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Abstract
microRNAs (miRNAs) and small interfering RNAs (siRNAs), which constitute two major classes
of endogenous small RNAs in plants, impact a multitude of developmental and physiological
processes by imparting sequence specificity to gene and genome regulation. Although lacking the
third major class of small RNAs found in animals, Piwi-interacting RNAs (piRNAs), plants have
expanded their repertoire of endogenous siRNAs, some of which fulfill similar molecular and
developmental functions as piRNAs in animals. Research on plant miRNAs and siRNAs has
contributed invaluable insights into small RNA biology, thanks to the highly conserved molecular
logic behind the biogenesis and actions of small RNAs. Here, I review progress in the plant small
RNA field in the past two years, with an emphasis on recent findings related to plant development.
I do not recount the numerous developmental processes regulated by small RNAs; instead, I focus
on major principles that have been derived from recent studies and draw parallels, when
applicable, between plants and animals.
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Introduction
siRNAs derived from exogenous sources such as transgenes and viruses were first
discovered in plants [1], and this discovery was instrumental in elucidating the molecular
basis of RNA interference whereby siRNAs guide the sequence-specific cleavage of
complementary mRNAs. Endogenous small RNAs, siRNAs and miRNAs, were discovered
in plants in 2002 [2–5], and the past ten years have witnessed an explosion of our knowledge
of these regulatory molecules. The major frameworks underlying the biogenesis of miRNAs
and various types of siRNAs have been established. The modes of action of small RNAs in
gene silencing at the transcriptional and posttranscriptional levels are being intensively
dissected. The impacts of small RNAs in a multitude of biological processes including plant
development are increasingly appreciated.

miRNAs are encoded by hundreds of MIR genes in the Arabidopsis genome and act in trans
to repress the expression of target genes at primarily post-transcriptional levels (reviewed in
[6]). The biogenesis of miRNAs entails a series of events that are mostly conserved in plants
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and animals, such as transcription, dicing, nuclear export, and loading of the miRNA into an
argonaute (AGO) protein to form the miRNA-induced silencing complex (miRISC). Among
the ten AGO proteins in Arabidopsis, AGO1 binds almost all miRNAs and serves as the
major miRNA effector [7,8]. miRISCs repress the expression of target genes through mRNA
cleavage [9], which requires the endonucleolytic (slicer) activities of AGO1 [7,8], and
translational inhibition [10], for which the underlying mechanisms are poorly understood.
The widespread and critical developmental functions of miRNAs are reflected by the
pleiotropic developmental defects of miRNA biogenesis mutants [11–14] as well as ago1
mutants [15], and solidified by numerous studies demonstrating the roles of miRNAs
throughout plant development including embryogenesis [16,17], organ formation, patterning
and growth [16,18,19], developmental transitions [20,21], and reproduction [22,23].

The pioneering effort to use high throughput sequencing to profile endogenous small RNAs
[24] led to the first glimpse of the complexity of endogenous siRNAs, which are represented
by tens of thousands of distinct species, in plants (reviewed in [25]). This review will
discuss recent, unexpected findings regarding the biogenesis and developmental functions of
two types of endogenous siRNAs, heterochromatic siRNAs and trans-acting siRNAs (ta-
siRNAs).

Heterochromatic siRNAs are derived from repetitive sequences and transposable elements
and are recruited back to the source or homologous chromatin to trigger DNA methylation
and transcriptional silencing. This process, also known as RNA-directed DNA methylation
(RdDM), has been intensively dissected in the past decade in Arabidopsis such that major
players in siRNA biogenesis, siRNA recruitment to chromatin, and DNA methylation have
been uncovered (reviewed in [26]). Intriguingly, heterochromatic siRNAs share similar
molecular functions with piRNAs in animals. piRNAs and their protein partners, the Piwi
subclade of argonaute proteins, silence transposable elements in the germ line of C. elegans,
Drosophila, zebrafish, and mice (reviewed in [27]). It was recently shown that piRNAs
trigger DNA methylation in mice [28,29], but the underlying mechanisms are poorly
understood.

Ta-siRNAs are miRNA-triggered secondary siRNAs from miRNA-targeted noncoding
transcripts [30–32] (Figure 1). Some of the secondary siRNAs generated at a particular locus
are bound by an argonaute protein and regulate target transcripts other than their source
transcripts, hence the name “trans-acting”. The miRNA-guided cleavage of a target
transcript generates a fragment that serves as a template to synthesize double-stranded
RNAs (dsRNAs) by RNA-DEPENDENT RNA POLYMERASE6 (RDR6). DICERLIKE4
(DCL4) processes the resulting dsRNAs into ta-siRNAs in succession from the end defined
by miRNA-guided cleavage such that ta-siRNAs show strong phasing patterns, i.e., they are
in a near perfect 21 nucleotide (nt) register from one another. Some ta-siRNAs, such as the
tasiR-ARFs, so named because they target several AUXIN RESPONSE FACTOR (ARF)
genes, are conserved in angiosperms and play critical roles in plant development [33–38].

Understanding ta-siRNA biogenesis
Ta-siRNAs are fascinating from the point of view of their biogenesis. All miRNAs do not
trigger the production of ta-siRNAs. Thus, one wonders what features in the triggering
miRNAs or the target transcripts endow them with this unique capacity to produce ta-
siRNAs.

The biogenesis of the four canonical and well-characterized ta-siRNAs in Arabidopsis
involves three miRNAs and four types of TRANS ACTING SIRNA (TAS) loci. The TAS
loci are transcribed into long noncoding RNAs, which are cleaved by one of three miRNAs
to trigger ta-siRNA production [30,31,39,40]. The three triggering miRNAs are miR173,
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miR390, and miR828. How are these miRNAs different from other miRNAs that do not
trigger ta-siRNA production? miR390 is unique in that it is specifically bound by AGO7,
one of ten AGO proteins with the distinctive ability to trigger tasiR-ARF production from
two TAS3 loci [41,42]. However, miR173 and probably miR828, are bound by AGO1 as are
most miRNAs [43] and it has been unknown what distinguishes these two miRNAs from
other AGO1-bound miRNAs in terms of ta-siRNA biogenesis. Several recent findings
described below have begun to shed light on this problem.

It is now apparent that the stringently defined ta-siRNAs represent a small fraction of
secondary siRNAs generated from miRNA-targeted transcripts, which can be either non-
protein coding or protein-coding transcripts. Until a function is ascribed to the secondary
siRNAs from a particular locus, the secondary siRNAs are referred to as phasiRNAs
because they are in 21 nt (or sometimes 24 nt depending on the DICERLIKE protein that
generates them) register from one another. Through analysis of high throughput sequencing
data of small RNAs for features of phasiRNAs (phased secondary siRNAs from miRNA
target transcripts), recent studies [44–49] have uncovered many phasiRNA loci in
Arabidopsis, rice, the legume Medicago, and three Solanaceae species. These studies
provided insights into the features that endow a miRNA the ability to trigger phasiRNA
biogenesis.

The size of the triggering miRNA is one such distinguishing feature [44,45]. In Arabidopsis,
more phasiRNA-generating loci have been identified (in addition to the previously known
TAS1-4 loci) as well as miRNAs other than the previously known miR173, miR390, and
miR828 that can trigger the production of phasiRNAs. Intriguingly, all miRNAs that have
the ability to induce phasiRNA production, with the exception of miR390, are 22 nt in
length, as opposed to 21 nt, the length for most Arabidopsis miRNAs produced by DCL1.
The production of 22 nt miRNAs by DCL1 is due to the presence of an asymmetric bulge
(an unpaired nucleotide) in the miRNA/miRNA* duplex, the product of DCL1 (Figure 1).
Deletion of the asymmetric bulge in the miRNA precursors results in 21 nt miRNAs and
abolishes the ability of the miRNAs to trigger phasiRNA biogenesis. Conversely, artificially
changing a miRNA from 21 nt to 22 nt imparts the ability to trigger phasiRNA biogenesis.
In rice, Medicago, and Solanaceae species, hundreds to thousands of loci produce
phasiRNAs, and the triggering miRNAs are also 22 nt long [46,47,49], suggesting that the
underlying mechanism is conserved across plants.

While the 22 nt size of miRNAs is sufficient for triggering secondary siRNA biogenesis, it
may not be necessary. When siRNAs from high throughput sequencing were mapped to
miRNA-targeted transcripts, one third of the transcripts were found to yield secondary
siRNAs, although they were not necessarily phased [48]. Intriguingly, the presence of an
asymmetric bulge in the miRNA/miRNA* duplex was sufficient for the miRNA to trigger
secondary siRNA production [48]. In fact, the miRNA does not have to be 22 nt long – a 21
nt miRNA that has a 22 nt miRNA* is able to cause secondary siRNA production. It is
hypothesized that the path to secondary siRNA production is already determined at the
miRISC loading step (Figure 1).

Features of an mRNA that contribute to ta-siRNA biogenesis were also recently examined.
The miR173 target site was introduced into a GFP reporter gene and the position of the
target site was found to influence the efficiency of ta-siRNA biogenesis [50]. Interestingly,
the optimal position of the target site is within 10 nt downstream of the stop codon; placing
the target site within the coding region or in the 3′ UTR further away from the stop codon
drastically reduces ta-siRNA biogenesis without affecting miRNA-guided cleavage.
Ribosome profiling experiments in animals show strong pauses of ribosomes at the stop
codons of many genes [51,52]. These observations raise the possibility that stalled
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ribosomes promote ta-siRNA biogenesis. Although the TAS loci that give rise to ta-siRNAs
are thought to encode noncoding transcripts, the transcripts do harbor short open reading
frames. In fact, many transcripts previously annotated as long noncoding RNAs in mammals
are bound by ribosomes in vivo [52].

Together, these findings reveal that the mechanisms underlying ta-siRNA biogenesis are far
more complex than summarized by the current molecular framework (Figure 1) and new
insights into small RNA biology are expected to emerge from future studies in this area.

Cell-to-cell and long distance movements of small RNAs
Most plant cells are connected with neighboring cells by plasmodesmata (PD), through
which nutrients and biomolecules such as certain RNAs and proteins can move from cell to
cell. Once the molecules enter the phloem, they can be transported systemically in the plant.
However, the PD is restrictive in terms of what goes through and cell-to-cell movement of
biomolecules is a regulated process. Given that miRNAs and some siRNAs play crucial
roles in plant development, whether small RNAs can traffic between cells and the extent of
their movement in the plant would impact how they exert their patterning roles.

RNA silencing in plants has long been known to be systemic. Grafting experiments in the
1980s showed that silencing triggers exert long distance effects in the plant [53,54].
Expression of a silencing trigger in the phloem companion cells in Arabidopsis leads to the
silencing of an endogenous gene within approximately 15 cell layers from the source of the
silencing trigger. siRNA duplexes have been implicated as the agents that move between
cells to cause non-cell autonomous RNA silencing [55,56]. By grafting two genotypes
differing in the ability to generate siRNAs and employing high throughput sequencing to
detect siRNAs in recipient tissues, endogenous heterochromatic siRNAs were shown to
travel systemically and to direct epigenetic changes in recipient cells [56,57].

The two types of small RNAs with large impacts in plant development, miRNAs and ta-
siRNAs, have also been implicated to move between cells. miR390, which affects many
aspects of plant development through the tasiR-ARFs, accumulates in a broader domain than
that of its gene promoter activity or its precursor accumulation, suggesting that miR390
moves across a few cell layers. miR165/166 acts in meristem maintenance, vasculature
patterning, and leaf polarity specification. In the root, transcription of the gene is activated
specifically in one of the concentric rings that make up the radial axis of the root, the
endodermis. However, the miRNA represses the expression of its target gene PHABULOSA
(PHB) within the central cylinder, suggesting that the miRNA moves inward across a few
layers [58,59]. Intriguingly, the expression of PHB in the central cylinder occurs in a
gradient with the highest expression being the farthest away from the endodermis [58,59].
This suggests that miR165/166 forms a gradient emanating from the endodermis and
regulates its targets in a concentration-dependent manner. In a mutant with a reduced PD
aperture, expression of PHB within the central cylinder is highly increased, suggesting that
the movement of miR165/166 is compromised [60]. The tasiR-ARFs also appear to move
across cell layers. While the TAS3 gene is transcribed in the epidermal layer to produce the
precursors to the tasiR-ARFs, the tasiR-ARFs are found in a gradient emanating from the
epidermal layer on the adaxial side of leaf primordia towards the abaxial side [61].
Interestingly, ta-siRNAs have a greater range of cell-to-cell spread than miRNAs. When
identical small RNAs were produced only in phloem companion cells with either a miRNA
or a ta-siRNA backbone, the non-cell autonomous silencing effects were much greater for
small RNAs produced from the ta-siRNA backbone [62].

In summary, siRNAs and miRNAs that impact plant development can move across a few
cell layers. This makes it possible for small RNAs to form gradients across cell layers and,
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in the case of the tasiR-ARFs, such gradients have been detected [61]. If small RNAs
regulate their targets in a concentration-dependent manner, it is possible that these small
RNAs serve as morphogens in development.

Non-canonical functions of argonaute proteins
Most characterized eukaryotic organisms have an AGO gene family consisting of two or
more members with the paralogs assuming distinct binding preferences for different types of
small RNAs. Despite the functional divergence between AGO members, AGO proteins are
generally known to mediate the activities of the small RNAs that they are associated with.
However, recent studies in Arabidopsis uncovered a non-canonical function of AGO10, a
function that has strong developmental implications.

AGO10 is most closely related to AGO1 among the ten AGO proteins in Arabidopsis.
Phenotypes of loss-of-function ago10 mutants indicate a critical role of AGO10 in stem cell
regulation. While the shoot apical meristem (SAM), which harbors stem cells, continues to
generate organs to result in an elaborate shoot structure in wild type, in ago10 mutants, the
SAM terminates in a pin-like structure [63,64], suggesting that AGO10 is required for stem
cell maintenance in the SAM. In floral meristems, stem cells undergo programed
termination so that a fixed number of floral organs are produced. AGO10 promotes the
termination of stem cell maintenance in the floral meristems [65]. In both developmental
contexts, AGO10 exerts its functions through miR165/166 [65,66]. AGO10 binds many
miRNAs [65], but it has the highest preference for miR165/166 such that this miRNA
accounts for 90% of AGO10-associated miRNAs in vivo [66]. AGO10 also exhibits higher
affinity for miR165/166 than AGO1 [66]. Although AGO10 has miR165/166-guided slicer
activity in vitro, it does not mediate the activities of the miRNA in vivo [65,66]. On the
contrary, ago10 mutants have reduced expression of the type III HD-Zip genes, targets of
miR165/166 [65–67], suggesting that AGO10 negatively affects the activities of this
miRNA. These observations lead to the model that AGO10, which accumulates in a highly
restricted pattern in the SAM and organ primordia [63,64], sequesters miR165/166 from
AGO1, which is expressed ubiquitously [63], to prevent repression of miR165/166 targets in
the AGO10 expression domain (Figure 2).

Why is such a sequestration mechanism necessary? Is transcriptional restriction of
MIR165/166 expression not sufficient to limit miR165/166 activity spatially? One
speculation is that this has to do with the movement of miRNAs, which precludes
transcriptional regulation alone from establishing sharp boundaries of miRNA accumulation.
Perhaps sequestration of miRNAs in specific spatial domains together with regulated
transcription of MIR genes delineates sharp boundaries for miRNA activities (Figure 2).

Endogenous siRNAs in germ line specification and gamete formation
miRNAs and some endogenous siRNAs such as the tasiR-ARFs exert obvious development
functions. Heterochromatic siRNAs, which are thought to act mainly to maintain genome
stability by silencing repetitive sequences and transposable elements, are not known to have
developmental functions. Arabidopsis mutants that largely eliminate heterochromatic
siRNAs do not exhibit obvious developmental defects. Recent studies have changed this
view and uncovered an intriguing parallel between plant siRNAs and animal piRNAs in
germ line specification and gamete formation.

Unlike animals that set aside a germ line early during embryogenesis, plants specify their
germ line late in development in both the female and male reproductive organs. Within each
of the many developing ovules in Arabidopsis, one cell in the subepidermal layer becomes
the female archespore, or megaspore mother cell (MMC), which is the female germ line.
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The MMC undergoes meiosis to produce four spores, one of which undergoes three rounds
of mitosis to generate an eight-celled structure, the female gametophyte, with the egg being
one of the cells. Loss of function of AGO9, which encodes a member of the AGO4-clade
that associates with heterochromatic siRNAs, results in ovules with multiple MMCs [68,69].
In maize, loss of function of the AGO4-clade member ago104 causes defects in
chromosome condensation and chromosome segregation during meiosis of the MMC [70].
Therefore, heterochromatic siRNAs are probably required for proper female germ line
specification and gamete formation. However, the above-mentioned phenotypes of the
Arabidopsis and maize mutants are not fully penetrant, implying that additional mechanisms
are at work.

The redundant players may in part be ta-siRNAs. In Arabidopsis, mutants defective in ta-
siRNA biogenesis, such as rdr6 and sgs3, also exhibit partially penetrant female germ line
defects similar to ago9 mutants [69]. In rice and maize, an intriguing class of phasiRNAs
with strong accumulation in flowers has been discovered. Two miRNAs that are 22 nt in
length and conserved in rice and maize trigger the production of phasiRNAs from nearly
1000 genomic loci in rice [46]. One speculation is that the phasiRNAs promote germ line
specification or meiosis. A rice argonaute gene, MEL1, is specifically expressed in male and
female archesporal cells. The mel1 mutants exhibit meiosis defects [71], although it is not
known what small RNA species are bound by MEL1.

An intriguing parallel between endogenous siRNAs in plants and piRNAs in animals has
emerged. Both types of small RNAs guide sequence-specific DNA methylation in
transcriptional gene silencing. Both have roles in germ line specification or gamete
formation. It is still unknown whether the RNA-directed DNA methylation and the germ
line functions of the small RNAs are related.

Concluding remarks
miRNAs and certain endogenous siRNAs have long been known to impact developmental
patterning in plants. Recent studies have provided a glimpse of the strategies behind the
patterning roles of small RNAs. The ability to move between cells allows small RNAs to
form a gradient across a number of cell layers to potentially influence patterning in a
concentration-dependent manner. When such a gradient is undesirable, mechanisms that
inhibit the activities of small RNAs help enable their sharp spatial restriction. Recent studies
have also uncovered the massive production of phasiRNAs from numerous genomic loci in
many plant species and implicated these siRNAs and heterochromatic siRNAs in germ line
specification and/or meiosis. The intriguing parallel between endogenous siRNAs in plants
and piRNAs in animals suggests that a conserved and fundamental logic underlying germ
line development in eukaryotes awaits discovery.
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Highlights

• Small RNAs move cell-to-cell and systemically in plants

• Some plant miRNAs have the capacity to trigger the production of secondary
siRNAs to impact plant development

• AGO10 acts in plant development through sequence-specific small RNA
sequestration

• Heterochromatic siRNAs in plants and piRNAs in mammals silence
transposable elements by guiding DNA methylation

• Heterochromatic siRNAs in plants and piRNAs in animals impact germ line
specification and meiosis
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Figure 1.
Biogenesis of trans-acting siRNAs (ta-siRNAs). A miRISC cleaves the target transcript into
two fragments, one of which serves as a template for RNA-DEPENDENT RNA
POLYMERASE6 (RDR6) to generate double-stranded RNAs (dsRNAs). The dsRNAs are
diced into ta-siRNAs in a phased manner starting from the end defined by miRNA-guided
cleavage. Recent studies show that the commitment to ta-siRNA biogenesis occurs already
at the miRISC loading step. An asymmetric bulge (an unpaired nucleotide in one strand as
indicated by the protrusion) in the miRNA/miRNA* duplex somehow endows the miRNA
the capacity to generate ta-siRNAs.
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Figure 2.
AGO10 competes with AGO1 for binding to miR165/166 and sequesters the miRNA to
prevent it from acting on its targets in the AGO10 expression domain. The apex of an
Arabidopsis plant is diagrammed with the shoot apical meristem (SAM) in the center and
two emerging leaf primordia on the flanks. Early in development, the adaxial (top; light
blue) and abaxial (bottom; light green) sides of the leaf primordia are specified such that the
two sides differ in structures and morphology in the adult leaves. In the leaf primordia,
miR165/166 is enriched in the abaxial domain to restrict the expression of its target genes to
the adaxial domain. AGO10 is expressed in the adaxial domain of leaf primordia and in the
SAM (represented by the light blue regions), whereas AGO1 is ubiquitously expressed.
AGO10 competes with AGO1 for binding to miR165/166 to prevent it from repressing its
targets. This mechanism is probably necessitated by the fact that miR165/166 can potentially
move across a few cell layers (represented by the arrows) to enter into the adaxial domain
and the SAM; such that restriction of miR165/166 to the abaxial domain cannot be achieved
solely by transcriptional regulation.

Chen Page 14

Curr Opin Genet Dev. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


