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A MicroRNA Superfamily Regulates Nucleotide Binding
Site-Leucine-Rich Repeats and Other mRNAs
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and David C. Baulcombe?
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Analysis of tomato (Solanum Ilycopersicum) small RNA data sets revealed the presence of a regulatory cascade affecting
disease resistance. The initiators of the cascade are microRNA members of an unusually diverse superfamily in which
miR482 and miR2118 are prominent members. Members of this superfamily are variable in sequence and abundance in
different species, but all variants target the coding sequence for the P-loop motif in the mRNA sequences for disease
resistance proteins with nucleotide binding site (NBS) and leucine-rich repeat (LRR) motifs. We confirm, using transient
expression in Nicotiana benthamiana, that miR482 targets mRNAs for NBS-LRR disease resistance proteins with coiled-coil
domains at their N terminus. The targeting causes mRNA decay and production of secondary siRNAs in a manner that
depends on RNA-dependent RNA polymerase 6. At least one of these secondary siRNAs targets other mRNAs of a defense-
related protein. The miR482-mediated silencing cascade is suppressed in plants infected with viruses or bacteria so that
expression of mMRNAs with miR482 or secondary siRNA target sequences is increased. We propose that this process allows
pathogen-inducible expression of NBS-LRR proteins and that it contributes to a novel layer of defense against pathogen

attack.

INTRODUCTION

MicroRNAs (miRNAs) are versatile regulators of gene expression
in plants and animals. They are 21 to 24 nucleotides long and
processed by a Dicer nuclease from long RNA precursors with
base paired foldback structures (Baulcombe, 2004). The single-
stranded form of the miRNA forms a ribonucleoprotein complex
with Argonaute (AGO) that can bind by base pairing to a target
RNA (Bartel, 2009; Voinnet, 2009). In plants, the successful
targeting reaction requires complementarity of the miRNA at
most of the residues (Mallory and Bouché, 2008).

The consequence of the targeting reaction depends on the
nature of the targeted RNA and the extent of complementarity
with the miRNA. The target RNA is cleaved and the level of the
protein product is reduced if there is near complete complemen-
tarity, including positions 9 and 10 of the miRNA. Translational
suppression without turnover of the target RNA is mediated
by miRNAs with incomplete complementarity to their target
(Brodersen et al., 2008; Lanet et al., 2009). In addition, there may
be miRNA-mediated targeting of chromatin-associated RNAs that

1 Current address: Agricultural Biotechnology Research Center, Acade-
mia Sinica, Taipei 11529, Taiwan.

2 Address correspondence to dcb40@cam.ac.uk.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) is: David C.
Baulcombe (dcb40@cam.ac.uk).

WQnline version contains Web-only data.

©Alopen Access articles can be viewed online without a subscription.
www.plantcell.org/cgi/doi/10.1105/tpc.111.095380

leads directly or indirectly to targeted epigenetic modification
(Khraiwesh et al., 2010; Wu et al., 2010).

In some instances, miRNA-mediated gene silencing is a simple
negative switch: whenever the miRNA gene is active the target
mRNA is silent. However, these versatile RNA regulators may
also participate in feedback loops and carry out more subtle
roles in genetic regulation. They might dampen fluctuations in
target gene expression, for example, or influence temporal
changes (Voinnet, 2009). In some instances, the miRNAs or their
precursors may move through plasmodesmata and different
stages in the feedback system occur in adjacent cells or in
separate roots and shoots (Bari et al., 2006; Pant et al., 2008).

miRNAs may also initiate regulatory cascades with multiple
mRNA targets (MacLean et al., 2010). These cascades involve
secondary small interfering RNAs (siRNAs) that associate with
AGO proteins, similarly to miRNAs. The first step in these
cascades requires an RNA-dependent RNA polymerase (RDR,;
RDR®6 in Arabidopsis thaliana) and it takes place when the initiator
miRNA duplex structure is asymmetrical (Manavella et al., 2012),
if the initiator miRNA is 22 nucleotides rather than 21 nucleotides
long (Chen et al., 2010; Cuperus et al., 2010), or if there are two
target sites for 21-nucleotide RNAs (Axtell et al., 2006). The
initiator miRNA stimulates the RDR to convert the targeted RNA
into long, double-stranded RNA that is then processed by Dicer
into secondary siRNAs. A high proportion of the secondary siRNAs
are in a 21-nucleotide phased register in which the first position is
the cleavage target of the initiator miRNA (Chen et al., 2007).

The best characterized secondary siRNAs are known as trans-
acting siRNAs, and their targets include a pentatricopeptide
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(PPR) and auxin response factor (ARF) gene mRNAs (Axtell et al.,
2006). These secondary siRNAs may move between cells and
establish developmental gradients (Chitwood et al., 2009). Both
PPR and ARF mRNAs are targeted separately by secondary
siRNAs and by miR161 (Rhoades et al., 2002; Allen et al., 2005;
Yoshikawa et al., 2005), miR160, or miR167 (Rhoades et al.,
2002; Allen et al., 2005). Therefore, it is likely that the secondary
siRNAs play a role in either reinforcing or coordinating the action
of primary sRNAs or miRNAs.

The secondary siRNA loci, like miRNA genes, have evolved
independently at different times (Cuperus et al.,, 2011). The
TAS3-derived secondary siRNAs targeting ARF mRNAs, for
example, are conserved in distantly related plants (Axtell and
Bartel, 2005), and it is likely that the TAS3 loci evolved in a
common ancestor of seed plants. Other secondary siRNA loci in
rice (Oryza sativa) and Brachypodium are species specific and
are likely to have arisen more recently (Johnson et al., 2009;
Vogel et al., 2010). Similarly, the TAS1 secondary siRNAs that
target PPR mRNAs are specific to Arabidopsis and they are also
likely to be relatively modern.

Both ancient and modern secondary siRNA loci are targeted
by miR2118. In Medicago (Zhai et al., 2011), the miR2118 family
sequences initiate secondary siRNAs on the mRNAs for nucle-
otide binding site-Leu-rich repeat (NBS-LRR) proteins in a pro-
cess that is likely to have originated in a common ancestor of
monocots and dicots. The miR2118 family also initiates second-
ary siRNAs on uncharacterized mRNAs expressed in rice flowers
(Song et al., 2012). However, these alternative secondary siRNAs
are not found in other species and so their origin is likely to be in
the rice evolutionary lineage and more recent than a monocot/
dicot common ancestor.

Here, we characterize secondary siRNA loci and the initiator
miRNAs in Solanum species. The loci correspond to the genes
for NBS-LRR disease resistance proteins, and we demonstrate
that at least one of the secondary siRNAs targets the mRNA that,
in a related form, has been implicated in basal immunity in
Arabidopsis. The initiators of secondary siRNAs on NBS-LRR
mRNAs comprise an unusually diverse superfamily comprising
miR482 and miR2118 in other species. The sequence of this
miRNA superfamily is variable and a high proportion of the NBS-
LRR mRNAs are targeted. The miR482-mediated silencing of
NBS-LRR mRNAs is lost in virus- and bacteria-infected tissues
most likely due to the action of pathogen-encoded proteins.
Based on these data, we propose a model in which the plant
exploits pathogen-derived suppressors of RNA silencing to
achieve inducible expression of defense-related genes.

RESULTS

An Unusually Diverse miRNA Superfamily

The miR482 family is unusual in that the members are 22
nucleotides rather than 21 nucleotides long and they have
more variable sequences than other miRNA families. In different
plant species, the miR482 sequences vary at nine positions
(Figures 1A to 1C) and there are at least 31 isoforms. Other
miRNAs, even when they exist as families, have fewer differ-

ences and generally fewer isoforms (Felippes et al., 2008; Meyers
et al., 2008; Cuperus et al., 2011).

The miR482 family could be extended to include miR472 in
Arabidopsis by allowing an additional variation at position 2
(Figure 1B). In addition, if 22-nucleotide miRNAs with a first
position that aligns with position 3 of miR482 are also allowed, a

A

s1lmiR482¢c UCUUUCCUACUCCUCCCCUACC 22
slmiR482e UCUUUCCUACUCCUCCCCUGCC 22
s1miR482£ UCUUUCCUACUCCUCCCAUACC 22
s1lmiR482d UCUUUCCUACUCCUCCCAUCCC 22
slmiR482a UCUUGCCUACACCGCCCAUGCC 22
s1miR482b UCUUGCCAAUACCGCCCAUUCC 22
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sImiR482E UCUUUCCUACUCCUCCCAUACC 22
athmiR472 UUUUUCCUACUCCGCCCAUACC 22
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C

SsImiRA82E UCUUUCCUACUCCUCCCAUACC 22
ghmiR482a UCUUUCCUACUCCUCCCAUACC 22
sImiR482¢ UCUUUCCUACUCCUCCCCUACC 22
sImiR482e UCUUUCCUACUCCUCCCCUGCC 22
s1mir482d UCUUUCCUACUCCUCCCAUCCC 22
VVIniRA482 UCUUUCCUACUCCUCCCAUUCC 22
pabmiR482c UCUUUCCUACUCCUCCCAUUCC 22
s1miR482a UCUUGCCUACACCGCCCAUGCC 22
ghmiR482b UCUUGCCUACUCCACCCAUGCC 22
agmiR482a/b/c UCUUGCCGACUCCUCCCAUACC 22
csmiR482b UCUUGCCCACCCCUCCCAUUCC 22
gmamiR482b UCUUCCCUACACCUCCCAUACC 22
gsmiR482a/b UCUUCCCUACACCUCCCAUAC- 21
ptmiR482d UCCUCCCUACUCCUCCCAUUCC 22
pabmiR482a UCUUCCCUACUCCUCCCAUUCE 22
ptamiR482a/b UCUUCCCUACUCCUCCCAUUCC 22
ptmiR482a/b UCUUCCCUACUCCUCCCAUUCE 22
<1miR482b UCUUGCCAAUACCGCCCAUUCC 22
stumiR482 UCUUGCCAAUACCGCCCAUUCC 22
pVmMiR482 UCUUCCCAAUUCCGCCCAUUCC 22
gmmiR482a UCUUCCCAAUUCCGCCCAUUCC 22
mdmiRA82 UCUUCCCAAGCCCGCCCAUUCC 22
grmiR482 UCUUUCCAAUUCCUCCCAUUCC 22
ptmiR482c UCUUCCCUAUUCCUCCCAUUCC 22
pabmiR482b UCUUCCCUAUUCCUCCCAUUCC 22
csmiR482a UCUUCCCUAUGCCUCCCAUUCE 22
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Figure 1. Sequence Diversity of miR482.

(A) Multiple alignment of diverse miR482 family members. Alignment of
six unique miR482 sequences identified from tomato small RNA data
sets.

(B) Alignment of a tomato miR482 isoform with atmiR472.

(C) Alignment of all known miR482 isoforms.

Alignments were made with ClustalX2, and miR482 sequences were
taken from miRBase (http://www.mirbase.org/). Sequences shown in red
are not conserved among miRNAs. sl, S. lycopersicum; ath, Arabidopsis;
gh, G. hirsutum; vv, V. vinifera; pab, Picea abies; ag, Aquilegia caerulea;
cs, Citrus sinensis; gma, G. max; gsi, G. soja; pt, Populus trichocarpa;
pta, Pinus taeda; stu, S. tuberosum; pv, Phaseolus vulgaris; mdm, Malus
domestica; gr, G. raimondiii.



superfamily would form that includes the miR2118 subgroup
(Zhai et al., 2011). The nomenclature of these miRNAs in the
online miRBase (Griffiths-Jones et al., 2008) is inconsistent
because there are miR2118-like sequences named as miR482,
miR5300, or miR2809. In this article we refer to the 22-nucleotide
miRNAs that align with position 1 of miR482 as “miR482 type”
and those that align with position 3 or 4 of miR482 as “miR2118
type” members of the miR482/2118 superfamily (see Supple-
mental Figure 1 online).

Our sRNA data sets from tomato seedlings (Solanum lycoper-
sicum cv M82) include six isoforms of mature miR482 with
variation at seven of the nine variable sites (Figure 1A). Two other
tomato sequences are of the miR2118 type (Mohorianu et al.,
2011). One of these is similar to Medicago miR2118a and it is
named as sImiR482 in miRBase. The second is named as
miR5300. The miR2118 family in rice is even more diverse. There
are 18 pre-miRNA variants corresponding to 16 different mature
miRNAs (Johnson et al., 2009; Vogel et al., 2010).

If variation in the miR482/2118 superfamily had been gener-
ated in an ancient ancestor, we would expect different plants to
share similar isoforms of miR482. However, most of the 31
isoforms of miR482 (Figure 1A) are species specific and a more
likely scenario is that most of the variation was generated since
the divergence of even closely related species. There are only a
few instances of identical sequence variants in more than one
plant; thus, stumiR482 (potato [Solanum tuberosum)) is identical
to simiR482b (tomato), and gmmiR482a (soybean [Glycine max])
is the same as pvmiR482 (Phaseolus) (Xie et al., 2011; Zhai et al.,
2011). In these examples, the common form may have evolved
before the divergence of the two species but not in an ancient
ancestor.

There are only four examples of distantly related plant species
with an identical isoform of miR482. These are tomato with
sImiR482f and cotton (Gossypium hirsutum) with ghmiR482a; grape
(Vitis vinifera) with vwmiR482 and Picea with pabmiR482c; and
poplar (Populus spp) with miR482c and Picea with pabmiR482b. In
addition, there is one variant that is shared by three distantly re-
lated species in the Pinaceae (Pinus-ptamiR482a/b and Picea-
pabmiR482a) and the Salicaceae (Populus) (ptmiR482a/b).
These exceptions to the species-specific pattern are probably
due to independent evolution of identical isoforms in different
plant lineages.

Diversification of the miR2118 subfamily is similarly species
specific. The pre-miR2118 sequences fromrice, for example, are
all more similar to each other than they are to the corresponding
sequences from other species.

The abundance of miR482/2118 superfamily RNAs varies
greatly between species and families of plants. These RNAs
are rare in monocots and infrequent in Caricaceae, Asteraceae,
Cucurbitaceae, Lamiaceae, Brassicaceae, Caryophyllaceae, ba-
sal angiosperms, ferns, and mosses (Figure 2A). The miR482
members are abundant in cycads, gymnosperms, members of
the Malvaceae and Vitaceae, and the Solanum and Capsicum
genera in the Solanaceae. In seedling data sets of tomato and in
its wild relative Solanum pennellii, the miR482 type are predom-
inant with miR482f represented 100-fold more frequently than
miR482a (see Supplemental Figure 2 online). The miR2118 family
members, by contrast, are most abundant in the Rutaceae,
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Solanaceae, and, particularly, in the Fabaceae. The miR5300
that is assigned as miR2118 type is most abundant in the
Solanaceae.

RNA gel blot analysis was consistent with Solanum species
having unusually high levels of miR482: probes for isoforms
miR482a and f detected abundant RNAs in S. lycopersicum
(tomato), S. pennellii, and S. tuberosum but not in Nicotiana or
non-Solanaceous species (Figure 2B; see Supplemental Table
1 online). A probe for Arabidopsis miR472 hybridized with an
RNA in potato but only weakly with tomato miRNAs.

Together, these various analyses indicate that the miR482/
2118 superfamily is unusually variable both in sequence and in
expression level. The pattern of variability indicates that this
superfamily is in constant evolutionary flux with different species
and genera having specific isoforms or combinations of isoforms.

miR482/2118 Superfamily Members as Potential Regulators
of NBS-LRR Disease Resistance Genes

The psRNATarget algorithm that predicts targets of plant
miRNAs (Dai and Zhao, 2011) (see Supplemental Tables 2 and
3 online) identified the MRNAs of disease resistance proteins as
having binding sites for miR482 species. These proteins have
NBS and LRR domains (Meyers et al., 2003), and, of the 186
predicted NBS-LRR proteins encoded in the tomato genome,
there were 58 with miR482 target motifs as assessed by the
TAPIR protocol (Bonnet et al., 2010) (Figure 3A). It is highly likely
that these are bona fide targets because they have a high degree
of complementarity to the miR482 sequences with more than half
having a TAPIR algorithm score of >8. The mRNAs of NBS-LRR
proteins have also been identified recently as targets of the
miR2118 family in Medicago truncatula (Zhai et al., 2011).

A minority of the miR482 isoforms had unique NBS-LRR
targets in tomato (Figure 3B). However, most miR482 family
members had multiple NBS-LRR targets (see Supplemental
Table 4 online). This pattern arises because the target se-
quence encodes a variant of the P-loop or Walker A motif that is
specific to R proteins (Figure 3C), and, of the seven variable
positions in the tomato miR482 family (Figure 1A), there are six
that are complementary to the wobble position of conserved
amino acids in the NBS domain of R proteins or to amino acid
position 5 in this motif (Meyers et al., 2003) (Figures 3C and 3D)
that is not conserved. The miR2118 family shows a similar
pattern of variation, and we conclude that the miR482/2118
superfamily has the potential to control expression of many
NBS-LRR genes and to be a master regulator of disease
resistance in tomato.

To find out whether the miR482 family targets a particular type
of NBS-LRR protein, we aligned its sequences against the well
annotated resistance (R) gene sequences in the Arabidopsis
genome. Using the TAPIR rules for miRNA targeting, we estab-
lished that mRNAs of coiled-coil NBS-LRR (CNL)-type proteins
(Meyers et al., 2003), with a coiled-coiled domain at the
N terminus rather than a Toll/Interleukin Repeat (TIR) motif,
were the preferred targets of miR482 (Figure 4A). There was
further differentiation because the CNL-D-type mRNAs are less
represented in the targets than in the total CNL-type NBS-LRRs
(Figure 4B).
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Figure 2. Abundance of miR2118/482 Superfamily Members in Different Plants.
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Figure 3. Predicted Targets of miR482 Isoforms in Tomato.

(A) Predicted miR482 targets among the 186 NBS-LRR sequences in tomato.

(B) Representation of miR482 targets in the tomato genome as either unique or repeated sequence motifs.
(C) Coding sequence of the miR482 targets in the mMRNAs of NBS-LRR mRNAs.

(D) Variable residues in the miR482 family correspond to wobble or variable sequences in NBS-LRR mRNAs.
Target sequences were predicted using the TAPIR algorithm.

The miR2118 family from M. truncatula also targets the P-loop well as tomato miR482 (a miR2118 type sequence) include
of NBS-LRR proteins as revealed by alignment with sequences both TIR- and CNL-NBS-LRR proteins. This targeting prediction
of M. truncatula (Zhai et al., 2011). The miR2118b variant, like is consistent with the high sequence homology of sImiR482
miR482, targets CNL-NBS-LRR mRNAs (see Supplemental Fig- (sImiR2118) with Medicago miR2118a (see Supplemental Figure
ure 3 online). However, targets of Medicago miR2118a and c as 1 online).

Figure 2. (continued).

(A) Small RNA data sets were accessed through GEO, and miRNA abundance was analyzed through miRProf (Moxon et al., 2008) and expressed as
counts per million reads. miR482 and 2118 sequences are defined in the text. Samples were from leaf/shoot tissue (green), floral tissue (orange),
panicle/tassel (red), and other (black). Asterisk indicates those plant species where miRNA family members were not cloned. PHP, Physcomitrella
patens; SEL, Selaginella; MAR, Marsilea; CYC, Cycas; GIB, Gingko biloba; PAB, Picea abies; ARF, Aristolochia fimbriata; NAD, Nuphar advena; PEA,
Persea americana; ATH, Arabidopsis; SIL, Silene latifolia; V\VI, V. vinifera; CAA, Capsicum annum; NIT, Nicotiana tabacum; NBE, N. benthamiana; PET,
Petunia hybrida; SLY, S. lycopersicum; SPE, S. pennellii; SPI, S. pimpinellifolium; STU, S. tuberosum; LAS, Lactuca sativus; MIM, Mimulus; MTR,
Medicago truncatula; GMA, G. max; PVU, Phaseolus vulgaris; CMA , Cucurbita maxima; PTR, Populus trichocarpa; CPA, Carica papaya; CSl, Citrus
sinensis; GAR, Gossypium arboreum; HVU, Hordeum vulgare; TAE, Triticum aestivum; MIS, Miscanthes; SBI, Sorghum bicolor; ZMA, Zea mays; OSA,
O. sativa; PV, Panicum virgatum; SIT, Setaria italica; MAC, Musa acuminata; ZOM, Zostera marina.

(B) RNA gel blot analysis of tomato miR482 isoforms and cross-hybridizing homologs in different species. Fifteen micrograms of total RNA from young
seedlings was used for analysis of each sample. Total RNA was electrophoresed in a 15% polyacrylamide gel, transferred to membrane, and probed
with corresponding DNA oligonucleotides (see Supplemental Table 1 online) labeled with [y-32P]ATP. U6 serves as loading control. M, decade (Ambion)
size marker.
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Figure 4. CNL-Type NBS-LRR mRNAs Are Preferred Targets of miR482
Family Members.

(A) The targets for tomato miR482 were identified among the Arabidopsis
NBS-LRR mRNA sequences and classified as either CNL or TIR type.
(B) The CNL-type NBS-LRRs were classified as CNL types A to D
according to Meyers et al. (2003). Each type is represented similarly in
the total and miR482 targets all except that the CNL-D types are
underrepresented in the targets (left panel).

Therefore, this computational analysis indicates that the
miR482 and miR2118 families constitute an unusually diverse
miRNA superfamily with sequence variation that corresponds to
the mRNAs of NBS-LRR proteins. The presence of the miR482/
2118 superfamily would have the potential to suppress expres-
sion of NBS-LRR proteins to an extent that varies between
plants. Those with abundant and diverse miR482/2118 would
silence these disease resistance proteins more extensively than
plants like Arabidopsis in which this superfamily is represented
by a single nonabundant miRNA (miR472).

Secondary siRNAs Initiated by miR482 Family Members

A property of 22-nucleotide miRNAs is the ability to initiate
the synthesis of secondary siRNAs from the 3’ side of the target
RNA sequence (Chen et al., 2010; Cuperus et al., 2010). These
secondary siRNAs align in a phased register with respect to the
target site of the 22-nucleotide miRNA and, in some instances,
they also have mRNA targets. In our tomato sRNA data sets, we
identified 15 genomic RNA loci with phased siRNAs (Chen et al.,
2007, 2010). Of these, three corresponded to the conserved

TAS3 RNA that has been well characterized in Arabidopsis, one
matched AGO1 mRNA that is also known in Arabidopsis to have
secondary siRNAs initiated by miR168, five had unidentified
miRNA initiators, and the remaining six were predicted targets of
miR482 and encoded NBS-LRR proteins (see Supplemental
Tables 5 and 6 online).

Figure 5 illustrates the distribution of phased siRNAs that
target an NBS-LRR mRNA named LRR1 (Solyco02g036270.1.1).
Most of the abundant siRNAs are in the phased register, and they
align to a region close to the 3’ side of the miR482a target site. It
is likely that the targeted mRNA would be cleaved by an AGO/
miR482 nucleoprotein because there is complete miRNA/mRNA
complementarity at positions 9 and 10 of the target site (Figure 5).
This cleavage site defines the first position in the phased regis-
ters. Also consistent with this proposed cleavage site, we used 5’
rapid amplification of cDNA ends (RACE) analysis to detect
cleavage of LRR1 mRNA (18/24 clones) between positions 10
and 11 in the predicted miR482a target site (Figure 5). This
cleavage site matches well with a previous analysis of the tomato
degradome (13 out of 22 clones; Li et al., 2012a). The degradome
corresponds to mRNA fragments resulting from miRNA-directed
cleavage.

In at least two of the NBS-LRR protein mRNAs (Figure 5; see
Supplemental Figure 4 online), there is a second miR482 target
site at the 3’ end of the region with phased siRNAs. This second
target site has less complementary to the mRNA, and, as
expected, 5° RACE analysis did not identify cleaved products
matching this region (Figure 5). However, the final position in the
register aligns opposite to position 10 of miR482 and so the
target site is in phase with the secondary siRNAs. These sec-
ondary siRNAs along with the accumulation of cleaved RNAs
provide direct evidence that NBS-LRR protein mRNAs are
targeted by miR482.

miR482 Silences NBS-LRR Protein mRNAs

The sequence of miR482 family members and the miR482-
initiated secondary siRNAs aligned to NBS-LRR protein mRNAs
suggest that miR482 is a suppressor of R protein biosynthesis. In
line with this possibility, tomato CNL-NBS-LRRs (LRR1, Soly-
c002g036270.1.1; LRR2, Solyc04g005540.1.1) that are good
predicted targets of miR482 members are less abundant than the
Hero and Mi NBS-LRR mRNAs that are not miR482 targets (see
Supplemental Figure 5 online). It is likely that this difference is
due to miR482 expression because the wild tomato relative
S. pennellii, in which miR482a is more abundant than M82, has
lower expression of LRR1 and LRR2 than M82 but similar levels of
Hero and Mi mRNAs. Similarly in F1 and F2 lines from an M82 X
S. pennellii cross, the LRR1 and LRR2 mRNAs are less abundant
than in M82 but expression in an introgression line (IL8-3; Eshed
and Zamir, 1995) resembles that of M82 tomato.

We next used a transient assay system in Nicotiana benthami-
ana to test the contribution of miR482 and secondary siRNAs as
mediators of NBS-LRR mRNA silencing. This species has only
low levels of miR482 (Figures 2A and 2B), and we used plants that
were either wild type or with reduced expression of RDR6
(RDR6i; Schwach et al., 2005). RDR6 is an essential factor in
secondary siRNA production (Yoshikawa et al., 2005).
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Figure 5. Phased Secondary siRNAs Initiated by miR482 Target Sites in an NBS-LRR mRNA.

Genome view of a CNL-type NBS-LRR locus (LRR1) that aligns with phased secondary siRNAs. Most of the secondary siRNAs align between miR482
target sites. Red bars indicate the start position of SRNAs in phase; blue bars indicate the start position for those out of phase. Rectangles indicate
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site indicate frequency of 5" RACE clones matching this prediction out of total clones used for analysis. Arrow color code: red, 21 nucleotides; blue, 24
nucleotides; green, 22 nucleotides. The black triangle indicates cleaved site, and the white triangle indicates proposed cleavage site.

Tomato miR482a was expressed transiently using Agrobacte-
rium infiltration, and we assayed the levels of a tobacco NBS-
LRR mRNA-EU713768.1 (Figure 6A) that is conserved in N.
benthamiana and that has a good target site for miR482a. The
expression construct had the miR482a precursor sequence
coupled to the cauliflower mosaic virus 35S promoter. We also
expressed miR482aA that contains alterations to the mature
miR482 sequence so that the complementarity with the NBS-
LRR mRNA is lost.

Expression of the native miR482a but not miR482aA in this
assay initiated the expression of secondary siRNA D1 (Figure 6B)
and silencing of EU713768.1 mRNA by 10-fold or greater (Figure
6C). In N. benthamiana wild-type and RDR®6i lines, transient
expression of miR482a also targeted mRNA from an EU713768.1

mRNA (Figure 6C), but there was no secondary small RNA
production at the D1 register in RDR6i lines (Figure 6B). There-
fore, in this system, the secondary siRNAs were not required for
suppression of the NBS-LRR mRNA; miR482 primary targeting
was sufficient.

A second assay exploited the potential of plant viruses to
produce suppressors of RNA silencing. We predicted that these
suppressor proteins in virus-infected plants would interfere with
either the production or targeting of miR482 so effectively that
NBS-LRR mRNAs with target motifs would increase in abun-
dance in virus-infected tissue. NBS-LRR proteins without the
target motifs should not be affected in the same way.

The level of miR482 was reduced slightly in the inoculated
leaves of tomato plants infected with Turnip crinkle virus (TCV),
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Figure 6. Transient Expression of Tomato miR482a Targets an NBS-LRR mRNA in N. benthamiana Resulting in RDR6-Dependant Phased siRNA

Biogenesis.

(A) Targeting of Nicotiana EU713768.1 NBS-LRR by miR482a. The alignment shows the target site of miR482a in a tobacco NBS-LRR mRNA, and the
predicted sequences of phased secondary siRNAs are shown at an adjacent site D1. A indicates modified sequences underlined in the miR482aA

construct.

(B) RNA gel blot analysis of miR482a and D1 siRNA in Agrobacterium tumefaciens infiltrated zones of N. benthamiana wild-type (WT) and RDR6i lines.
Analyses of miR168 and U6 RNAs are included as controls. M, decade marker indicating a 20-nucleotide RNA.

(C) U713768.1 mRNA accumulation 3 d after inoculation by quantitative PCR. See Methods for construct design. Error bars indicate sb (n = 3), and
asterisks indicate a significant difference from corresponding control samples (t test, P value < 0.05).

Cucumber mosaic virus (CMV), and Tobacco rattle virus (TRV),
whereas miR168 was unaffected (Figures 7A and 7B). The LRR1
and LRR2 mRNAs with miR482 targets were both more abundant
in plants infected with these three viruses, with the increase in
both instances being most pronounced with TCV (Figure 7C).
Neither of two NBS-LRR mRNAs (Mi and Hero) without miR482
targets was more abundant after virus infection (Figures 7C and
7D). TRV and CMV had no significant effect on Mi and Hero,
whereas TCV led to a decrease in the level of these mRNAs.

In a similar experiment, we exploited the finding that the
bacterial pathogen Pseudomonas syringae DC3000 encodes
suppressors of RNA silencing (Navarro et al., 2008). These
suppressors are transported into infected plant cells via a type
Il secretion system. We predicted that, as in virus-infected
plants, the DC3000 infection of tomato would induce LRR1 and
LRR2 mRNAs but not Mi and Hero mRNAs. We further predicted
that any increase in LRR1 and LRR2 mRNAs would be reduced in

a hrcC mutant of P. syringae DC3000 in which the type llI
secretion system would be less active. The results were fully
consistent with these predictions (Figures 8A to 8C). There was a
slight induction of LRR1, LRR2, Mi, and Hero mRNAs in hrcC
mutants independent of miR482 levels, indicating that the
observed effects are partially independent of the delivery of
effectors.

From these data with viruses and bacteria, we conclude that
miR482-mediated silencing of NBS-LRR mRNAs is relieved in
pathogen-infected tomato plants. In principle, there could be
a similar loss of miR2118 type silencing in other plants following
infection with bacteria and viruses resulting in increased
abundance of resistance proteins. However, the expression of
miR2118 is specific to panicles in monocots (Song et al., 2012),
whereas tomato miR482 is expressed at similar levels in every
tissue tested (see Supplemental Figure 6 online). Hence, the
induction of NBS-LRR mRNAs in infected plants may be specific
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Figure 7. miR482 Silencing of NBS-LRR mRNAs Is Suppressed in Virus-Infected Plants.

(A) RNA gel blot analysis of miR482 in TCV-infected tomato leaves. Total RNA from TCV infected and noninfected leaves of N. benthamiana was
inoculated to M82 tomato (TCV and Mock). RNAs isolated at the indicated times after inoculation were separated on a 15% polyacrylamide gel. The
RNA was transferred to amembrane and probed with radiolabeled DNA oligonucleotides for miR482 with miR168 and U6 probes as loading controls. M,
decade marker indicating a 20-nucleotide RNA.

(B) RNA gel blot analysis of miR482 in TRV- and CMV-infected tomato leaves. Total sap from TRV infected, CMV infected, and noninfected leaves of N.
benthamiana were inoculated to M82 tomato (TRV, CMV, and Mock, respectively). RNAs isolated at the indicated times after inoculation were separated
on a 15% polyacrylamide gel. The RNA was transferred to a membrane and probed with radiolabeled DNA oligonucleotides for miR482 with miR168
and U6 probes as loading controls. 4d sy, tissue from systemic uninoculated leaf; M, decade marker (Ambion) indicating a 20-nucleotide RNA.

(C) Quantitative PCR analysis for the abundance of two miR482 target mRNAs (LRR1 and LRR2) (Top) and Mi and Hero NBS-LRRs that are not targets
of miR482 (Bottom; see [D]). RNA was extracted 4 h after inoculation. Error bars indicate sb (n = 3), and asterisks indicate a significant difference from
corresponding control samples (t test, P value < 0.05).

(D) The best target sequences of miR482 with Mi and Hero mRNAs.
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Figure 8. miR482 Silencing of NBS-LRR mRNAs Is Suppressed in Plants
Infected with P. syringae DC3000.

(A) Symptoms produced by the wild type or hrcC mutant P. syringae
DC3000 in 4-week-old leaves of tomato at 2 weeks after inoculation.
(B) RNA gel blot analysis of miR482 accumulation in mock-, DC3000-, and
hrcC-inoculated leaves at various time points. M, decade size marker.
(C) Quantitative PCR analysis for the abundance of two miR482 target
mRNAs (LRR1 and LRR2) (top panel) and Mi and Hero NBS-LRRs that
are not targets of miR482 (bottom panel). RNA was extracted 4 h after
inoculation. Error bars indicate sb (n = 4), and asterisks indicate
a significant difference from corresponding control samples (t test,
P value < 0.05).

to Solanum species and members of the Fabaceae (Figure 2A) in
which the 482/2118 superfamily miRNAs are abundant.

Natural Variation in Secondary Silencing

The miR173 and miR390 initiate secondary siRNAs in Arabidopsis
(Allen et al., 2005; Chen et al., 2007) that target mRNA for ARF or
PPR proteins. To find out whether miR482 has siRNA-mediated
secondary mRNA targets, we exploited a difference between
tomato and S. pennellii in the profile of phased secondary siRNAs
on the LRR1 mRNA. Tomato has abundant LRR1 secondary

siRNAs in the D2 register (Figure 9A), whereas, in S. pennellii, this
secondary siRNA is absent (Figures 9B and 9C). The introgression
line IL2-1, in which the LRR1 locus is derived from S. pennellii, also
lacks the 21-nucleotide siRNA from D2 (Figures 9F and 9G). The
predicted target of the D2 siRNA is the mRNA for an unknown
protein (Figure 9D). Consistent with this prediction, we detected
mRNA cleavage products with a 5’ end that corresponds to
position 10 of the D2 siRNA in extracts of tomato but not
S. pennellii and that this mRNA is more abundant in S. pennellii
and IL2-1 than in M82 (Figures 9E and 9H).

DISCUSSION

Variation in the miR482/2118 Superfamily

Defense against pathogens is one of the most potent drivers of
evolutionary change in host organisms (Nilsson et al., 1997). It
accounts for a high degree of variation both within and between
species in host defense molecules and for diversifying selection
in the corresponding gene sequences. In this analysis of miR482
in tomato and S. pennellii, we provide evidence for a different
type of variation that would be associated with the pathogen-
inducible expression of NBS-LRR mRNAs and possibly other
mRNAs associated with defense.

The NBS-LRR proteins are normally associated with effector-
triggered immunity against pathogens. From these and other
data (Figures 5 to 8; Zhai et al., 2011), it is evident that their
mRNAs are targeted by members of the miR482/2118 super-
family. Other mRNAs may also be linked to miR482 if they are
secondary siRNA targets (Figure 9). In this study, for example, we
identify the mRNA for an unidentified protein as a secondary
target of miR482. This unidentified protein has similarity to PEN3
that is involved for basal immunity in Arabidopsis (Stein et al.,
2006). In addition, a predicted target of the highly abundant
D4-siRNA (normalized reads of ~200 in our data sets; Figure 9B)
derived from LRR1 is a proteosome subunit (Les#S38989204/
290-3111; TAPIR targeting score 4) that could also be involved in
resistance gene function and disease resistance (Beers et al.,
2000; Peart et al.,, 2002; Tor et al., 2003). We envision that
miR482 regulates defense mechanisms in tomato via effects on
NBS-LRR and other defense proteins.

A Role for NBS-LRR Proteins in
Non-Race-Specific Immunity

The NBS-LRR proteins are normally associated with effector-
triggered immunity in which there is a gene-for-gene relationship
between the host and the pathogen (Jones and Dangl, 2006). The
host gene encodes an NBS-LRR protein that mediates recogni-
tion, either direct or indirect, of a pathogenesis effector that is
encoded by the pathogen. This effector-triggered immunity is
normally specific for some but not all races or strains of a
pathogen. However, if the NBS-LRR proteins are overexpressed
(Bendahmane et al., 1999), defense can also be induced inde-
pendently of protein-based recognition mechanisms. Based
on the effect of NBS-LRR protein overexpression and on the
analysis presented here, we propose a role of miRNA regulated
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Figure 9. Natural Variation in Secondary siRNAs Derived from LRR1.

(A) Genome browser view of secondary siRNAs aligned to LRR1 mRNA. The miR482 target site at the 5’ end of the gene is indicated. The circled region
shows the absence of D2+siRNA in S. pennellii.
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NBS-LRR proteins in non-race-specific resistance against viral
and bacterial pathogens that is linked to miRNAs and secondary
siRNAs.

Our proposal involves an NBS-LRR induction mechanism that
is mediated by suppressors of RNA silencing encoded by plant
pathogenic viruses and bacteria (Brigneti et al., 1998; Voinnet
et al.,, 1999; Navarro et al., 2008). In some instances, these
proteins block the biogenesis of siRNA or miRNA, and in others,
they target the RNA silencing effector complexes (Voinnet, 2005).
Once the pathogen has become established, the suppressor
would be produced in or transported into the infected plant cell
and, as observed (Figures 7 and 8), the miRNA-mediated silencing
of NBS-LRR proteins would be relieved. Presumably there would
be the same release of secondary siRNA silencing resulting in
increased levels of targets of NBS-LRR-derived siRNAs (Figure 9).

The release of silencing described here results in a two- to
threefold increase of individual NBS-LRR mRNAs in infected
plants (Figures 7 and 8). However, as the induction may involve
many tens of mMRNAs with miR482 targets (Figures 3 and 4), the
net effect on the cell would be equivalent to induced expression
of any one NBS-LRR mRNA by 100-fold or more. Thus, the
release of miR482/2118 silencing in infected cells would have the
same effect as overexpressing an individual NBS-LRR protein
and the level of immunity in the plant would be enhanced. An
effect on defense would be reinforced through loss of secondary
siRNAs affecting other proteins with roles in defense (Figure 9).

The increased NBS-LRR proteins in infected cells would also
potentiate effector-mediated immunity due to secondary infec-
tion. With an elevated level of NBS-LRR proteins, there would be
accelerated activation of the defense pathways against second-
ary pathogens and the plants would be protected against double
infection.

This proposal that expression of defense genes is coupled to
the RNA silencing system adds another layer to the defense and
counterdefense interactions of pathogens and their plant hosts.
In the context of viruses, the RNA silencing system is a first layer
of defense. The viral suppressors are a counterdefense system
(Voinnet, 2005), and miR482 is then a counter-counterdefense
system that is dependent on the counterdefense system.

There is also an involvement of miRNA-mediated silencing in
the first layer of defense against bacterial pathogens of plants.
Correspondingly, several of the bacterial effectors of disease are
suppressor of RNA silencing (Navarro et al., 2008). This finding

explains how there could also be induction of miR482 targets in
plants infected with bacteria (Figure 8) and, possibly, with other
pathogens if they encode RNA silencing suppressors.

An additional potential layer of regulation in this system could
involve numerous truncated genes for NBS-LRR proteins in plant
genomes (Meyers et al., 2003). Their transcripts could sequester
miR482/2118 and thereby fine-tune the suppression of NBS-
LRR mRNAs. There are precedents for regulation of miRNAs
by target mimics in both plant (Franco-Zorrilla et al., 2007) and
animal systems (Cesana et al., 2011; Karreth et al., 2011;
Sumazin et al., 2011; Tay et al., 2011).

The Costs and Benefits of the miR482/2118 Superfamily

Disease resistance proteins may have a cost to the plant (Tian
et al.,, 2003). The miR482/2118 system described here would
minimize this cost because the NBS-LRR would be at a low level
in the absence of a pathogen. In this connection, it is striking that
NBS-LRR genes are unusually numerous (Pan et al., 2000; Xu
et al., 2011; Zhai et al., 2011) in the members of Solanaceae and
Fabaceae, in which the NBS-LRR mRNAs are regulated by
miR482/2118 (Zhai et al., 2011). Perhaps the low-level expres-
sion of NBS-LRR protein mRNAs in these plants reduces any
cost associated with individual gene family members and cre-
ates a background in which there can be diversification of the
NBS-LRR gene family without there being a penalty for the plant.
We envision that plants would benefit from low levels of NBS-
LRR proteins due to miR482/2118 if infection pressure is low or if
they have other layers of defense against pathogens.

However, for plants under high infection pressure or without
alternatives to the NBS-LRR defense system, the benefit of low
expression of NBS-LRR proteins could be offset by the other
costs. For example, it could be that low level of NBS-LRR proteins
results in a delay to effector-triggered immunity that would be
damaging for plants that are frequently attacked by pathogens.
We speculate that the variation in the sequences and expression
level of the miR482/2118 superfamily (Figures 1 and 2) is likely to
reflect the shift in the balance of the costs and benefits in different
plants depending on the environment and other defense systems.

Postscript

In this report, we focus on the link of the miR482/2118 super-
family and disease resistance. Further testing of the hypotheses

Figure 9. (continued).

(B) Bar chart showing accumulation of phased secondary siRNAs in two cultivars of tomato (M82 and MicroTom) and two wild species (S. pennellii and
S. pimpinellifolium). D1 to D15 indicate the different positions in the phased register that is established by the miR482 targeting event.

(C) RNA gel blot analysis of D2+ siRNA in tomato, S. pennellii, their F1 and F2 hybrids, and in introgression lines (ILs). The D2+ probe detected a 24- and
21-nucleotide species (top and bottom signal) of which only the 21-nucleotide species was absent in S. pennellii and the F1 and F2 samples. M, decade

size marker.
(D) Predicted target for the D2+ siRNA derived from LRR1.

(E) Quantitative PCR analysis of abundance of D2+ target gene between M82 and S. pennellii. Error bars indicate SD (n = 6), and asterisks indicate a
significant difference from corresponding control samples in S. pennellii (t test, P value < 0.05).

(F) Genetic map of IL2 series introgression lines (Eshed and Zamir, 1995). The S. pennellii genomic regions in each IL are marked.

(G) RNA gel blot analysis of D2+ siRNA in tomato, S. pennellii, and the IL2 series introgression lines.

(H) Accumulation of the D2+ target mRNA in tomato, S. pennellii, and the IL2 series introgression lines. Error bars indicate sb (n = 3), and asterisks
indicate a significant difference from corresponding control samples in S. pennellii and 1L2-1 (t test, P value < 0.05).



and speculation based on our data will require Medicago and
tomato lines in which RDR6 and other RNA silencing proteins are
knocked down or knocked out. Unfortunately, such lines are not
yet available. There is also an outstanding question about the
possible alternative roles of the miR482/2118 superfamily. In
rice, for example, TIR-NBS-LRR proteins are absent (Zhou et al.,
2004), but the miR2118 subfamily that targets their mRNAs is
particularly diverse. We would therefore expect that there are
other, as yet unidentified, targets of these miRNAs. While this
article was under revision, 2118 family miRNAs targeting the
mRNA for a tobacco TIR-NBS-LRR (N) were described (Li et al.,
2012b). When these miRNAs were transiently expressed in
N. benthamiana, they interfered with N-mediated resistance to
Tobacco mosaic virus. Li et al. proposed that shutdown of
miRNAs and siRNAs upon pathogen infection could enhance R
gene activity.

METHODS

Plant Growth

Tomato (Solanum lycopersicum) plants were raised from seed in compost
(Levington M3) and maintained in a growth room at 23°C with 16-h-light
and 8-h-dark periods with 60% relative humidity and at light intensity of
300 pmol/m?/s. Two-week-old seedlings taken for RNA analysis gener-
ally had two simple leaves and one compound leaf and a leaf bud.

RNA Analysis and Cloning

RNA gel blot analysis was performed as described previously (Shivaprasad
et al., 2012). Briefly, total RNA was extracted from 100 mg plant tissue
(2-week-old seedlings) and ground into fine powder in liquid nitrogen
using TRIzol reagent (Invitrogen) according to the manufacturer’s pro-
tocol. About 12 or 15 pg total RNA was resuspended in 10 uL loading
buffer (0.10% bromophenol blue and 0.10% xylene cyanol in 100% de-
ionized formamide), heated at 95°C for 1 min, and loaded on 15%
polyacrylamide denaturing gel (a 19:1 ratio of acrylamide to bisacryl-
amide, 8 M urea). The gel was run using electrophoresis apparatus (Bio-
Rad) at 110 V for 2 h, and then RNAs were transferred to a Hybond N+
membrane by electroblotting in 1X tris-boric acid EDTA buffer at 10 V
overnight. The hybridization was performed at 35°C for 18 to 24 h in
UltraHyb-oligo buffer (Ambion) using short DNA oligos as a probe (see
Supplemental Table 1 online) end-labeled with 32P by polynucleotide
kinase (New England Biolabs) and purified through MicroSpin G-25
columns (GE Healthcare) according to the manufacturers’ recommen-
dations. The blot was washed twice with2X SSC (1 X SSCis 0.15 M NaCl
and 0.015 M sodium citrate) and 0.5% SDS for 30 min at 35°C. The signal
was detected after exposure to a phosphor imager screen using a
molecular imager (Bio-Rad).

Small RNA cloning was performed using an lllumina sRNA cloning kit.
About 20 pg of total RNA was separated on a 15% 1X tris-boric acid
EDTA polyacrylamide gel, and a small RNA region between 15 and 40
nucleotides was excised and purified. This small RNA fraction was used
for ligation of adapters and amplification of fragments. Sequencing was
performed at Cancer Research UK (Cambridge, UK).

Bioinformatics

Reference DNA Sequence

The small RNA libraries were aligned to the tomato genome sequence
(Mueller et al., 2005, 2009) downloaded from The International Tomato
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Genome Sequencing Consortium (http://solgenomics.net/), release bacs
v340, as well as the EST collection from solgenomics.net website. For
identifying tomato NBS-LRRs, the latest version (SL2.40) of the genome
as well as entries in the National Center for Biotechnology Information
were used to collect sequences.

Alignment

The small RNA high-throughput sequencing libraries were aligned to the
reference sequence using the PatMaN (Prifer et al., 2008) alignment
program. Only reads with 100% match to the genome were used in further
analysis.

Identifying miR482 Diversity, Sequence Alignments, and Its Targets

The UEA small RNA analysis toolkit (Moxon et al., 2008) was used to
identify members of a given miRNA family (miRProf and miRCat). Se-
quences of miR482 members were obtained from miRBase release 18
(Kozomara and Griffiths-Jones, 2011) and aligned using ClustalW and
ClustalX2 (Larkin et al., 2007). Protein sequence logos were generated
using seglLogos (http://imed.med.ucm.es/Tools/seglogo.html). Targets
of miRNA were identified using two different algorithms, namely,
psRNATarget algorithm (Dai and Zhao, 2011) and TAPIR algorithm
(Bonnet et al., 2010). To find targets of miR482 family in the Arabidopsis
thaliana genome, target NBS-LRR sequences were taken from the
NIBLRRS Project website (http://niblrrs.ucdavis.edu/index.php) that
was supported by the National Science Foundation Plant Genome
Program Award 9975971. Images of small RNAs mapped to NBS-LRRs
were generated using the UEA small RNA toolkit function SiLoMa (Moxon
et al., 2008).

Analysis of abundance of miR482/2118 superfamily was performed
through miRProf analysis of published large-scale data sets derived from
various plant species available through the Gene Expression Omnibus
(GEO) platform (Edgar et al., 2002). These libraries have been described
previously (Pilcher et al., 2007; Havecker et al., 2010; Ma et al., 2010;
Molnar et al., 2010; Wang et al., 2011; Zhai et al., 2011; Shivaprasad et al.,
2012; Song et al., 2012). miRNA sequences were checked to compensate
for the misannotation of miR482 type and miR2118-type sequences in
miRBase.

Phasing Analysis of Small RNAs

The identification of phased segments in the genomes was performed by
calculating the log P value from the hypergeometric distribution adapting
the method used previously (Chen et al., 2007, 2010).

Quantitative PCR

cDNA synthesis was performed according to the manufacturer’s protocol
using random hexamers or oligo(dT) (Superscript Il or lll; Invitrogen). Quan-
titative PCR was performed using the CFX96 real-time system (Bio-Rad)
using SYBR Green JumpStartTag ReadyMix (Sigma-Aldrich). Data were ana-
lyzed as described (Schmittgen and Livak, 2008). Primers used for amplification
are as follows: LRR1 (forward 5'-TGATGTGGTCCGAGACGTGGCT-3' and
reverse 5'-TCCCAGCAACTCGGTCAGCAC-3": 814 bp), LRR2 (forward
5'-TGGTAGGCACAGAGAAACAGAGGT-3' and reverse 5-TCCACACATCA-
TCCAGGGCAACA-3'; 298 bp), Mi (forward 5'-GCTGGAGTCATTGCTGG-
GAGGG-3' and reverse 5'-GCACCCACGGACAGCACTCG-3'; 857 bp),
Hero (forward 5’-TCCAAGGACGCATGGTAGCCGA-3’ and reverse 5'-AGC-
CGGTGACTTGTGCCACG-3'; 633 bp), Target of D2+ mRNA (forward
5'-TGCAGATGTGGACTTGGAGCAATCG-3' and reverse 5'-GCCGTTGCG-
GAAAATGCCCC-3'; 325 bp); and Nicotiana tabacum NBS-LRR (forward
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5'-GGGCATGGGCGGTGTAGGGA-3' and reverse 5'-ACGCAGCAAA-
GAACCCCACACTT-3’; 526 bp). GAPDH (forward 5'-GGAGGAGGGAACA-
ACAAGAGG-3' and reverse 5-AGATGCCGTCAGTGCCGA-3'; 238 bp)
was used as internal control.

Validation of miRNA Cleavage

miRNA target validation was performed using the GeneRacer kit (Invi-
trogen) as per the manufacturer’s instructions. Briefly, total RNA derived
from 2-week-old seedlings was used for RNA extraction using Trizol
(Invitrogen). RNA was ligated with an adapter and reverse transcribed
using gene-specific primers that annealed 150 to 300 nucleotides down-
stream of the predicted cleavage site within the corresponding target
mRNAs. The 5" RACE amplification products were gel purified (Qiagen),
cloned into TOPO TA cloning vector (Invitrogen), and sequenced.

Construct Design and Mobilization to Agrobacterium tumefaciens

miR482 was PCR amplified from tomato genomic DNA. The following
primer combinations were used to amplify 35S;,,:miR482: 482_35spro_
BamHI_For (5'-CCGGggatccTCTACACTTTTCCACCATATCC-3') and 482_
wtpro/35spro_BamHI_Rev  (5'-GGCCggatccTCGTGTCATGCAATTTTAAAT-
TCTTGCC-3'). To introduce mismatches into the miR482 sequence
(miR4824), a PCR ligation method (Trinks et al., 2005) was used. For
35S,,,:miR482A, the following primer combinations were used for PCR #1:
482_35spro_BamHI_For and 482_A_Rev (5'-GCATTTATGGCATGTTC-
TTTGTATTCAAGACCACTCTTGCG-3'); PCR#2: 482 _A_For (5'-AGTG-
GTCTTGAATACAAAGAACATGCCATAAATGCAGAGG-3') and
482_wtpro/35spro_BamHI_Rev. PCR ligation for 35S,,,:miR482A was
performed with 482_35spro_BamHI_For and 482_wtpro/35spro_BamH|_
Rev. pBIN61 (Bendahmane et al., 2002) was used as binary vector. For
35S,10:miR482 and 35S,,,:miR482A, pBING1 was linearized with BamHI
and miR482,,,:miR482 and miR482,,,:miR482A were cloned down-
stream of the 35S promoter. Constructs were confirmed with standard
sequencing, and correct constructs were transformed into Agrobacte-
rium strain C58C1 (Sciaky et al., 1978) by electroporation using the Gene
Pulser Xcell Electroporation System (Bio-Rad).

Bacterial and Viral Inoculation

Pseudomonas syringae DC3000 and hrcC was inoculated into 4-week-
old tomato leaves as described (Sohn et al., 2007). TCV and CMV
infections were performed as described (Harvey et al., 2011). TRV was a
gift from S.P. Dinesh-Kumar (Liu et al., 2002). Tomato plants were
infected with sap from Nicotiana benthamiana infected with TRV and
CMV, while sap from uninfected N. benthamiana was used as control.

Accession Numbers

RNA sequencing data are available from Gene Expression Omnibus
GSE23562.
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