
Plants were co-inoculated and the viruses diagnosed 14 days post inoculation
(dpi). B, Plants were preinfected with the other virus and inoculated with 
TuMV at 7 dpi. Plants were diagnosed 14 days after the second inoculation.
Black, gray, and striped columns indicate plants co-infected, singly infected 
by the other virus, or singly infected by TuMV, respectively. Note that, in B,
because only plants preinfected by the other virus were inoculated with
TuMV, no TuMV singly infected plants (striped column) could exist. 
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The infection interference indexes STuMV,y computed for TuMV 
and each one of the seven companion viruses in the preinocu-
lation experiments are shown in Table 3. In agreement with the 
results described in the previous paragraph, the outcome of TuMV 
infection was independent of whether the companion virus was 
present or absent (no significant deviations from the independent 
action hypothesis) in WT plants. By contrast, TRV, CMV, and 
CaMV show highly significant positive synergy with TuMV 
(Table 3) when preinoculated in the 12-4 plants. 

In conclusion, we observed that preinfection with TRV, CaMV, 
and, particularly, CMV had a positive effect on the ability of 
TuMV to infect and accumulate in the 12-4 resistant plants. 

Effect of virus infection on amiR159-HC-Pro concentration. 
After observing that preinfection with some viruses helps TuMV 
break the resistance mediated by the amiR159-HC-Pro in the 12-4 
A. thaliana plants, we measured the amiR159-HC-Pro concen-
tration, in triplicate, in noninoculated plants (control) and in 
plants preinfected by each one of the seven companion viruses. 
The tissues assayed for amiR159-HC-Pro concentration were 
equivalent to those inoculated with TuMV in the preinoculation 
experiments. The amiR159-HC-Pro concentration increased in all 
infected plants compared with the noninoculated control (Fig. 3). 
The lowest accumulation corresponded to CaMV-infected plants 
(1.37 times more than the control) and the largest to plants 
infected with TYMV (2.5-fold increase relative to the control). A 
Kruskal-Wallis test found significant overall differences among 
experiments (H = 15.760, 7 df, P = 0.027) and a post hoc Tukey’s 
honestly significant difference test identified two homogenous but 
overlapping groups (Fig. 3, a and b). Significant pairwise differ-
ences were only found between the negative control and TMV 
and TYMV. Interestingly, no obvious association exists between 
the level of amiR159-HC-Pro accumulation in plants infected 
with the other viruses and whether TuMV was able to accumulate. 

DISCUSSION 

The amiRNA technology has provided some promising results 
toward the aim of obtaining a new generation of crop plants 
resistant to viruses (10,11,18,21,30,33,41). In addition to a strong 
virus resistance achieved in some transgenic lines expressing high 
levels of one or more amiRNAs, the technology offers the advant-
ages of little risk of off-target effects and negligible chance of 
recombination with other invading viral genomes, due to the 
small size of the mature amiRNAs. However, as advanced when 
the antiviral properties of the technology in plants were first 
demonstrated (13), viruses and, particularly, RNA viruses, thanks 
to their amazing evolutionary potential, are able to cope with the 
resistance. 

The A. thaliana transgenic line 12-4 that expresses a high level 
of the amiR159-HC-Pro (Fig. 1) is highly resistant to TuMV 
infection when the plants are inoculated with a virus population 
amplified by simply infecting a susceptible host plant with a 
particular TuMV cDNA containing the 21-nt target of the 
amiRNA (22,30). However, when the viral population is allowed 
to evolve by successive passaging from plant to plant, the 
amiRNA-mediated resistance is finally broken (22). Nonetheless, 
the performance of this resistance trait was remarkable, because 
25 independent lineages of TuMV took a median of 14 evo-
lutionary passages from WT to WT A. thaliana to finally break 
resistance (22). Therefore, it is worth exploring the potentiality 
and limitations of this technology as an antiviral strategy to man-
age it properly in a future and more biotechnological agriculture. 
For example, Duan et al. (10) showed that the antiviral efficacy of 
amiRNAs depends on the local structures of the target RNAs. 
Also, Kung et al. (21) showed that the levels of virus resistance 
are positively correlated with the amiRNA expression levels and 
that expression of more than one amiRNA has an additive effect. 
We have previously shown that plants expressing subinhibitory 
amounts of the antiviral amiRNA jeopardize the resistance, be-
cause the virus population infecting these plants contains a higher 
frequency of alleles with mutations in the amiRNA target po-
tentially able to break resistance (22,27). 

TABLE 3. Infection interference index (STuMV,y ± 1 σS) computed for Turnip mosaic virus (TuMV) and each of the seven companion viruses (y) in both 
Arabidopsis thaliana genotypes and using both inoculation schemesa 

Companion virus  A. thaliana wild type                              A. thaliana 12-4 

Co-inoculation experiments   
Tobacco mosaic virus 0 0 
Tobacco rattle virus 0.250 ± 0.217 (P = 0.124) 0 
Cucumber mosaic virus 0.100 ± 0.067 (P = 0.068) 0 
Turnip yellow mosaic virus –1 0 
Cauliflower mosaic virus –0.2 ± 0.146 (P = 0.146) 0 
Lettuce mosaic virus 0 0 
Plum pox virus –1 0 

Preinoculation experiments   
Tobacco mosaic virus 0 0 
Tobacco rattle virus 0 0.290 ± 0.082 (P < 0.001) 
Cucumber mosaic virus 0.047 ± 0.118 (P = 0.344) 0.943 ± 0.039 (P < 0.001) 
Turnip yellow mosaic virus 0 0 
Cauliflower mosaic virus 0 ± 0.097 (P = 0.500) 0.357 ± 0.091 (P < 0.001) 
Lettuce mosaic virus 0 0 
Plum pox virus 0 0 

a The significance of the null hypothesis of no interference (STuMV,y = 0) was evaluated using the standard normal distribution z test (provided in parenthesis). 

Fig. 3. Accumulation of the amiR159-HC-Pro in Arabidopsis thaliana plants 
(line 12-4) noninfected and infected by Tobacco mosaic virus (TMV), To-
bacco rattle virus (TRV), Cucumber mosaic virus (CMV), Turnip yellow 
mosaic virus (TYMV), Cauliflower mosaic virus (CaMV), Lettuce mosaic 
virus (LMV), and Plum pox virus (PPV). Columns represent the average
amount of artificial microRNA (amiRNA) (picograms per 100 ng of total plant 
RNA) in fully expanded rosette leaves of three plants. Error bars indicate
±1 σ. Letters a and b indicate homogeneous groups according to a Tukey’s 
honestly significant difference post hoc test. 
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In this study, we analyzed the fate of the amiR159-HC-Pro-
mediated resistance to TuMV of the A. thaliana transgenic line 
12-4 in mixed viral infections, a frequent situation in nature. For 
this purpose, we screened the ability of TuMV to infect the A. 
thaliana transgenic line 12-4 when co-inoculated with another 
virus and when inoculated in plants that were already infected 
with another virus. In these experiments, we used a total of seven 
different companion viruses: four (+)-strand RNA viruses (TMV, 
TRV, CMV, and TYMV) and one DNA virus (CaMV) belonging 
to four different families apart from the Potyviridae, and two 
RNA viruses (LMV and PPV) belonging to the same genus 
(Potyvirus) and family (Potyviridae) as TuMV. All seven viruses 
assayed in this study, or at least the sequence variants used here, 
were highly infectious in the ecotype Col-0 of A. thaliana, and 
this high infectivity was not affected by the expression of the anti-
TuMV amiR159-HC-Pro (Table 2). 

The amiR159-HC-Pro protected the A. thaliana plants from 
TuMV infection in the co-inoculation experiments. Not a single 
plant belonging to the 12-4 line was infected by TuMV (Fig. 2A). 
In contrast, most of the WT plants were co-infected by TuMV and 
the companion virus. A notable exception to this observation was 
co-inoculation of WT plants with TYMV: not a single WT plant 
was infected by TuMV, suggesting an antagonistic effect of 
TYMV on TuMV infection (STuMV,TYMV < 0) (Table 3). Another 
exception was PPV: all WT plants were singly infected by TuMV 
and all 12-4 plants were singly infected by PPV. In this case, the 
antagonistic effect is of TuMV on PPV infection of WT plants 
(Table 3). An antagonistic effect is also suggested by the results of 
the co-inoculation with CaMV. TuMV infected all the WT plants 
and most were co-infected by CaMV but TuMV also singly 
infected some plants. In this case, the antagonistic effect is of 
TuMV on CaMV infection, although the effect was not strong 
enough as to reach statistical significance (Table 3). Interestingly, 
although TuMV did not infect a single A. thaliana 12-4 plant 
when co-inoculated with CaMV, this second virus was only able 
to infect a few (20%) of these plants (Fig. 2A). This result indi-
cates that the antagonistic effect of TuMV on CaMV infection 
might occur even though TuMV itself is not able to establish a 
systemic infection due to the presence of the anti-TuMV 
amiRNA. If this interpretation is correct, the amiRNA blockage to 
the TuMV infection would occur in a step of TuMV infection in 
which this virus would have already interfered with the CaMV 
infection. 

The amiRNA-mediated protection of the A. thaliana plants 
against TuMV in the preinoculation experiments was also notable 
but, in this case, some of the viruses definitively helped TuMV 
break the resistance (Fig. 2B). Preinfection with TMV, TYMV, 
LMV, and PPV did not have any effect on TuMV’s ability to 
break resistance. Not a single 12-4 plant was infected by TuMV 
(inoculated at 7 days after the first virus) whereas all of the WT 
plants were co-infected by TuMV and the second virus. It is 
interesting to note that, although TYMV blocked TuMV infection 
and TuMV blocked PPV infection of the WT plants in the co-
inoculation experiments, this effect was not observed in the 
preinoculation experiments, indicating that the antagonistic effect 
extends exclusively to the initial steps of infection. TRV and 
CaMV helped TuMV break the resistance provided by the 
amiRNA in the preinoculation experiments: some of the 12-4 
plants were co-infected by TRV and TuMV, and CaMV and 
TuMV (Fig. 2B). The most remarkable case, however, was CMV. 
Most 12-4 plants preinfected with CMV were also co-infected 
with TuMV (Fig. 2B). 

Our experiments do not allow us to dissect why TRV and 
CaMV, and particularly CMV, help TuMV break the amiRNA-
mediated resistance; however, we can speculate that the RNA-
silencing suppressors expressed by these viruses somehow inter-
fere with the expression, maturation, stability, or activity of the 
amiR159-HC-Pro, clearing the way for TuMV infection. Quanti-

fication of the amiR159-HC-Pro in A. thaliana plants preinfected 
with the seven viruses and in noninoculated controls showed that, 
in all cases, infection with the companion viruses increases the 
concentration of the amiRNA in leaf tissues at 7 dpi (Fig. 3; the 
increase with respect to the noninoculated control was not 
statistically significant in CaMV and PPV). This result indicates 
that the TuMV resistance breakdown induced by CMV, CaMV, 
and TRV is not caused by a reduction in the amiRNA concen-
tration but, possibly, by affecting the functionality of the 
amiRNA. The CMV 2b protein has been shown to be a suppressor 
of RNA silencing (4). Despite being a small protein, it interacts 
with many factors and pathways in the infected host (15). How-
ever, two activities are considered crucial to interfere with the 
plant antiviral RNA-silencing pathways: the siRNA binding 
activity (14) and the Argonaute1 binding activity that inhibits 
slicing by RISC (42). Interestingly, CMV 2b has also been shown 
to bind miRNA in vivo (17). In the case of TRV, the RNA-
silencing suppressor activity has been associated with the 16-kDa 
protein (28). This is considered a weak suppressor not affecting 
the endogenous miRNA pathway; however, in our preinoculation 
experiment, preinfection with TRV helped TuMV break the 
amiR159-HC-Pro-mediated resistance in 29% of the plants, sug-
gesting some kind of interference with the amiRNA pathway. 
Finally, the P6 protein is the viral RNA-silencing suppressor of 
CaMV (26). This protein interacts with the double-stranded RNA-
binding protein DRB4 that facilitates the activity of the major 
plant antiviral silencing factor Dicer-like4 (16). Again, our results 
suggest some kind of interference of the CaMV infection with the 
amiRNA activity. 

In our study, we included two potyviruses, LMV and PPV. 
None of them helped TuMV break the resistance provided by the 
amiR159-HC-Pro in either the co-inoculation or preinoculation 
assay, indicating that HC-Pro (or the tandem P1/HC-Pro), the 
strong RNA-silencing suppressor of potyviruses, does not inter-
fere with amiRNA-mediated resistance. We did not anticipate this 
result because it was previously described that tandem expression 
of TuMV P1 and HC-Pro in A. thaliana plants interfered with the 
endogenous miRNA pathway producing developmental altera-
tions (19). In any case, this result may explain why the amiR159-
HC-Pro is so effective at protecting the A. thaliana plants against 
a potyvirus like TuMV. Although, in the initial steps of infection, 
the virus was able to deploy its machinery of RNA-silencing 
suppression, this would not affect the activity of the amiRNA. If 
this interpretation is correct, it would support, at least in the case 
of potyviruses, another of the advantages that has been associated 
with the technology of the antiviral amiRNAs. In contrast to other 
host RNA-silencing pathways, like that of the small-interfering 
RNAs, host plants do not normally employ the miRNA pathway 
in antiviral roles and, therefore, plant viruses have not evolved 
counter-measures to avoid the surveillance of the miRNA 
pathways. 

ACKNOWLEDGMENTS 

This research was supported by the CSIC grant 2010TW0015 (to J. A. 
Daròs and S. F. Elena), the Generalitat Valenciana grant PROMETEO/ 
2010/019 (to S. F. Elena and J. A. Daròs), and the Spanish Ministerio de 
Economía y Competitividad grants BIO2011-26741 (to J. A. Daròs) and 
BFU2012-30805 (to S. F. Elena). F. Martínez was supported by a pre-
doctoral fellowship from the Universidad Politécnica de Valencia. 

LITERATURE CITED 

1. Alvarez, J. P., Pekker, I., Goldshmidt, A., Blum, E., Amsellem, Z., and 
Eshed, Y. 2006. Endogenous and synthetic microRNAs stimulate simul-
taneous, efficient, and localized regulation of multiple targets in diverse 
species. Plant Cell 18:1134-1151. 

2. Ambros, V. 2008. The evolution of our thinking about microRNAs. Nat. 
Med. 14:1036-1040. 



876 PHYTOPATHOLOGY 

3. Bartel, D. P. 2004. MicroRNAs: genomics, biogenesis, mechanism, and 
function. Cell 116:281-297. 

4. Brigneti, G., Voinnet, O., Li, W. X., Ji, L. H., Ding, S. W., and 
Baulcombe, D. C. 1998. Viral pathogenicity determinants are suppressors 
of transgene silencing in Nicotiana benthamiana. EMBO J. 17:6739-
6746. 

5. Chen, C. C., Chao, C. H., Yeh, S. D., Tsai, H. T., and Chang, C. A. 2003. 
Identification of Turnip mosaic virus isolates causing yellow stripe and 
spot on calla lily. Plant Dis. 87:901-905. 

6. Chen, C. C., Chen, T. C., Raja, J. A., Chang, C. A., Chen, L. W., Lin, S. 
S., and Yeh, S. D. 2007. Effectiveness and stability of heterologous pro-
teins expressed in plants by Turnip mosaic virus vector at five different 
insertion sites. Virus Res. 130:210-227. 

7. Chen, J., Watanabe, Y., Sako, N., Ohshima, K., and Okada, Y. 1996. Com-
plete nucleotide sequence and synthesis of infectious in vitro transcripts 
from a full-length cDNA clone of a rakkyo strain of tobacco mosaic virus. 
Arch. Virol. 141:885-900. 

8. Dinesh-Kumar, S. P., Anandalakshmi, R., Marathe, R., Schiff, M., and 
Liu, Y. 2003. Virus-induced gene silencing. Methods Mol. Biol. 236:287-
294. 

9. Ding, S. W., and Voinnet, O. 2007. Antiviral immunity directed by small 
RNAs. Cell 130:413-426. 

10. Duan, C. G., Wang, C. H., Fang, R. X., and Guo, H. S. 2008. Artificial 
microRNAs highly accessible to targets confer efficient virus resistance in 
plants. J. Virol. 82:11084-11095. 

11. Fahim, M., Millar, A. A., Wood, C. C., and Larkin, P. J. 2012. Resistance 
to Wheat streak mosaic virus generated by expression of an artificial 
polycistronic microRNA in wheat. Plant Biotechnol. J. 10:150-163. 

12. Freeman, G. H., and Halton, J. H. 1951. Note on an exact treatment of 
contingency, goodness of fit and other problems of significance. Bio-
metrika 38:141-149. 

13. García, J. A., and Simón-Mateo, C. 2006. A micropunch against plant 
viruses. Nat. Biotechnol. 24:1358-1359. 

14. González, I., Martínez, L., Rakitina, D. V., Lewsey, M. G., Atencio, F. A., 
Llave, C., Kalinina, N. O., Carr, J. P., Palukaitis, P., and Canto, T. 2010. 
Cucumber mosaic virus 2b protein subcellular targets and interactions: 
their significance to RNA silencing suppressor activity. Mol. Plant-
Microbe Interact. 23:294-303. 

15. González, I., Rakitina, D., Semashko, M., Taliansky, M., Praveen, S., 
Palukaitis, P., Carr, J. P., Kalinina, N., and Canto, T. 2012. RNA binding 
is more critical to the suppression of silencing function of Cucumber 
mosaic virus 2b protein than nuclear localization. RNA 18:771-782. 

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

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

18. Jiang, F., Song, Y. Z., Han, Q. J., Zhu, C. X., and Wen, F. J. 2011. The 
choice of target site is crucial in artificial miRNA-mediated virus resis-
tance in transgenic Nicotiana tabacum. Physiol. Mol. Plant Pathol. 76:2-
8. 

19. Kasschau, K. D., Xie, Z., Allen, E., Llave, C., Chapman, E. J., Krizan, K. 
A., and Carrington, J. C. 2003. P1/HC-Pro, a viral suppressor of RNA 
silencing, interferes with Arabidopsis development and miRNA function. 
Dev. Cell 4:205-217. 

20. Krause-Sakate, R., Redondo, E., Richard-Forget, F., Jadao, A. S., 
Houvenaghel, M. C., German-Retana, S., Pavan, M. A., Candresse, T., 
Zerbini, F. M., and Le Gall, O. 2005. Molecular mapping of the viral 
determinants of systemic wilting induced by a Lettuce mosaic virus 
(LMV) isolate in some lettuce cultivars. Virus Res. 109:175-180. 

21. Kung, Y. J., Lin, S. S., Huang, Y. L., Chen, T. C., Harish, S. S., Chua, N. 
H., and Yeh, S. D. 2012. Multiple artificial microRNAs targeting con-
served motifs of the replicase gene confer robust transgenic resistance to 
negative-sense single-stranded RNA plant virus. Mol. Plant Pathol. 
13:303-317. 

22. Lafforgue, G., Martínez, F., Sardanyés, J., de la Iglesia, F., Niu, Q. W., 
Lin, S. S., Solé, R. V., Chua, N. H., Daròs, J. A., and Elena, S. F. 2011. 
Tempo and mode of plant RNA virus escape from RNA interference-
mediated resistance. J. Virol. 85:9686-9695. 

23. Li, F., and Ding, S. W. 2006. Virus counterdefense: diverse strategies for 
evading the RNA-silencing immunity. Annu. Rev. Microbiol. 60:503-531. 

24. Llave, C., Kasschau, K. D., Rector, M. A., and Carrington, J. C. 2002. 
Endogenous and silencing-associated small RNAs in plants. Plant Cell 
14:1605-1619. 

25. López-Moya, J. J., Fernández-Fernández, M. R., Cambra, M., and García, 
J. A. 2000. Biotechnological aspects of plum pox virus. J. Biotechnol. 
76:121-136. 

26. Love, A. J., Laird, J., Holt, J., Hamilton, A. J., Sadanandom, A., and 
Milner, J. J. 2007. Cauliflower mosaic virus protein P6 is a suppressor of 
RNA silencing. J. Gen. Virol. 88:3439-3444. 

27. Martínez, F., Lafforgue, G., Morelli, M. J., González-Candelas, F., Chua, 
N. H., Daròs, J. A., and Elena, S. F. 2012. Ultradeep sequencing analysis 
of population dynamics of virus escape mutants in RNAi-mediated 
resistant plants. Mol. Biol. Evol. 29:3297-3307. 

28. Martínez-Priego, L., Donaire, L., Barajas, D., and Llave, C. 2008. Silenc-
ing suppressor activity of the Tobacco rattle virus-encoded 16-kDa pro-
tein and interference with endogenous small RNA-guided regulatory 
pathways. Virology 376:346-356. 

29. Nicaise, V., Gallois, J. L., Chafiai, F., Allen, L. M., Schurdi-Levraud, V., 
Browning, K. S., Candresse, T., Caranta, C., Le Gall, O., and German-
Retana, S. 2007. Coordinated and selective recruitment of eIF4E and 
eIF4G factors for potyvirus infection in Arabidopsis thaliana. FEBS Lett. 
581:1041-1046. 

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

31. Parizotto, E. A., Dunoyer, P., Rahm, N., Himber, C., and Voinnet, O. 
2004. In vivo investigation of the transcription, processing, endonu-
cleolytic activity, and functional relevance of the spatial distribution of a 
plant miRNA. Genes Dev. 18:2237-2242. 

32. Pflieger, S., Blanchet, S., Camborde, L., Drugeon, G., Rousseau, A., 
Noizet, M., Planchais, S., and Jupin, I. 2008. Efficient virus-induced gene 
silencing in Arabidopsis using a ‘one-step’ TYMV-derived vector. Plant J. 
56:678-690. 

33. Qu, J., Ye, J., and Fang, R. 2007. Artificial microRNA-mediated virus 
resistance in plants. J. Virol. 81:6690-6699. 

34. Rizzo, T. M., and Palukaitis, P. 1989. Nucleotide sequence and evolu-
tionary relationships of cucumber mosaic virus (CMV) strains: CMV 
RNA 1. J. Gen. Virol. 70:1-11. 

35. Schoelz, J. E., and Shepherd, R. J. 1988. Host range control of 
cauliflower mosaic-virus. Virology 162:30-37. 

36. Schwab, R., Ossowski, S., Riester, M., Warthmann, N., and Weigel, D. 
2006. Highly specific gene silencing by artificial microRNAs in Arabi-
dopsis. Plant Cell 18:1121-1133. 

37. Sokal, R. R., and Rohlf, F. J. 1995. Pages 730-736 in: Biometry, 3rd ed. 
W. H. Freeman & Co., New York.  

38. Voinnet, O. 2009. Origin, biogenesis, and activity of plant microRNAs. 
Cell 136:669-687. 

39. Whitlock, M. C., and Schluter, D. 2009. Pages 156-157 in: The Analysis 
of Biological Data. Roberts & Co., Greenwood Village, CO.  

40. Zeng, Y., Wagner, E. J., and Cullen, B. R. 2002. Both natural and designed 
micro RNAs can inhibit the expression of cognate mRNAs when 
expressed in human cells. Mol. Cell 9:1327-1333. 

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

42. Zhang, X., Yuan, Y. R., Pei, Y., Lin, S. S., Tuschl, T., Patel, D. J., and 
Chua, N. H. 2006. Cucumber mosaic virus-encoded 2b suppressor in-
hibits Arabidopsis Argonaute1 cleavage activity to counter plant defense. 
Genes Dev. 20:3255-3268. 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <>
    /CHT <>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide. )
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


