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Plant genomes are the source of large numbers of small RNAs, generated via a variety of genetically separable pathways.
Several of these pathways converge in the production of phased, secondary, small interfering RNAs (phasiRNAs), originally
designated as trans-acting small interfering RNAs or tasiRNAs. PhasiRNA biogenesis requires the involvement of microRNAs
as well as the cellular machinery for the production of siRNAs. PhasiRNAs in Arabidopsis thaliana have been well described
for their ability to function in trans to suppress target transcript levels. Plant genomic data from an expanding set of species
have demonstrated that Arabidopsis is relatively sparing in its use of phasiRNAs, while other genomes contain hundreds or
even thousands of phasiRNA-generating loci. In the dicots, targets of those phasiRNAs include several large or conserved
families of genes, such as those encoding disease resistance proteins or transcription factors. Suppression of nucleotide-
binding, leucine-rich repeat (NB-LRR) disease resistance genes by small RNAs is particularly unusual because of a high level
of redundancy. In this review, we discuss plant phasiRNAs and the possible mechanistic significance of phasiRNA-based
regulation of the NB-LRRs.

INTRODUCTION

Plant small RNAs are in the size range of ;21 to 24 nucleotides;
these short, processed transcripts play crucial roles in a variety
of biological regulation processes, such as development, plant
defense, and epigenetic modifications. Small RNAs in plants can
be categorized into several major classes, including microRNAs
(miRNAs); heterochromatic small interfering RNAs (hc-siRNAs);
phased, secondary, small interfering RNAs (phasiRNAs); and
natural antisense transcript small interfering RNAs (NAT-siRNAs).
These categories are defined according to their origin and bio-
genesis (Axtell, 2013), with functions at both transcriptional and
posttranscriptional levels. Common features of all small RNAs
are that members of the DICER-LIKE (DCL) family are employed
to cut longer RNAs into specific smaller lengths, and the resulting
small RNAs are thereafter incorporated into ARGONAUTE (AGO)
family proteins to target complementary nucleotide sequences,
functioning in a suppressive manner. In addition, recent data
demonstrate that plant small RNAs are mobile, so that they
can have effects over a long distance, including causing
posttranscriptional silencing or epigenetic changes (Chitwood
and Timmermans, 2010; Dunoyer et al., 2010; Molnar et al.,
2010).

miRNAs are typically processed from a hairpin-like secondary
structure of a noncoding mRNA (ncRNA), with a precursor
mRNA generated by RNA polymerase II (Pol II). The RNase III
enzyme DCL1 is responsible for the biogenesis of the mature
miRNA via processing of the mRNA precursor. DCL1 is one of
four Dicer proteins encoded in a typical dicot genome or one of

five encoded a typical monocot genome (see below). miRNAs
function in a homology-dependent manner against target
mRNAs to typically either (1) direct cleavage at highly specific
sites or (2) suppress translation; these modes of action depend
largely on the miRNA complementarity with target sequences
(Valencia-Sanchez et al., 2006; Voinnet, 2009). Small interfering
RNAs (siRNAs) are defined by the dependency of their bio-
genesis on an RNA-dependent RNA polymerase (RDR). The
activity of at least three of the six RDRs (RDR1/2/6) encoded in
the Arabidopsis thaliana genome is believed to generate a
double-stranded RNA (dsRNA) intermediary that is recognized
and cleaved by a Dicer enzyme to generate different classes of
siRNAs; so far, little is known about the function of the triplicated
paralogs RDR3/4/5 (Willmann et al., 2011). hc-siRNAs are ;24
nucleotides in length, generated from DCL3 activity from inter-
genic or repetitive regions of genome via the activity of the
plant-specific RNA polymerases Pol IV and possibly Pol V
(Matzke et al., 2009; Law and Jacobsen, 2010; Lee et al., 2012).
The function of hc-siRNAs is largely to maintain genome in-
tegrity, by maintenance of suppressive levels and types of DNA
methylation on transposable elements. PhasiRNAs are derived
from an mRNA converted to dsRNA by RDR6 and processed by
DCL4, exemplified by the category of Arabidopsis trans-acting
siRNAs (tasiRNAs) (Vazquez et al., 2004). In an exceptional case,
phasiRNAs may also be 24-nucleotide products of DCL5 (pre-
viously known as DCL3b) in grass reproductive tissues (Song
et al., 2012). The trans-acting name (tasiRNAs) of some pha-
siRNAs comes from their ability to function like miRNAs in
a homology-dependent manner, directing AGO1-dependent
slicing of mRNAs from genes other than that of their source
mRNA (see below). NAT-siRNAs are a narrowly described, un-
usual, and perhaps questionable category of small RNAs
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purportedly derived from two distinct, homologous, and inter-
acting mRNAs (Borsani et al., 2005). While hc-siRNAs play
a crucial role in chromatin modifications, miRNAs, phasiRNAs,
and NAT-siRNAs function mainly at the posttranscriptional level
by either cleavage or translational suppression of target tran-
scripts, although a few instances have been described in which
they can direct DNA methylation (Wu et al., 2010, 2012).

In the last few years, as a result of extensive genome se-
quencing in plants coupled with small RNA analysis, many new
small RNAs have been described. Typically, with each new
genome, a new cohort of miRNAs is described along with their
mRNA targets. In parallel to these miRNA studies, one of the
most interesting findings of recent years in these new genomes
has been the identification of a set of loci generating phased,
secondary siRNAs, larger in number in most non-Brassica plant
genomes than described for Arabidopsis. These secondary
siRNAs are in many cases derived from a variety of protein-
coding transcripts and in other cases from newly described
long, noncoding mRNAs. In the first half of this review, we focus
on the biogenesis, characterization, and roles of these phased
siRNAs in plants, and we discuss the potential regulatory roles
of phasiRNA-producing loci (PHAS loci). In the second half of
this review, we focus on the largest gene family in plants known
to be regulated by miRNAs that trigger secondary siRNAs,
nucleotide-binding, leucine-rich repeat (NB-LRR)–encoding genes.
The function of NB-LRRs is almost exclusively in defense, and the
proteins and the gene families that encode them are well de-
scribed, comprising a useful case study of small RNA-based
suppression of an extensive gene family. The mechanistic and
functional basis for this suppression, as well as that observed for
the MYB, PENTATRICOPEPTIDE REPEAT (PPR), and other
genes or gene families, is still largely unknown, but we will review
several speculative ideas for the role of this highly redundant
suppressive activity.

OVERVIEW OF tasiRNA BIOGENESIS, FUNCTION, AND
DIVERSIFICATION IN PLANTS

TasiRNA are a class of secondary siRNAs generated from
noncoding TAS transcripts by miRNA triggers in a phased pat-
tern (Peragine et al., 2004; Vazquez et al., 2004; Allen et al.,
2005; Yoshikawa et al., 2005). The term “phased” indicates
simply that the small RNAs are generated precisely in a head-to-
tail arrangement, starting from a specific nucleotide; this ar-
rangement results from miRNA-triggered initiation followed by
DCL4-catalyzed cleavage (Figure 1). The primary proteins that
participate in tasiRNA biogenesis include RDR6, SUPPRESSOR
OF GENE SILENCING3 (SGS3), DCL4, AGO1, AGO7, and
DOUBLE-STRANDED RNA BINDING FACTOR4 (Peragine et al.,
2004; Vazquez et al., 2004; Xie et al., 2005; Adenot et al., 2006;
Montgomery et al., 2008a; Fukudome et al., 2011). While the
roles of RDR6 and DCL4 are relatively clear, the role of SGS3
has not been well described until recently. An in vitro analysis
demonstrated that SGS3 can be recruited to RNA-induced si-
lencing complex (RISC) bound with AGO1, via the 39 nucleotides
of the 22-nucleotide miR173 paired with the TAS2 target RNA;
the function of SGS3 may be to stabilize the 39 target fragment

resulting from miRNA-directed cleavage (Yoshikawa et al.,
2013). There may be other proteins involved in this process that
are yet to be described or that have minor roles, while yet other
proteins may participate less directly via partially redundant
roles; for example, DCL2 and DCL3 have partial redundancy
with DCL4 in tasiRNA biogenesis (Gasciolli et al., 2005; Henderson
et al., 2006). Most importantly, there are two mechanisms by
which 21-nucleotide tasiRNAs are produced, known as the
“one-hit” or “two-hit” pathways (Figure 1A). In the one-hit
mechanism, a single miRNA directs cleavage of the mRNA tar-
get triggering the production of phasiRNAs in the fragment 39 to
(or downstream of) the target site (Figure 1B) (Allen et al., 2005).
We now know that this one-hit miRNA trigger is typically 22
nucleotides in length (Figure 2A) (Chen et al., 2010; Cuperus
et al., 2010). In the two-hit model, a pair of 21-nucleotide miRNA
target sites is employed, of which cleavage occurs at only the 39
target site, triggering the production of phasiRNAs in the frag-
ment 59 to (or upstream of) the target site (Figures 1B and 2B)
(Axtell et al., 2006).
TasiRNAs like miRNAs and other siRNAs, are usually in-

corporated into the RISC, leading to silencing of corresponding
targets. TasiRNA functions have been well described from ex-
tensive work in Arabidopsis, which has a set of TAS genes that
represent a core set of loci varying in their levels of conservation
compared with other plants. Four families of TAS genes com-
prising eight loci have been identified in the Arabidopsis
Columbia-0 genome (Table 1), among which miR173 targets
both TAS1a/b/c family and the TAS2 locus, miR390 targets the
TAS3a/b/c family, while miR828 triggers the production of
TAS4-derived tasiRNAs (Allen et al., 2005; Yoshikawa et al.,
2005; Rajagopalan et al., 2006). TAS3 is unique for several
reasons: (1) it’s the only well-described two-hit locus in Arabi-
dopsis, and (2) the 21-nucleotide miR390 trigger is exclusively
loaded to a specialized Argonaute, AGO7 (Axtell et al., 2006;
Montgomery et al., 2008a). A subset of TAS3a-derived tasiRNAs
(tasi-ARFs) are involved in auxin responses, such as determining
phase change or regulating root development, by altering tran-
script levels of auxin response factor (ARF) members, including
ARF2, ARF3/ETT, and ARF4 (Allen et al., 2005; Williams et al.,
2005; Fahlgren et al., 2006; Hunter et al., 2006; Marin et al.,
2010). These tasi-ARFs form a concentration gradient from the
adaxial side to the abaxial side of the leaf, suggesting they can
move intercellularly as a regulator of ARF3-involved de-
velopment (Chitwood et al., 2009). The functions of the other
Arabidopsis TAS genes are not well described. TAS1 tasiRNAs
target both PPR-encoding transcripts as well as approximately
five genes of unknown functions; TAS2-derived tasiRNAs target
PPR-encoding transcripts as well (Allen et al., 2005; Yoshikawa
et al., 2005). TAS4 tasiRNAs increase in the shoot under
phosphate-deficient conditions and perhaps participate in an-
thocyanin biosynthesis by targeting a group of MYB transcrip-
tion factors (Rajagopalan et al., 2006; Hsieh et al., 2009).
Another function of tasiRNAs is to mediate DNA methylation in
cis at the TAS loci (Wu et al., 2012), which is unusual, given that
these are 21-nucleotide small RNAs. However, since this
methylation does not obviously suppress the expression level of
TAS genes, the functional importance of this observation is not
yet clear.
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TasiRNAs have been characterized in mosses, indicating that
the utilization of tasiRNAs for gene regulatory functions is an
ancient pathway in plants. In Physcomitrella patens, miR390,
TAS3a, and the resulting tasi-ARFs have all been described
(Axtell et al., 2006; Talmor-Neiman et al., 2006), as well as ad-
ditional TAS loci, some of which are not conserved with Arabi-
dopsis (Arif et al., 2012). The P. patens TAS6 is a two-hit locus
like TAS3 but is targeted by different conserved miRNAs, and it
has important roles in development, including bud forma-
tion (Cho et al., 2012). TAS3 is believed to be the most well-
conserved TAS locus, as it has been identified across a broad
range of species, from P. patens to monocots, such as rice (Oryza

sativa) and maize (Zea mays) (Williams et al., 2005; Heisel et al.,
2008), and including gymnosperms such as pine (Pinus taeda)
(Axtell et al., 2006). In Arabidopsis, only the 39 miRNA target site
in the TAS3 transcript is cleaved, as in other flowering plants,
while both miR390 complementary sites in moss and pine
showed cleavage (Figure 2B) (Axtell et al., 2006). A shorter
variant of TAS3 than that found in Arabidopsis is also conserved
in many eudicots and is found alongside the canonical TAS3
locus; this variant has cleavable target sites at both 59 and
39 positions and includes only a single tasiARF (Figure 2A)
(Krasnikova et al., 2009; Xia et al., 2012). A recent study of phasiRNA
trigger evolution (e.g., miRNAs) across a broad range of plant

Figure 1. Pathways for the Biogenesis of PhasiRNAs Modeled on Arabidopsis.

(A) As the first step in secondary siRNA biogenesis, mRNA targets are cleaved by a miRNA. In the one-hit model, exemplified in Arabidopsis by TAS1,
TAS2, and TAS4, a 22-nucleotide miRNA targets a single site. In the two-hit model, there are two target sites for a 21-nucleotide miRNA, exemplified in
Arabidopsis by TAS3 transcripts cleaved by an AGO7-loaded miR390. Activity of the trigger miRNA recruits RDR6 and SGS3, resulting in production of
a second strand of the target mRNA.
(B) The dsRNA is successively processed by DCL4 and other components to generate 21-nucleotide tasiRNAs; the direction of processing depends on
the miRNA trigger mechanism. The secondary siRNAs are loaded onto an AGO protein and go on to function against other mRNAs.
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species demonstrated that after the appearance of the miR390
family ;450 million years ago, duplication, divergence, and
neofunctionalization gave rise to at least seven families of
miRNAs in two major superfamilies, the miR7122 and miR4376
superfamilies, while still maintaining miR390 as an important
miRNA (R. Xia et al., 2013). These three closely related miRNA
groups share a common origin and regulate distinct gene fam-
ilies (R. Xia et al., 2013). Thus, land plants have widely exploited
the regulatory functions of phasiRNA to regulate large gene
families.

Studies characterizing tasi- or phasiRNAs in many plant
genomes utilized bioinformatics methods for genome-wide

scans. Due to the precise 21-nucleotide phasing of tasiRNAs
(Allen et al., 2005), genome-wide analysis with computational
algorithms can identify candidate phased loci (Chen et al., 2007;
Howell et al., 2007). These scans empirically define a specific
P value or phasing score as a threshold or cutoff; in Arabidopsis,
this approach identified the known tasiRNAs (see above) as well
as several protein-coding genes, such as PPR transcripts, with
21-nucleotide phased siRNAs (Chen et al., 2007; Howell et al.,
2007). It was even shown that one tasiRNA, tasiR2140, plays
a role in triggering tertiary tasiRNAs, as part of an expanded
cascade of tasiRNA regulation (Chen et al., 2007). Interestingly,
PPR transcripts were shown to generate 21-nucleotide

Figure 2. Triggers and Processing Mechanisms of PhasiRNAs

The primary mechanisms of processing for plant phasiRNAs are described along with prototypical loci and the miRNAs that trigger siRNA biogenesis at
these loci. Red arrows indicate cleavage sites, and orange arrows indicate the direction of precursor processing into phasiRNAs, which are indicated by
gray lines in the double-stranded black/blue precursors.
(A) The one-hit pathway is typified by a single target site for a 22-nucleotide miRNA that results in downstream processing of the target transcript into
;21-nucleotide phasiRNAs. This is denoted as a 122 locus. There are at least three notable variations on the one-hit model, including (1) the re-
productive lncRNAs of monocots that are processed by DCL5 into 24-nucleotide phasiRNAs, triggered by miR2275 and thus also 122 loci, but with
different biogenesis components; (2) and (3) are both 222 loci, but the 39 site can be either cleaved or not cleaved.
(B) The two-hit pathway is typified by two target sites of a 21-nucleotide miRNA that results in processing upstream of the 39 site. This is denoted as
a 221 locus, and the best characterized examples are TAS3 and related loci, although a few other examples have been described. The 59 site may be
cleaved, which may result in processing from both directions, or the 59 site may be noncleaved, as originally described for the Arabidopsis TAS3 locus.

Table 1. Well-Described Noncoding PHAS Loci in Plants

Category TAS1 and TAS2 Relatives TAS3 TAS4 TAS6 Reproductive lncRNAs

Plant families in which
orthologs have been
described (to date)

Eudicots Land plants Arabidopsis P. patens Gramineae

miRNA triggers miR7122 superfamily
(includes miR173)

miR390 miR828 miR529, miR156 miR2118 (21-nucleotide
PHAS loci); miR2275 (24-
nucleotide PHAS loci)a

Numbers of phased loci 4b 3b 1b 3 >1000 in rice
Key references Allen et al. (2005), Yoshikawa

et al. (2005), R. Xia et al.
(2013)

Allen et al. (2005),
Axtell et al.
(2006)

Rajagopalan
et al.
(2006)

Arif et al. (2012),
Cho et al.
(2012)

Johnson et al. (2009), Song
et al. (2012)

amiR2118 and miR2275 were shown to trigger 21- and 24-nucleotide phasiRNAs, respectively (Johnson et al., 2009; Song et al., 2012).
bNumber of loci in Arabidopsis.
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secondary phased siRNAs, some of which were triggered by
tasiRNAs and some triggered by other miRNAs (Chen et al.,
2007; Howell et al., 2007), but with the important observation
that phased, secondary siRNAs are generated not only from
noncoding TAS loci but also from protein-coding transcripts. In
more recent work, we attempted to clarify the “tasi” versus
“phasi” nomenclature (Zhai et al., 2011); trans-acting function
often is not confirmed experimentally coincident with the iden-
tification of phased siRNAs; thus, “phasiRNAs” are loci merely
identified as phased, whereas “tasiRNAs” have been demon-
strated to act in trans (Zhai et al., 2011). In addition, the “TAS”
name has been given only to noncoding transcripts with no
function other than to give rise to secondary siRNAs. Recent
work has described the TAS6 locus (Arif et al., 2012) and many
TAS-like (TASL) loci (R. Xia et al., 2013), as well as an as yet
unnamed TAS-like ncRNA locus (Zhai et al., 2011), indicating
that additional ncRNA-derived TAS loci will continue to be de-
scribed and named, some of which may be lineage specific.
TAS5 has also been described (Li et al., 2012a), but we believe it
is inappropriately named, as it appears to be an incorrectly an-
notated protein coding (NB-LRR) transcript. With the proliferation
of sequenced plant genomes in recent years, an integral part
of genome annotation is to identify the full complement of
phasiRNA-generating loci.

As a consequence of the relatively well understood biogenesis
pathway for tasiRNA and mechanism of their function, several
labs have exploited this effective RNA silencing method for the
study of gene function. Montgomery et al. used a synthetic TAS3a
and TAS1c in Arabidopsis to produce artificial tasiRNAs targeting
the PDS gene, resulting in photobleaching at the site of activity
(Montgomery et al., 2008a, 2008b). In separate work, silencing of
the CHLORINA42 gene produced photobleaching and was ach-
ieved by use of a modified TAS1a transcript (Felippes and Weigel,
2009). Finally, a TAS1c silencing system containing anywhere
from a single FAD2-specific siRNA to a 210-bp fragment of FAD2
could successfully phenocopy the FAD2 loss-of-function mutant
(de la Luz Gutiérrez-Nava et al., 2008). Presumably, in any of
these systems or using other phased siRNA-producing tran-
scripts, multiple artificial tasiRNAs could be developed to silenc-
ing several genes at once. Thus, artificial tasiRNAs are a powerful
tool for gene functional analysis.

miRNA TRIGGERS OF PHASED, SECONDARY siRNAs

As mentioned above, an intriguing early observation was that
either one or two miRNA target sites can trigger tasiRNA bio-
genesis. The two-hit model provided the first mechanistic
insights into the process for tasiRNA biogenesis, describing
TAS3 as the prototypical two-hit locus (Axtell et al., 2006). Early
experimental examination of the two TAS3 target sites demon-
strated that miR390 has an unusual association with AGO7 that
is important for tasiRNA biogenesis and that the 59 proximal
miR390 target site must not be cleaved (Montgomery et al.,
2008a), although outside of Arabidopsis, TAS3 variants may be
cleaved at the 59 position (Axtell et al., 2006; Krasnikova et al.,
2009; Xia et al., 2012). However, more recent data from other
plant genomes describe two-hit loci for which the miRNA trig-
gers are believed to be AGO1 associated and for which the 59

proximal site may be cleaved. For example, in Medicago, in
addition to TAS3, another 221 TAS locus was described
(identified as such because it is a two-hit locus with two 21-
nucleotide miRNA target sites); like TAS3, the 59 proximal site is
not cleaved and the 39 site is cleaved, but the triggers are
miR172 and miR156, two well-conserved miRNAs that are
AGO1 loaded in Arabidopsis (Figure 2B) (Zhai et al., 2011). In
both Medicago and apple (Malus domestica), 222 loci have been
described, with cleavage by two 22-nucleotide miRNAs at both
59 and 39 proximal target sites resulting in bidirectional pro-
cessing into phasiRNAs of the fragment between the target sites
(Figure 2A) (Zhai et al., 2011; R. Xia et al., 2013). In yet another
222 variant, a cleavable 59 site and noncleavable 39 site trigger
phasiRNAs (Figure 2A) (Shivaprasad et al., 2012; R. Xia et al.,
2013). More recent work in P. patens emphasized the diversity of
two-hit loci, confirming via a newly described TAS6 locus that
221 PHAS loci can be triggered by a pair of presumably AGO1-
loaded 21-nucleotide miRNAs that can be different from one
another (Figure 2B) (Cho et al., 2012). Thus, our current un-
derstanding is that the noncleaving 59 proximal miRNA target
site is apparently a unique feature of AGO7-loaded miR390 for
some TAS3 loci, with other two-hit loci utilizing cleaved 59
proximal sites via AGO1-loaded miRNAs.
Analysis of one-hit triggers of PHAS loci and experiments

using these miRNAs have also produced intriguing findings. In
2010, a pair of articles described that a shared feature of one-hit
loci is that the triggers are 22-nucleotide and not 21-nucleotide
miRNAs (Chen et al., 2010; Cuperus et al., 2010). This led to the
hypothesis that 22-nucleotide miRNAs have special properties:
the ability to trigger the production of phased siRNAs, confirmed
via experiments employing a variety of constructs to generate
miRNAs of specific lengths (Chen et al., 2010; Cuperus et al.,
2010). In these experiments, canonical 21-nucleotide miRNAs,
known not to trigger phased siRNAs, triggered the production of
secondary siRNAs when produced as 22-nucleotide variants.
Consistent with these results, tasiR2140, an unusual 22-nucleotide
tasiRNA, triggers phasiRNA biogenesis from its target tran-
scripts (Chen et al., 2010). More recent work has demonstrated
that alterations in the 39 nucleotide of the trigger miRNA can
disrupt phasiRNA biogenesis, indicative of a role specifically
for the small RNA length or target interactions (Zhang et al.,
2012a).
A recent publication indicates that the secondary structure of

the miRNA duplex, rather than the 22-nucleotide length, is the
primary determinant of activity in triggering secondary siRNAs
(Manavella et al., 2012). Manavella et al. observed that not only
22-nucleotide miRNAs but also 21-nucleotide miRNAs with
22-nucleotide miRNA* sequences can trigger secondary siRNA
biogenesis. This led them to identify the characteristic shared by
these miRNAs as an asymmetric duplex in the precursor, with
the asymmetry resulting from a bulge or unpaired nucleotide.
While AGO7-associated miRNAs (like miR390) are known to
trigger secondary siRNAs (AGO2 may be similar), some miRNA
triggers that they examined typically are loaded into AGO1,
which is not associated predominantly with secondary siRNA
production; this suggests that the same RISC components
(AGO proteins) can either produce or not produce secondary
siRNAs (Manavella et al., 2012). To test the role of an
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asymmetric duplex, they created a synthetic version of miR173
with two asymmetric bulges, which was shown to give rise to
21-nucleotide versions of both the miRNA and miRNA* and yet
still triggered secondary siRNAs as effectively as a 22/21-
nucleotide asymmetric precursor (Manavella et al., 2012). They
thus inferred that RISC is reprogrammed upon interaction with
an asymmetric duplex (i.e., a bulge caused by an unpaired
base), and this reprogrammed RISC recruits proteins for sec-
ondary siRNA biogenesis. Manavella et al. also showed that the
siRNAs were produced through via RDR6/SGS3/DCL4, the co-
factors likely recruited by the RISC.

While these data are quite convincing, other data suggest that
duplex asymmetry cannot entirely explain the ability of some
plant miRNAs to trigger secondary siRNAs. In recent work, we
examined miRNAs in an Arabidopsis hen1 mutant background;
HEN1 is an enzyme that adds a 29-O-methyl group to the 39
terminal nucleotide of miRNAs and siRNAs. We observed that in
hen1, two targets of miR170 and miR171a, miRNAs produced
from symmetric precursors, give rise to phasiRNAs (Zhai et al.,
2013). In the wild type, no phasiRNAs are produced from the
targets, and these miRNAs are 21 nucleotides, but in the hen1
mutant, 39 uridylation of the miRNAs after biogenesis gives rise
to 22-nucleotide variants. We inferred that in this case, it is the
22-nucleotide length that confers the triggering activity for
secondary siRNAs. Consistent with our observations, there are
several reports of secondary siRNAs that, for inexplicable rea-
sons, consistently are generated as 22-nucleotide siRNAs and
themselves then trigger secondary siRNAs at targets in trans;
these include the Arabidopsis tasiR2140 (Chen et al., 2007) as
well as tasiRNAs from several TASL loci in multiple species
(R. Xia et al., 2013). Also inconsistent with the requirement of an
asymmetric precursor, miR828 is produced from a symmetrical
stem-loop precursor yet triggers phasiRNA production from
TAS4 and many MYB genes (Rajagopalan et al., 2006; Xia et al.,
2012). Finally, mismatches between the 39-terminus of miRNA
triggers and their TAS targets reduce the stability of the in-
teraction between the cleavage fragment and RISC complex,
inhibiting tasiRNA production (Zhang et al., 2012a). This is likely
because a mismatched 39 end would fail to recruit SGS3 and
thus fail to stabilize the 39 mRNA fragment (Yoshikawa et al.,
2013). These results suggest the importance of miRNA-target
interactions in generating tasiRNAs.

PHASED SECONDARY siRNAs FROM LONG NONCODING
RNAs IN GRASSES

Recent work has demonstrated an abundance of loci producing
phasiRNAs in monocots, with examples in rice, maize, and
Brachypodium (Johnson et al., 2009; International Brachypo-
dium Initiative, 2010; Song et al., 2012). In addition to the
handful of tasiRNA loci conserved with Arabidopsis, these
grasses have two classes of phasiRNAs specifically expressed
in reproductive tissues, including an unusual class of 24-
nucleotide PHAS loci as well as a large number of 21-nucleotide
PHAS loci (Table 1). Both classes of reproductive phasiRNAs are
derived predominantly from long noncoding RNAs (lncRNAs)
that are not repetitive (Johnson et al., 2009). One study of

reproductive phasiRNAs in rice showed that the processing of
21-nucleotide phased siRNAs is largely dependent on Os-DCL4,
the ortholog of Arabidopsis DCL4 (Song et al., 2012). In-
terestingly, at least the cereals and perhaps most other mono-
cots have an extra Dicer relative to dicots, known as either
DCL3b, for the similarity in its PAZ domain to DCL3, or DCL5
based on the diversity of its dsRNA binding domain (Margis
et al., 2006). We prefer the DCL5 name because of the appar-
ently unique role of this protein, functioning to produce the re-
productive 24-nucleotide phased siRNAs (Song et al., 2012).
These two classes of reproductive phasiRNAs are triggered by
distinct miRNA triggers; miR2118 and miR2275 were identified
as the triggers of phased 21- and 24-nucleotide siRNAs, re-
spectively (Johnson et al., 2009; Song et al., 2012). Although the
functions of 21- and 24-nucleotide reproductive phasiRNAs
have not been reported, their specificity in reproductive organs
is quite intriguing. In fact, PHAS loci are functionally important,
as shown by identification via forward genetics of a lncRNA,
subsequently processed to 21-nucleotide phasiRNAs, required
for rice male fertility (Ding et al., 2012a, 2012b; Zhou et al.,
2012). Based on the functions of 21- and 24-nucleotide siRNAs
in Arabidopsis, the grass reproductive phasiRNAs likely function
in posttranscriptional regulation and chromatin modifications,
respectively. In addition, based on the specificity of their ex-
pression in reproductive tissues, we might speculate that their
roles include reproductive development, meiosis, or gamete
formation. Thus, studies of the functions of phased siRNAs in
grasses and their lncRNA precursors hold great promise for
exciting discoveries.

PHASED SECONDARY siRNAs AS A REGULATORY
MECHANISM FOR PROTEIN CODING GENES

miRNA-triggered secondary siRNAs are also generated from
protein-coding loci in many plant genomes, first described in
Arabidopsis (Howell et al., 2007). A significant number of PPR,
NB-LRR, and MYB families were shown to generate phasiRNAs
in Arabidopsis, Medicago, apple, and peach (Prunus persica)
(Table 2) (Howell et al., 2007; Zhai et al., 2011; Xia et al., 2012;
Zhu et al., 2012). The PPR family is one of the largest gene
families in Arabidopsis, containing;450 members in total, some
of which have been shown to be involved with organelle RNA
processes (Lurin et al., 2004; O’Toole et al., 2008). In Arabi-
dopsis, a small number of miRNAs and tasiRNAs have been
shown collectively to target ;40 PPRs, among which 28 are
closely related (Howell et al., 2007). A comparative analysis
across plant species demonstrated conservation of the ability of
this subgroup of PPRs to spawn secondary siRNAs, targeting
a broader group of PPRs in many but not all plants (R. Xia et al.,
2013). The triggers of these PPR-derived secondary siRNAs are
a superfamily of miRNAs, as well as unusual, 22-nucleotide
secondary siRNAs that function in trans (Chen et al., 2007; R. Xia
et al., 2013). These small RNAs target variable sites within the
PPR domains (Figure 3A). Since this regulatory network includes
both miRNAs and tasiRNAs, it represents a highly redundant,
interconnected set of PPR-targeting small RNAs. It was pro-
posed that this regulation could be beneficial to the evolutionary
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expansion of PPR genes (Howell et al., 2007). The superfamily of
miRNAs that trigger secondary siRNAs from PPRs is unusual
because (1) it is derived from the prototypical phasiRNA trigger,
miR390, and (2) it gave rise to a different superfamily of miRNAs
that target Ca2+ ATPases, some of which (but perhaps not all)
also generate phasiRNAs (Wang et al., 2011; R. Xia et al., 2013).

Genes encoding MYB transcription factors are also rich sources
of miRNA-triggered secondary siRNAs. MYBs are a family of
DNA binding proteins that play important roles in a variety of
transcriptionally regulated processes, such as cellular morpho-
genesis, meristem formation, cell cycle, and anthocyanin bio-
synthesis (Jin and Martin, 1999; Petroni and Tonelli, 2011). MYB
transcription factors are encoded by one of the largest of gene
families in many plant genomes (Feller et al., 2011). Several MYBs
have been identified to be responsible (among other activities) for
anthocyanin biosynthesis both in fruit development of apple and
other Rosaceae species, as well as in maize kernels (Takos et al.,
2006; Lin-Wang et al., 2010; Feller et al., 2011). In the case of
apple, phasiRNAs are produced from a number of MYB-coding
genes; for example, miR828 and miR858 target the conserved
motifs of up to 81 MYB transcripts (Figure 3B) (Xia et al., 2012).
A comparative phylogenetic analysis revealed that those MYB
genes containing target sites of both miR858 and miR828 are
conserved across a broad range of plants with the miRNAs found
only in eudicots thus far (Xia et al., 2012); perhaps phasiRNA
regulation of MYBs is an adaptation specific to the eudicots. The
appleMYB-derived phasiRNAs are predicted to target a variety of
genes with distinct functions, potentially expanding this miRNA-
mediated regulatory network (Xia et al., 2012). Similar to apple,
peach also produces a large number of MYB-derived phasiRNAs
(Zhu et al., 2012). As with PPRs, MYBs are encoded by a large
and complex gene family in plant genomes, but the functional or
evolutionary role of phasiRNA transcriptional suppression of the
family is unclear.

NB-LRR–encoding genes comprise one of the largest families
found to be targeted by small RNAs. Compared with the PPR-
and MYB-encoding gene families in other plant genomes,
a much larger number of NB-LRRs were found to be PHAS loci
in the Medicago genome (Zhai et al., 2011). Many phasiRNAs
target NB-LRR transcripts either in cis or in trans at other

NB-LRR loci, representing a self-reinforcing regulatory network
(Zhai et al., 2011). As with the PPR family in Arabidopsis and
other plants (Howell et al., 2007; R. Xia et al., 2013), NB-LRRs
can be targeted redundantly by both miRNAs and secondary
siRNAs (Zhai et al., 2011). NB-LRR regulation by secondary
siRNAs has also been reported to exist widely in the Solanaceae
(Zhai et al., 2011; Li et al., 2012b; Shivaprasad et al., 2012). Most
recently, an examination of numerous NB-LRRs in a wide variety
of plant species demonstrated significant levels of secondary
siRNAs in Norway spruce (Picea abies; a gymnosperm), Amborella
(a basal angiosperm), cotton (Gossypium hirsutum), poplar
(Populus spp), grapevine (Vitis vinifera), apple, and peach, indicating
broad conservation and an ancient origin for the role of phasiRNAs
in regulation of NB-LRRs (Källman et al., 2013). Possible reasons
for phasiRNA regulation of NB-LRR transcripts are discussed in
more detail below.
Transcripts of protein-coding genes other than PPRs, MYBs,

or NB-LRRs also generate phasiRNAs, but thus far, outside of
these three large gene families, these protein-coding PHAS loci
are solitary or very small families. For example, in soybean
(Glycine max), the small RNA biogenesis machinery is itself
subject to phasiRNA regulation, evidenced by secondary
siRNAs mapping to both DCL2 and SGS3 transcripts, and
a number of other single- or low-copy genes are sources
of phasiRNAs (Zhai et al., 2011). Likewise in peach, phasiRNAs
are produced from many single- or low-copy genes, including
(among others) those encoding TIR/AFB, ARF, and a Ca2+-AT-
Pase (R. Xia et al., 2013). The PHAS characteristic of many low-
copy protein-coding genes is conserved across species; for
example, the tomato ortholog of the peach Ca2+-ATPase is also
a PHAS locus (Wang et al., 2011). Computational analysis of
grape small RNAs identified nearly 50 phased loci in total,
among which at least 20 are protein-coding genes and some of
which are members of the NB-LRR family (Zhang et al., 2012b).
These results indicate phasiRNA-associated regulatory net-
works are utilized by many low-copy genes and gene families
involved in diverse biological processes and pathways, although
the evidence of this is thus far mainly or exclusively from eudi-
cots. It’s possible that phasiRNAs perform regulatory functions
such as tuning or heavily suppressing transcript levels that are

Table 2. Well-Described PHAS Loci from Protein-Coding Gene Families in Plants

Category MYBs NB-LRRs PPRs Ca2+-ATPase AFB

Plant families in which
phasiRNA-producing
members have been
described (to date)

Rosaceae Brassicaceae, Coniferae,
Fabaceae, Rosaceae,
Solanaceae, Vitaceae

Brassicaceae, Fabaceae,
Rosaceae, Solanaceae,
Vitaceae

Seed plants Flowering plants

Encoded protein type MYB NB-LRR PPR Ca2+-ATPase TIR/AFB
miRNA triggers miR159,

miR828,
miR858

miR482, miR2118,
miR1507, miR2109/
miR5213

miR161, miR7122a miR4376a miR393

Numbers of phased loci >10 in apple >100 in Medicago Variable, but few Variable, but few Variable, but few
Key references Xia et al. (2012),

Zhu et al.
(2012).

Zhai et al. (2011), Li et al.
(2012b), Shivaprasad
et al. (2012)

Howell et al. (2007), Xia et al.
(2012), R. Xia et al. (2013)

Wang et al. (2011),
R. Xia et al.
(2013)

Si-Ammour et al.
(2011), Zhai et al.
(2011)

aThis miRNA belongs to a superfamily of related miRNAs; see description by R. Xia et al. (2013).
bThese miRNAs are more abundant in fruit and flower tissues of the Rosaceae, but they are not exclusively expressed in these tissues (Xia et al., 2012).
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equally important for single-copy genes, although in such cases,
these secondary siRNAs are presumably functioning in cis since
there may be no trans targets. Alternatively, phasiRNA could
function in some sort of positional manner related to their mo-
bility, such as defining a concentration gradient across cell
layers, like the tasi-ARFs (Chitwood et al., 2009).

OVERVIEW OF PLANT NB-LRRs

Plants possess a two-layer process of immune defenses to re-
spond to pathogenic stress (Jones and Dangl, 2006). In the first
layer, transmembrane pattern recognition receptors are re-
sponsible for recognizing pathogen-associated molecular pat-
terns (PAMPs), activating PAMP-triggered immunity (Medzhitov
and Janeway, 1997; Monaghan and Zipfel, 2012). In the second
layer, the intracellular disease resistance (R) proteins play
a crucial role in pathogenic effector (avirulence, or AVR protein)
detection leading to effector-triggered immunity in plants, either
by interacting directly with effectors or in a manner described by
the guard hypothesis, in which an endogenous AVR target is
monitored for signs of pathogen attack (Van der Biezen and
Jones, 1998; Dangl and Jones, 2001; Axtell and Staskawicz,
2003; Mackey et al., 2003; Jones and Dangl, 2006). Many plant
R proteins are characterized by having a NB domain and an LRR
domain (Dangl and Jones, 2001; DeYoung and Innes, 2006;
Jones and Dangl, 2006). NB-LRRs can be categorized into two
major groups according to their N-terminal domains: TIR-NB-
LRRs (TNLs) possess a Toll/Interleukin-1 receptor homology
domain, and CC-NB-LRRs (CNLs) possess a domain which in-
cludes a coiled-coil motif (Meyers et al., 1999, 2003; Pan et al.,
2000; McHale et al., 2006). Within these domains (TIR, CC, NB,
and LRR) there are numerous highly conserved motifs, and the
nucleotides encoding some of these motifs are important tar-
gets of miRNAs, as described below. Genes encoding the CNL-
type (CNLs) are found in both dicots and monocots, whereas
TNL-encoding genes (TNLs) are found exclusively in dicots (Kim
et al., 2012). Both CNLs and TNLs are found in mosses, early
land plants, as well as two other types of NB-LRRs that ap-
parently were not retained in angiosperms (Xue et al., 2012). It is
believed that TNLs were lost in the monocots (Pan et al., 2000)
and perhaps some dicot lineages such asMimulus guttatus (Kim
et al., 2012). Most plant genomes encode hundreds of R pro-
teins, ranging from the reported low of ;55 NB-containing
proteins in papaya (Carica papaya) (Ming et al., 2008) and ;62 in
cucumber (Cucumis sativus; Yang et al., 2013), to ;150 in
Arabidopsis (Meyers et al., 2003) and more than 500 in rice and
700 in Medicago truncatula, a model species for legumes (Zhou
et al., 2004; Young et al., 2011). Within the ;80% complete
genomic sequence of Medicago, ;540 NB-LRR–coding genes
were identified of which ;14% are predicted pseudogenes
(Young et al., 2011). In sequenced Solanaceae genomes such as
potato (Solanum tuberosum), ;400 NB-LRRs were identified,
many (;41%) of which may be pseudogenes (Xu et al., 2011;
Lozano et al., 2012). These pseudogenes might be left over from
an ongoing evolutionary arms race between the host and
pathogens.

NB-LRRs ARE TARGETED BY NETWORKS OF HIGHLY
REDUNDANT SMALL RNAs

As mentioned above, analysis of siRNAs matched to NB-LRRs
in Medicago and several Solanaceous species identified many
phased, secondary siRNAs (Zhai et al., 2011; Li et al., 2012b;
Shivaprasad et al., 2012). In Medicago, transcripts encoding
NB-LRRs are targeted by miRNAs at several conserved motifs,

Figure 3. miRNAs Target Nucleotides Encoding Conserved Protein
Motifs of Several Gene Families.

In each case, miRNAs, designated by a black arrowhead, target sites that
encode protein motifs or domains as indicated in each panel.
(A) PPR genes encoding the P subclass of PPRs are targeted by both
miRNAs and tasiRNAs. Each gray box represents one degenerate repeat
of ;35 amino acids. PPR proteins have a widely varying number of these
repeat units (indicated by the broken repeat unit). Gray or outlined ar-
rowheads indicate that miRNA or tasiRNA target sites may exist at
varying levels or may not exist at all in some repeats, due to the de-
generacy of the repeat sequences.
(B) miRNAs target nucleotides encoding H3 motifs in the conserved R3
domains of MYB transcription factors in plants.
(C) Numerous miRNAs target nucleotides encoding conserved motifs of
NB-LRRs in many plant species. The NB domain has five conserved
motifs indicated by colored boxes; other conserved domains and motifs
characterize these proteins, as indicated. Considering many plant spe-
cies, multiple encoded motifs of NB-LRRs are targeted, including the
TIR1, TIR2, P-loop, kinase-2, and MHDV motifs. miR472 and miR482 are
nearly identical (see Figure 4A) and indicated parenthetically for TNLs, as
CNLs are the preferential targets (with TNLs as less frequent targets).
miR825* is indicated in gray, as it is observed to target an encoded TIR2
only in Arabidopsis.
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triggering phasiRNA production from these genes, which we
refer to as “phasi-NB-LRRs” or pNLs (Zhai et al., 2011). While
more than 114 phasiRNA-producing NB-LRRs were identified,
>60% of Medicago genomic NB-LRRs had significant levels of
21-nucleotide small RNAs, suggesting that most members of
this gene family are targeted by 22-nucleotide miRNAs (Zhai
et al., 2011). Because phasiRNAs can also function both in cis
and in trans, targeting other related transcripts, a limited number
of miRNA triggers can dramatically amplify their suppressive
functions through the production of secondary phasiRNAs, and
these two kinds of small RNAs seem to have a joint effect in
regulating the great majority of NB-LRRs in Medicago. Thus,
miRNAs act as master regulators of the NB-LRR gene family via
the production of phasiRNAs (Zhai et al., 2011). Compared with
Medicago, the numbers of PHAS loci are relatively smaller in
other legume species, such as soybean (Zhai et al., 2011).
However, due to the synergistic effect by miRNAs and sec-
ondary phasiRNAs, a significant proportion of NB-LRRs could
be targeted and downregulated in legumes other than Medi-
cago. In the Solanaceous species (tomato [Solanum lycopersi-
cum], potato, and tobacco [Nicotiana tabacum]), numerous
pNLs have been described, although a lower proportion of ge-
nomic NB-LRRs in Solanaceous genomes are pNLs than re-
ported in Medicago (Zhai et al., 2011; Li et al., 2012b;
Shivaprasad et al., 2012).

In the relationship between miRNAs and their NB-LRR targets,
there is an unusual level of redundancy (Figure 3C). InMedicago,
three families of 22-nucleotide miRNA (miR1507, miR2109, and
miR2118a/b/c) target the sequences encoding highly conserved
protein motifs, such as TIR-1, P-loop, and Kinase-2, triggering
phasiRNA production (Zhai et al., 2011). These three unrelated
families of miRNAs show no specialization for clades or sub-
groups within the NB-LRRs, implying that any one of these
miRNAs is capable of targeting diverse members of the NB-LRR
family. Together with additional NB-LRR–targeting miRNAs from
the Solanaceae, there are at least six miRNA families that target
NB-LRRs (Figure 3C). Typically, plant miRNAs and their target
families of genes show a one-to-one relationship, with a single
miRNA (or family) that targets a single set of genes. For example,
there are five copies of the miR172 family in Arabidopsis, which
all target members of the APETALA2 gene family (Aukerman
and Sakai, 2003). Thus, the case of NB-LRRs, targeted in-
dependently by as many as six different miRNA families, ap-
pears to be highly unusual. There are two additional levels of
redundancy in NB-LRR–miRNA interactions worth considering:
(1) The phasiRNAs generated via miRNA cleavage may function
in trans to silence related targets. This trans-acting activity was
confirmed in Medicago (Zhai et al., 2011), and given the tre-
mendous abundance of phasiRNAs produced from NB-LRRs in
many species, this is likely a significant mechanism for silencing
within the family. (2) An additional level of redundancy is rep-
resented by the diversity of miRNAs that target nucleotides
encoding conserved protein motifs. The most extreme case of
this is the superfamily of miRNAs that target the encoded
P-loop, a group which includes miR472, miR482, miR2089,
miR2118, and miR5300. While some of this variation in naming
is simply a historical artifact (i.e., miR472 and miR482 are nearly
identical), there is substantial sequence variation in members of

this superfamily such that the members wouldn’t fit the definition
of a single family (Figure 4A) (Meyers et al., 2008). This super-
family could be known by its inclusion of both the miR482 type,
more predominant in the Solanaceae (Shivaprasad et al., 2012),
or the miR2118 type, more predominant in the Fabaceae (Zhai
et al., 2011). The TIR-1 motif is similarly targeted by two un-
related miRNAs, miR2109 and miR6019, which target non-
overlapping nucleotides that encode the motif (Figure 4B). It’s
possible that future miRNA annotation in more diverse species
will identify even more divergent members of these families or
superfamilies that may contribute further to the high level of
redundancy of in the suppression of NB-LRR transcripts.
The functional relevance of endogenous NB-LRR silencing is

unknown, yet the data undeniably demonstrate that it is wide-
spread within the gene family, robust, and found in many diverse
angiosperms and as far back evolutionarily as the gymnosperms.
Although the Poaceae apparently lack this NB-LRR–suppressive
regulatory machinery (i.e., the miRNAs and therefore the
phasiRNAs), and it’s greatly reduced in the Brassicaceae, the
phenomenon of pNLs is so prevalent and redundant that it
seems they must have an important function. Furthermore, un-
derstanding the mechanistic importance of phasiRNAs in NB-
LRR regulation may provide insights into the analogous miRNA/
phasiRNA suppression of the PPRs and MYB transcription
factors, or other protein-coding genes described above and
listed in Table 2. In the following sections, we outline four hy-
potheses for the biological significance of small RNA–based NB-
LRR suppression.

HYPOTHESIS #1: miRNA-BASED SUPPRESSION
OF NB-LRRs IS IMPORTANT IN BENEFICIAL
MICROBIAL INTERACTIONS

Beneficial symbiotic interactions between microbes and plant
hosts is common, including the most ancient form represented
by various levels of plant–fungal (mycorrhizal) interactions, up to
perhaps the most intricate form in which legume species have
co-opted bacteria (rhizobia) for nitrogen fixation in specialized
host tissues (nodules). During any form of symbiosis, the host
plant must recognize and accept the beneficial microbes,
a process using sophisticated signaling networks and molecular
dialogues (Deakin and Broughton, 2009). In legumes, signaling
molecules secreted by rhizobia, including nod factors, are re-
quired for recognition and nodule initiation (Geurts et al., 2005;
Oldroyd and Downie, 2008; Madsen et al., 2010). A connection
between nodulation and miRNAs was observed as several
miRNAs are modulated dynamically after rhizobial inoculation
(Li et al., 2010); this work also demonstrated that the over-
expression of certain miRNAs could promote soybean nod-
ulation, including miR482, which targets NB-LRRs. Also in
soybean, a TNL was demonstrated to confer symbiotic speci-
ficity, and this gene was later identified as a PHAS locus (Yang
et al., 2010; Zhai et al., 2011). In addition to rhizobial symbiosis,
studies have revealed that miRNAs also participate in my-
corrhizal symbiosis with Medicago (Devers et al., 2011;
Lauressergues et al., 2012). Thus, there are numerous evolved
pathways in plants and particularly legumes to facilitate bene-
ficial microbial interactions, and there is indirect evidence for the
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participation of miRNAs (including the NB-LRR–targeting
miR482).

The most obvious hypothesis for the role of phasiRNAs from
NB-LRR transcripts is that legumes could globally suppress NB-
LRR levels to limit defense responses in the presence of rhizobia
to facilitate nodulation. Are the data consistent with this hy-
pothesis? We documented that legumes, relative to other fam-
ilies of plants, have very high abundances of the miRNA master
regulators of NB-LRR transcript levels (Zhai et al., 2011). Our
analysis of different Medicago tissues has shown no evidence of
substantial regulation of the miRNAs or phasiRNAs, both of
which are found at robust levels at many NB-LRR loci, even in
aerial tissues far from the site of rhizobial interactions (Zhai et al.,
2011). It is possible that miRNAs and their NB-LRR targets are
regulated in a highly localized, cell-type-specific fashion not

detectable by sequencing-based methods. And a point in-
congruous with this hypothesis is that legumes are only one of
many plant families that have pNLs (including many plants that
neither nodulate nor are known to have specialized symbiotic
interactions), so the role of small RNA–based regulation of
NB-LRRs may not be specific to legumes. An intriguing obser-
vation is that the miRNA families that target NB-LRRs are almost
entirely missing from Arabidopsis (see below) (Zhai et al., 2011),
and it is well known that Arabidopsis does not undergo
mycorrhizal interactions, leading us to wonder if there is a
relationship between silencing of NB-LRRs and symbiotic
interactions. A large number of nonlegume species participate in
beneficial symbiosis with mycorrhizal fungi (Finlay, 2008) or
endophytes. Our analysis of miR2118 demonstrates that it is
present in gingko, a plant that dates to ;265 million years ago

Figure 4. miRNAs Target Conserved Sequences in Members of the NB-LRR Gene Families.

(A) The miR482/miR2118 superfamily of miRNAs is a relatively diverse group (above) that typically targets nucleotides encoding the P-loop motif of NB-
LRR proteins (below). Consensus sequences of either the miRNAs or their targets demonstrate a high degree of conservation (illustrated by WebLogo).
In this figure, for illustrative purposes, we’ve randomly selected a diverse set of miRNA superfamily members (listed by their names in miRBase) and
;16 targets from the same source species. In this case, the targets were predominantly CNLs, but miR2118 also targets many TNLs. For ease of
alignment, the miRNAs are shown 59 to 39 in the consensus, the mRNA targets are shown 39 to 59, and the translated protein motif is inverted relative to
the target mRNAs (indicated by the curved arrow).
(B) Redundancy in miRNA targeting at the encoded TIR-1 motif of NB-LRRs. miR6019 and miR2109 aligned to their TNL-encoding targets show they
target the same encoded motif (blue bar at top), but at adjacent, nonoverlapping sites. The consensus at the top is from Meyers et al. (1999). Red letters
indicate the amino acids encoded by the target region. Example targets from tomato (“Soly.”) and Medicago (“Medtr.”) are indicated aligned to the
miRNA sequences.
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(a time at which plant–mycorrhizal interactions were becoming
more refined), and other NB-LRR-targeting miRNA families are
present in early angiosperms (Zhai et al., 2011). Consistent with
this, recent data show extraordinarily high levels of NB-LRR–
derived phased siRNAs in Norway spruce, another gymnosperm
(Källman et al., 2013). These observations lead us to speculate
that perhaps these NB-LRR–targeting miRNAs evolved early in
plants to promote beneficial microbial interactions, ultimately
facilitating the evolution of the complex structures (nodules)
that develop in legumes to house nitrogen-fixing rhizobia.

Beyond the lack of data showing regulation of NB-LRRs, there
are additional problems with this hypothesis, such as the ob-
servation that although rice and maize are known to undergo
arbuscular mycorrhizal interactions, the NB-LRR families in
these grasses show no signs of miRNA targeting or secondary
siRNAs. There are >500 CNL-type NB-LRRs encoded in the rice
genome, yet apparently no phasiRNAs arise from these tran-
scripts. In the grasses, as described above, miR2118 targets
noncoding RNAs not NB-LRRs. In Arabidopsis (Columbia-0),
perhaps four pNLs have been identified, including three CNLs
and one TNL (Howell et al., 2007; Chen et al., 2010); these four
pNLs could comprise the evolutionary vestiges of the more
extensive system observed in other plant families. Thus, Arabi-
dopsis may be a good system in which to test the role of miRNA
suppression of NB-LRRs. We are left wondering how plant lin-
eages can lose major, suppressive regulatory small RNA net-
works like the pNLs, or perhaps those comprising PPRs or
MYBs, and whether this suggests that the function of those
networks is entirely dispensable. To return to the central
question of this hypothesis: Are the data consistent with
a hypothetical role in globally modulating plant defenses via
suppression of NB-LRRs to promote beneficial microbial
interactions? We conclude that there is not yet significant
support for this hypothesis, yet future experiments to test
this will be quite important.

HYPOTHESIS #2: SMALL RNA SUPPRESSION
OF NB-LRRs IS IMPORTANT FOR PLANT DEFENSES

An alternative to hypothesis #1 is that the regulation of NB-LRRs
is important for plant immunity to pathogens. This idea emerged
from publications describing pNLs in tomato, tobacco, and
potato (Zhai et al., 2011; Li et al., 2012b; Shivaprasad et al.,
2012). Separate work by the Baulcombe and Baker labs dem-
onstrated that the miRNA triggers of pNLs are regulated during
plant defense responses. B. Baker and colleagues, working in
Nicotiana benthamiana, reported that nta-miR6019 and nta-
miR6020 are able to cleave transcripts of the N gene, producing
21-nucleotide phasiRNAs (Li et al., 2012b). The N gene encodes
a member of the TNL class of NB-LRRs, imparting resistance
against tobacco mosaic virus (Whitham et al., 1994). Attenuation
of N-mediated resistance was observed when nta-miR6019 and
nta-miR6020 were overexpressed in tobacco, consistent with
miRNA-mediated suppression of this immunity pathway (Li
et al., 2012b). Using bioinformatics pipelines, more miRNAs and
PHAS loci of NB-LRRs were identified by the Baker lab in to-
bacco, implying that the N gene is far from unique. The Baul-
combe lab conducted similar analyses in tomato, identifying

miRNA-directed phasiRNA production at NB-LRR loci
(Shivaprasad et al., 2012). The miR482 family in tomato, which
has a close relationship with the miR2118 family described
above for Medicago, targets the P-loop motif of CNL-encoding
transcripts, triggering phased secondary siRNAs. Intriguingly,
miR482 levels were slightly reduced (approximately by half) after
inoculation with the bacterial pathogen (Pseudomonas syringae
DC3000), whereas with some viruses, miR482 levels were re-
duced by up to 80% (Shivaprasad et al., 2012). These changes
resulted in increased target NB-LRR transcript levels, although
there was no known role for those encoded NB-LRRs in re-
sponses to the tested pathogens (Shivaprasad et al., 2012).
These data suggest that plants could boost R gene expression
as a consequence of sensing pathogen effectors by modulating
miRNA levels.
What is still missing from these studies to directly implicate

miRNAs in the regulation of NB-LRR levels during defense re-
sponses? The Baker lab showed miRNA overexpression can
decrease N transcript levels, but they didn’t show regulation of
the miRNAs during endogenous defense responses (Li et al.,
2012b). The Baulcombe lab showed reductions of miR482 levels
and increases of NB-LRR levels for a small number of genes of
unknown specificity but didn’t show a direct connection be-
tween those RNA changes and immunity (Shivaprasad et al.,
2012). Neither group showed global, coordinate changes in
NB-LRR (or secondary siRNA) levels as a result of altered miRNA
levels resulting from interactions with pathogens. As yet, there is
no clear example of pathogen response that directly suppresses
a miRNA and results in an increased NB-LRR of known specificity
which in turn improves immunity. It is clear that the Solanaceous
species have numerous NB-LRR–targeting miRNAs (Zhai et al.,
2011; Li et al., 2012b; Shivaprasad et al., 2012), but is this in-
dicative of greater redundancy of control for individual NB-LRRs
or more specialization of targeting by individual miRNAs? Based
on the trans-acting activity of the legume NB-LRR secondary
siRNAs, we would expect that the Solanaceous phasiRNAs and
miRNAs could comprise a widespread, interconnected suppres-
sive network targeting NB-LRRs, but this has yet to be shown for
the Solanaceous genomes. If such a network exists, is it
regulated dynamically in response to microbes? And are
there subnetworks interconnected based on pathogen spe-
cificities? And if the role in immunity is proven for these
miRNAs in the Solanaceous species, is the role the same for
these miRNAs in the legumes? One could even imagine the
diversity of miRNAs targeting NB-LRRs could reflect a di-
versity of functions, perhaps with some NB-LRRs differen-
tially regulated during microbial interactions and others
constitutively expressed.
The situation may be even more complex, due to the in-

volvement of pathogen-encoded suppressors of RNA silencing.
Previous reports have demonstrated a wide variety of viral
suppressors of RNA silencing, bacterial suppressors of RNA
silencing, and, most recently, oomycete suppressors of RNA
silencing, all of which can suppress the immunity of plants by
inhibiting RNA silencing pathway of their hosts (Li and Ding,
2006; Navarro et al., 2008; Qiao et al., 2013). In the latter ex-
ample, Qiao et al. (2013) demonstrated two oomycete sup-
pressors of silencing function specifically to suppress RNA

2410 The Plant Cell



interference (shown via release of transgene silencing), miRNA
levels, and secondary siRNA levels. In the context of miRNAs
and phasiRNAs that suppress NB-LRRs, it may seem counter-
intuitive that a pathogen would reduce small RNA levels, thereby
increasing NB-LRR levels; Qiao et al. point out that substantial
upregulation of defense components could be beneficial to the
pathogen during its necrotrophic phase, presumably by trig-
gering cell death (Qiao et al., 2013). In other cases, the de-
pression of NB-LRR levels triggered by pathogen-derived RNA
silencing suppressors may represent host exploitation of the
pathogen activity to upregulate R genes and increase host im-
munity. But as described above, regulation of miRNAs and
NB-LRR-derived phasiRNAs in host responses are as yet rela-
tively poorly characterized.

HYPOTHESIS #3: SMALL RNAs ACT AS DAMPERS OR
BUFFERS OF NB-LRR TRANSCRIPT LEVELS

The constitutively high levels of NB-LRR–targeting miRNAs in
the legumes and Solanaceous species (Zhai et al., 2011;
Shivaprasad et al., 2012) suggest a role in steady state regulation of
the target transcripts. One function for these small RNAs may be
simply to buffer the NB-LRR transcript levels, dampening any
dramatic changes in their levels, particularly large increases that
could cause deleterious accumulations of NB-LRR proteins. At
the same time, the very low steady state NB-LRR transcript
levels resulting from constitutive suppression would restrict
steady state protein levels to a bare minimum, although pre-
sumably still a level at which NB-LRR–mediated responses are
fully functional. There should also be feedback regulation: In the
presence of an excess of 22-nucleotide miRNAs, any increased
NB-LRR transcript levels would result in increased secondary
siRNAs, which would in turn reduce NB-LRR levels. This could
prevent NB-LRR proteins accumulating to a deleterious level.
This dampening effect could be important to protect from vari-
ation in promoters that would otherwise lead to variation in
transcript levels beyond some desirable limit.

This hypothesis is consistent with the observation that plants
actively regulate both R transcript levels and R protein levels.
One of the best described examples of this is the regulation of
SUPPRESSOR OF NPR1-1 CONSTITUTIVE1 (SNC1), a TNL-
type R gene that has been well studied due to the identification
of an autoactive mutant allele (Zhang et al., 2003). Suppressor
screens using this allele have identified a variety of regulatory
genes that function to modulate both transcript and protein
levels of SNC1 (Zhang and Li, 2005). Recent work has identified
MOS9, a transcriptional regulator of SNC1 that also modulates
transcript levels of the SNC1 paralog, RPP4, a functional R gene
(S. Xia et al., 2013). The functional RPP5 gene is found at the
same locus, and multiple members of this gene family show
altered expression levels in response to modified SNC1 levels
(Yi and Richards, 2007). Small RNAs play a role in transcript
regulation at the SNC1/RPP4/RPP5 cluster (Yi and Richards,
2007), as does epigenetic control (S. Xia et al., 2013), but there is
no clear connection to miRNAs or secondary siRNAs that we
describe above. Thus, work on SNC1 demonstrates the impor-
tance of fine-tuning R gene transcript levels to avoid levels
which are either too high or too low (S. Xia et al., 2013). This is

consistent with our hypothesis that miRNAs and phasiRNAs
may function to modulate NB-LRR transcript levels, although it
still begs the questions of how the grasses perform these
functions in the absence of pNLs and how Arabidopsis gets by
with just a handful of pNLs.

HYPOTHESIS #4: SMALL RNA REGULATION OF NB-LRRs
HAS LONG-TERM EVOLUTIONARY BENEFITS

Another function proposed for the phasiRNAs produced from
NB-LRRs is that they may have long-term benefits for R gene
evolution. This was proposed by both the Baulcombe and Baker
labs in the context of their work on Solanaceous pNLs (Li et al.,
2012b; Shivaprasad et al., 2012). Plants are under pressure from
pathogens to maintain diverse recognition capabilities as de-
fenses against pathogens deploying an array of effectors. Yet,
even a single poorly functioning R gene can have high fitness
costs, most well described for RPM1 (Tian et al., 2003). The
Baulcombe and Baker labs speculate that these fitness costs
could be mitigated by phasiRNA-mediated transcriptional sup-
pression of NB-LRRs, facilitating diversification within the family
that could lead to R gene amplification, diversification, and ne-
ofunctionalization, thereby allowing new resistance specificities
to emerge (Li et al., 2012b; Shivaprasad et al., 2012). This hy-
pothesis, also suggested for the PPR gene family (Howell et al.,
2007), would indicate that plants balance the benefits and costs
of the multiplication and diversification of R genes via post-
transcriptional controls. This is similar to the buffering hypoth-
esis above, in that there is a bulk control of NB-LRRs to
minimize their presence, but with the benefits manifest in an
evolutionary time frame. One unclear aspect of this hypothesis is
if or how beneficial NB-LRRs might be released from this tran-
scriptional suppression; the redundancy of the miRNAs that
target conserved sequences and the trans-acting activity of the
phasiRNAs apparently creates a suppressive network that
would extend to nearly all members of the gene family, whether
they’re beneficial or deleterious. Another unclear aspect of this
hypothesis is that the number of NB-LRRs in a genome seems
unrelated to the existence of the pNL controls. For example, the
rice genome has 500+ NB-LRRs (Zhou et al., 2004), yet like the
other grasses, it is missing the activity of miRNAs that trigger
pNL formation. In summary, we believe that evolutionary bene-
fits of pNLs have yet to be clearly defined, and while they might
exist, could result from a simple buffering of NB-LRR levels to
reduce the fitness cost of these genes (hypothesis #3).

SUMMARY

The deeper we examine plant small RNAs, the more extensive
we find are their regulatory roles; this is particularly apparent in
species beyond Arabidopsis, many of which demonstrate
complex regulatory circuits that are missing or only barely extant
in Arabidopsis. Phased, secondary siRNAs are among the most
interesting of these circuits, as they’re involved in regulation of
numerous protein-coding genes and gene families or of a variety
of long noncoding RNAs. Some of the largest protein-encoding
gene families in plants are regulated by phasiRNAs, including
the NB-LRR, MYB, and PPR families. Phased siRNAs produced
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from NB-LRRs are particularly interesting to us because of (1)
the extensive level of redundancy, (2) the presence/absence
variation that observed for this regulatory network among plant
families, and (3) elucidation of their function may provide in-
sights into the importance of phasiRNAs in regulation of MYB,
PPR, and other protein-coding gene families. We described at
least four hypotheses for the functional relevance of phasiRNA
regulation of NB-LRRs, but it is entirely possible that their role is
something that we haven’t yet considered. Alternatively, it’s
possible that more than one of these hypotheses is correct or
even that pNLs may have different functions in different line-
ages, like a role in symbiotic interactions in legumes, but de-
fenses in Solanaceous species.

One question that has been asked about pNLs is whether they
may play a role to suppress autoimmune responses resulting
from outcrossing. Hybrid necrosis is a classically defined phe-
nomenon in which incompatible allelic interactions in a cross
results in hybrid sterility or lethality. In Arabidopsis, studies of
such genetic incompatibilities across different strains identified
autoimmune responses for which the underlying causative locus
was an allele of an NB-LRR (Bomblies et al., 2007). These au-
toimmune responses may function as a barrier to gene flow.
Could pNLs function in this interaction between genomes? The
example explored by Bomblies et al. (2007) and in their review of
classic examples of hybrid necrosis (Bomblies and Weigel,
2007) suggests that the phenomenon results from autoactivated
R proteins, with scant evidence of a role for transcript levels in
hybrid necrosis. miRNAs and phasiRNAs are dominant sup-
pressors and thus would suppress the deleterious phenotype
typically associated with NB-LRR overexpression. In fact,
Bomblies et al. (2007) used artificial miRNAs against an au-
toactive NB-LRR to suppress the incompatible phenotype;
we would expect a similar beneficial role from an endogenous
pNL network in prevention of NB-LRR overexpression. Thus,
it seems unlikely that pNL regulation plays a role in promoting
hybrid necrosis, although theoretically it could suppress hy-
brid necrosis.

Given the importance of highly diversified NB-LRRs for plant
defenses and the extensive, redundant network of small RNAs
found in some species for their regulation, the small RNAs may
exist for the purpose of enhancing aspects of interactions be-
tween plants and microbes. Yet after consideration of a variety
of possibilities for the function of these small RNAs, we are left
with a number of questions: (1) Why posttranscriptionally sup-
press NB-LRRs at all? Why not use more conventional tran-
scriptional controls, such as transcription factors and promoters?
(2) Have legumes enhanced the pNL network because the
miRNAs do something better or different in legumes? (3) Why
do Arabidopsis and the grasses have few or no pNLs? And, in
an evolutionary context, how do lineages transition from ex-
tensive utilization of pNLs to rare or absent pNLs? Future
studies will need to address these questions by examination, at
a cellular level, of the regulation of small RNAs in the presence of
both beneficial and pathogenic microbes.

The most appealing hypothesis to us for the function of
miRNAs and secondary siRNAs targeting NB-LRRs is the idea of
a buffer or a damper that maintains transcript levels at a basal
level, only high enough to be minimally functional. Maybe the

promoters and transcription factors that drive expression of
these genes confer only a very crude or on/off level of specificity
for cell or tissue types and thus are poor regulators of transcript
abundance. Like their miRNA triggers, secondary siRNAs serv-
ing as a damper could tune transcript levels, even reducing them
below a minimum level possible via transcription factors. Such
an activity could also be important for phasiRNAs found at other
gene families, such as the PPRs or MYB transcription factors.
The fact that these gene families share large sizes and re-
dundancy in the miRNA/phasiRNA suppression suggests that
this regulatory mechanism also may coordinately balance tran-
script levels for many related genes within the family to ensure
similar activity of all members of the gene family. Yet, many
protein-coding PHAS loci are single or low copy, and their PHAS
characteristic is conserved across lineages, indicating that
phasiRNA-based gene regulation is selectively advantageous
and may have an important cis function. Clearly, there are many
important experiments yet to be performed on the miRNA trig-
gers of these phased siRNAs, and the gene families that they
target, to test and assess the functional roles of phasiRNA-
based gene regulation.
In a 2006 article describing the role of tasiRNAs in plant de-

velopment, Poethig and colleagues postulated that “Given that
ta-siRNAs are ancient and effective mechanisms for simulta-
neously regulating a large number of related and unrelated
genes, one might imagine that this mechanism would have been
strongly selected in the evolution of regulatory pathways”
(Poethig et al., 2006). While at that time, there was scant support
for this conclusion, more recent evidence suggests that Arabi-
dopsis may be unusual in its narrow use of tasiRNAs for gene
regulation, while other plants have exploited this novel regula-
tory pathway to a much greater degree. And given that only
a relatively small number of plant genomes have been charac-
terized, we are likely to discover other pathways and gene
families in which secondary siRNAs play regulatory roles.
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