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ABSTRACT

Martinez, E, Elena, S. F., and Daros, 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-likel, 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
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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



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, TYMYV, 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 N, 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 pl 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 YCS 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 LM V-
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'. RNA or
DNA was purified using silica gel spin columns eluting in 10 pl
(Zymo Research, Irving, CA). To reverse transcribe the viral
RNAs, 1 pl 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), | mM dNTPs, and 5 pmol of the
appropriate primer depending on the diagnosed virus (Table 1) in
a 10-pl volume reaction with 50 mM Tris-HCI (pH 8.3), 50 mM
KCl, 4 mM MgCl,, 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 H,O 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 pl) were subjected to polymerase chain reaction (PCR) ampli-
fication in 20-ul-volume reactions with 1 U of Thermus thermo-
philus DNA polymerase (Biotools, Madrid), 1 pM each primer
(Table 1), 0.2 mM dNTPs, 75 mM Tris-HCI (pH 9.0), 2 mM
MgCl,, 50 mM KCl, and 20 mM (NH,),SO,. 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 TMYV,
TRV, CMV, TYMV, CaMV, LMYV, 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 prumvy Wwas the observed frequency of plants simul-
taneously infected by TuMV and companion virus y, and pruvy
and p, 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 (prumvpy) frequencies will be
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equal and, thus, Stywv,y = 0. Values of Sty significantly deviat-
ing from this null expectation imply synergistic (positive) or
antagonistic (negative) interference during infection. To evaluate
the statistical significance of Stymv, estimates, we proceeded as
follows. First, the standard error of every p in equation 1 was
calculated as

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

2 2 2 2 2
= + +
O-STuMVy \/O-pTuMV,‘\' p y O-pTuMV p TUMVO_P,v

Finally, statistical significance of Srumvy 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 TuMYV 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 TuMYV, 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-O 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 TMYV, TRV, and LMYV, all WT
plants were co-infected with both viruses, whereas most 12-4

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 amiR 159-HC-Pro*

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

2 Number of infected plants (14 days postinoculation) over the number of
inoculated plants.

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)?
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)

4 (F) and (R) indicate forward and reverse, respectively.
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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 TYMYV, all WT and 12-4 plants
were singly infected by TYMYV. 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 Srymv, estimated for TuUMV 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, Styvyy = 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
TuMYV 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
LMYV, and was radically different from what was observed in the
co-inoculation experiment: all WT plants were infected by both
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Fig. 1. Schematic representation of the Turnip mosaic virus (TuUMV) 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, NlaPro, 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.

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
TuMYV 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,
CMYV, and CaMV significantly helped TuMYV 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).

Plant co-inoculation with TuMYV

>

B Co-infection
Other virus
TuMV

Ratio of infected plants
= v A -~ ™
= (%] - =l *x =
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TuMY inoculation of pre-infected plants

—
=

B Co-infection
Other virus

-~ =
B >

Ratio of infected plants
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Fig. 2. Infectivity of Turnip mosaic virus (TuMYV) 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 TuMYV, respectively. Note that, in B,
because only plants preinfected by the other virus were inoculated with
TuMYV, no TuMYV singly infected plants (striped column) could exist.
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The infection interference indexes Stywmv,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 CaM V-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).

60 b ap b

501

40

301

201

101

Picograms amiR159-HC-Pro
per 100 ng total plant RNA

>
=
=
o

LMV

-
=
-~
=

infected
™V
CMV

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 ©. Letters a and b indicate homogeneous groups according to a Tukey’s
honestly significant difference post hoc test.

TABLE 3. Infection interference index (Stomvy £ 1 6) computed for Turnip mosaic virus (TuMV) and each of the seven companion viruses (y) in both

Arabidopsis thaliana genotypes and using both inoculation schemes?®

Companion virus

A. thaliana wild type

A. thaliana 12-4

Co-inoculation experiments
Tobacco mosaic virus 0
Tobacco rattle virus
Cucumber mosaic virus
Turnip yellow mosaic virus -1
Cauliflower mosaic virus
Lettuce mosaic virus

Plum pox virus -1
Preinoculation experiments

Tobacco mosaic virus 0

Tobacco rattle virus 0

Cucumber mosaic virus
Turnip yellow mosaic virus
Cauliflower mosaic virus
Lettuce mosaic virus

Plum pox virus 0

0.250£0.217 (P =0.124)
0.100 £ 0.067 (P = 0.068)

~0.2+0.146 (P = 0.146)
0

0.047 £0.118 (P =0.344)
0

0+£0.097 (P =0.500)
0

[=RelelololeNe)

0
0.290 £ 0.082 (P < 0.001)
0.943 +£0.039 (P < 0.001)
0
0.357£0.091 (P < 0.001)
0

0

2 The significance of the null hypothesis of no interference (Sumv,y = 0) was evaluated using the standard normal distribution z test (provided in parenthesis).
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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
TuMYV 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 (Stumvrymy < 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. TuMYV 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 CaMYV, 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 TuUMV on CaMYV infection
might occur even though TuMYV 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 TuMYV 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,
LMYV, 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 Argonautel 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.
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