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MicroRNAs (miRNAs) are small regulatory RNAs found in diverse eukaryotic lineages. In plants, a minority of annotated

MIRNA gene families are conserved between plant families, while the majority are family- or species-specific, suggesting

that most known MIRNA genes arose relatively recently in evolutionary time. Given the high proportion of young MIRNA

genes in plant species, new MIRNA families are likely spawned and then lost frequently. Unlike highly conserved, ancient

miRNAs, young miRNAs are often weakly expressed, processed imprecisely, lack targets, and display patterns of neutral

variation, suggesting that young MIRNA loci tend to evolve neutrally. Genome-wide analyses from several plant species

have revealed that variation in miRNA foldback expression, structure, processing efficiency, and miRNA size have resulted

in the unique functionality of MIRNA loci and resulting miRNAs. Additionally, some miRNAs have evolved specific properties

and functions that regulate other transcriptional or posttranscriptional silencing pathways. The evolution of miRNA

processing and functional diversity underscores the dynamic nature of miRNA-based regulation in complex regulatory

networks.

INTRODUCTION

MicroRNAs (miRNAs) are a class of small RNAs found in plants,

animals, and other diverse eukaryotes as well as a number of

DNA viruses. Plant miRNAs range in size from 20 to 24 nucle-

otides and mediate gene silencing at the posttranscriptional

level. Primary miRNA transcripts (pri-miRNAs) are generally RNA

polymerase II transcripts that contain imperfect, self-comple-

mentary foldback regions. In animals, the pri-miRNA transcript

is first processed by the RNase III domain–containing protein

Drosha in association with the RNA binding protein encoded by

DiGeorge syndrome Critical Region gene 8 (DGCR8), which

binds to the lower stem region ofMIRNA foldbacks (Carthew and

Sontheimer, 2009). An average animal pri-miRNA contains a 33-

bp stem with a terminal loop and two single-stranded flanking

regions (Winter et al., 2009). The double-stranded stem and

flanking regions are both important for DGCR8 binding and

subsequent Drosha cleavage;11 bp from the junction of single-

and double-stranded RNAs (Zeng and Cullen, 2005; Zeng et al.,

2005; Han et al., 2006; Kim et al., 2009). Processed miRNA

precursors (pre-miRNA) are exported from the nucleus and are

cleaved;22 bp from the Drosha processing site by the RNase III

domain–containing protein Dicer. By contrast, plants have no

Drosha homolog; rather, the plant Dicer homolog, DICER-LIKE1

(DCL1), orchestrates both processing events within the nucleus,

typically resulting in an ;21-nucleotide mature miRNA/miRNA

passenger strand (miRNA*) duplex with two-nucleotide 39 over-

hangs (Park et al., 2002; Reinhart et al., 2002; Xie et al., 2003;

Kurihara and Watanabe, 2004; Kurihara et al., 2006). The spe-

cifics of miRNA processing in plants are somewhat less well

understood. In the majority of cases, DCL1 first catalyzes cleav-

age of the foldback at the loop-distal side, and subsequently on

the loop-proximal side, of the miRNA/miRNA* region, in a se-

quential manner like that in animals (Kurihara and Watanabe,

2004). These processing events are aided by other proteins, in-

cluding the C2H2-zinc finger protein SERRATE (SE), the double-

stranded RNA binding protein HYPONASTIC LEAVES1 (HYL1),

and the RNA binding protein DAWDLE (Grigg et al., 2005; Kurihara

et al., 2006; Yang et al., 2006; Dong et al., 2008; Laubinger et al.,

2008; Yu et al., 2008; Szarzynska et al., 2009). After DCL1-

mediatedprocessing, the duplex is transported out of the nucleus,

where the miRNA strand is bound by an ARGONAUTE (AGO)

family protein. The miRNA “programs” the AGO protein to recog-

nize target transcripts with complementarity to the miRNA.

The majority of plant miRNAs associate with AGO1 and bind

target transcripts at highly complementary sites, usually one

per target (Baumberger and Baulcombe, 2005; Mi et al., 2008;

Cuperus et al., 2010a). In the majority of studied cases, targeting

leads to slicing of at least a fraction of total target RNAs (Addo-

Quaye et al., 2008; German et al., 2008; Mallory et al., 2008),

although it is clear that repression of targets involves both deg-

radative and nondegradative mechanisms (Voinnet, 2009). Ge-

netic evidence suggests that AGO10 also controls several miRNA

targets, although direct association with miRNAs has not been

demonstrated (Mallory and Vaucheret, 2010). Animal miRNAs

typically bind target transcripts at multiple sites with limited

complementarity and repress target mRNAs through repres-

sion of translation and promotion of transcript destabilization

through decapping and deadenylation pathways (Carthew and
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Sontheimer, 2009). miRNA target nodes are often part of larger

regulatory networks that control plant development, nutritional

responses, and other important processes. The importance of

miRNA-mediated regulation is evident by the severe pleiotro-

pic phenotypes in miRNA-deficient mutants (Park et al., 2002;

Reinhart et al., 2002; Jones-Rhoades and Bartel, 2004; Sunkar

and Zhu, 2004; Flynt and Lai, 2008).

This review focuses on recent literature that sheds new light on

the origins of plant MIRNA genes and on the diversification of

miRNA biogenesis and functionality.

EVOLUTION OF MIRNA GENES

Old and Young PlantMIRNA Families

The majority of miRNAs that were discovered in early studies of

Arabidopsis thaliana and rice (Oryza sativa) were from families

that are conserved between the two species (Llave et al., 2002;

Mette et al., 2002; Park et al., 2002; Reinhart et al., 2002; Jones-

Rhoades and Bartel, 2004; Sunkar and Zhu, 2004). miRNAs from

these loci were detected by low-depth cloning and sequencing

or by computational predictions of foldbacks and complemen-

tary target sequences. These techniques resulted in a bias for

detecting miRNA from abundantly expressed and ancient fam-

ilies (Axtell andBartel, 2005). Combinedwith numerous data sets

from high-throughput sequencing approaches, eight MIRNA

families have been identified in the common ancestor of all

embryophytes (Figure 1). The MIR396 family was present in the

common ancestor of all tracheophytes (vascular plants), while

the MIR397 and MIR398 families were acquired in the common

ancestor of all spermatophytes (seed plants; Figure 1). Ten fami-

lies are present in all angiosperm lineages, while all other families

displaymore restricted taxonomicdistributions.MIR828,MIR2111,

andMIR403 are eudicot-specific families, althoughMIR403may

be restricted to core eudicot lineages (Figure 1). MIR472 is

present in all core rosids, while MIR857 may be restricted to at

least a subset of the eurosid II clade. At least nine families likely

arose in the monocot lineage. Four of these are found in all

three grass families, and five were lost in one lineage (Figure 1).

Two additional family patterns suggest lineage-specific losses.

MIR529 and MIR536 were present in the common ancestor

of embryophytes but were lost in the common ancestors of

eudicots and tracheophytes, respectively (Figure 1). No MIRNA

families found in embryophyte plants have been found in the

unicellular green alga Chlamydomonas reinhardtii (Molnár et al.,

2007; Zhao et al., 2007). Despite this, two MIRNA annotated

families (MIR854 and MIR855) were reported as conserved

between the plant and animal lineages (Arteaga-Vázquez et al.,

2006). However, loci from these families lie in retrotransposons.

Analysis of deep sequencing data at these loci in Arabidopsis

have failed to validate these as bona fideMIRNA; rather, they are

loci that spawn heterogeneous, RNA-DEPENDENT RNA POLY-

MERASE2 (RDR2)/DCL3-dependent, 24-nucleotide short inter-

fering RNAs (siRNAs; Lu et al., 2006; Rajagopalan et al., 2006;

Fahlgren et al., 2007, 2010; Kasschau et al., 2007; Ma et al.,

2010). Current evidence, therefore, suggests that knownMIRNA

families in plants and animals arose independently.

Deep sequencing of A. thaliana small RNA populations re-

vealed that, in addition to MIRNA genes that are conserved

between at least two families (Figure 1), there are at least four

Figure 1. Deeply Conserved MIRNA Families.

MIRNA families (columns) that are conserved between plant families (rows) for plant species represented in miRBase release 16 (Griffiths-Jones et al.,

2008). Species- and family-specific MIRNA genes were omitted. Boxes are highlighted if aMIRNA family was identified in at least one species for each

of the plant families listed or if theMIRNA family could be identified in the National Center for Biotechnology Information EST or whole-genome shotgun

reads databases by BLAST (Altschul et al., 1997). Matches were identified asMIRNA if the sequences containing the putative mature miRNAs could be

folded, using RNAfold (Hofacker, 2003), into a stem-loop structure containing the miRNA in the stem. Plant families that may have lost aMIRNA family,

or where the family could not confidently be identified, are shaded gray. Groups of MIRNA families are highlighted different colors based on inferred

taxonomic range.
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times as many families that are not obviously conserved outside

of the Brassicaceae (Lu et al., 2006; Rajagopalan et al., 2006;

Fahlgren et al., 2007, 2010; Ma et al., 2010). A high proportion of

species-specific or nonconserved MIRNA genes were also ob-

served in Physcomitrella patens and Selaginella moellendorffii

(Axtell et al., 2007), rice (Heisel et al., 2008; Lu et al., 2008; Sunkar

et al., 2008; Zhu et al., 2008), Medicago truncatula (Szittya et al.,

2008; Lelandais-Brière et al., 2009), andGlycinemax (Subramanian

et al., 2008). Data from additional plant genomes indicate that the

majority of these are restricted to species or other subfamily line-

ages (www.mirbase.org; Griffiths-Jones et al., 2008). Given that a

large number of MIRNA families are species-specific or restricted

to closely related species, it is reasonable to suggest that plants

harbor relatively large numbers of recently spawnedMIRNA loci.

Origins of NewMIRNA Genes

How Are New MIRNA Genes Formed?

Early sequence similarity searches revealed that the foldback

arms of ath-MIR161, ath-MIR163, and ath-MIR822 (previously

referred to as ASRP1729) shared extended similarity (outside of

the miRNA/miRNA* regions) with their target genes (Allen et al.,

2004). The foldback arms aligned in an inverted orientation, with

the miRNA arm inverted relative to the target gene sequence.

These data suggested that inverted duplication events could

form self-complementary regions with the potential to spawn

MIRNA genes. Initial duplication events would result in loci

with perfect or near-perfect self-complementarity and produce

siRNAs (Allen et al., 2004). Indeed, it was demonstrated experi-

mentally that the ath-MIR822, ath-MIR839, and ath-MIR869

foldbacks are processed by DCL4, rather than DCL1, into

miRNA-like siRNAs (Rajagopalan et al., 2006; Ben Amor et al.,

2009). TheseMIRNA genes formed by an inverted duplication of

a DC1 domain gene (MIR822), a P-glycoprotein gene (MIR839),

or a SU(VAR)3-9 homolog gene (MIR869; Allen et al., 2004;

Fahlgren et al., 2007, 2010) and thus represent good examples of

young, transitionalMIRNA genes. Over time, the accumulation of

mutations in the foldback arms could result in an affinity for the

miRNA biogenesis machinery and decreased similarity between

the extended foldback arms and the locus of origin (Allen et al.,

2004). Coupled with the coevolution of one or more target tran-

scripts, a productive miRNA target node may arise and, in rare in-

stances, be incorporated into new or existing regulatory networks.

Further evidence for the recent origin of some MIRNA genes

was found by global analysis of genomic or transcript sequences

with extensive similarity toMIRNA loci in A. thaliana, Arabidopsis

lyrata, and P. patens (Rajagopalan et al., 2006; Axtell et al., 2007;

Fahlgren et al., 2007, 2010; de Felippes et al., 2008). Twenty-

seven and 18MIRNA loci inA. thaliana andA. lyrata, respectively,

contained sequence similarity with a putative locus of origin

elsewhere in their respective genomes, with a large proportion of

these in A. thaliana originating through duplications of tran-

scribed, protein-coding gene sequences (Rajagopalan et al.,

2006; Axtell et al., 2007; Fahlgren et al., 2007, 2010; de Felippes

et al., 2008). However, other configurations were also detected.

For someMIRNA, both arms of the foldback align to the putative

foldback-originating locus in the same orientation or align to

separate regions rather than one region, suggesting that a

duplication event occurred at the originating locus before the

duplication event that formed the MIRNA (Rajagopalan et al.,

2006; Fahlgren et al., 2010).

Despite the large number of young A. thaliana and A. lyrata

MIRNA genes with sequence identity to putative loci of ori-

gin, over half possess no identifiable MIRNA-related locus (de

Felippes et al., 2008; Fahlgren et al., 2010). Where did these

MIRNA loci come from?Conceivably, some of the originating loci

were lost or rapidly diverged. For example,MIR161,MIR472, and

MIR822 had significant matches with other loci in A. thaliana but

not in A. lyrata, whileMIR859 had a significant match in A. lyrata

but not in A. thaliana (Fahlgren et al., 2010). On the other hand,

any inverted duplication in a plant genome could be the starting

point for a new MIRNA. Jones-Rhoades and Bartel (2004)

identified 133,864 and 410,167 imperfect inverted repeats in

the genomes of A. thaliana and rice, respectively. One source of

inverted repeats are nonautonomous transposons that contain

flanking terminal inverted repeats but that lack the internal

sequences encoding genes required for transposition (miniature

inverted-repeat transposable elements; Bureau and Wessler,

1992, 1994). A miniature inverted-repeat transposable element

locus may have been the source of ath-MIR1888, which requires

DCL1 for biogenesis but which also has similarity to a number

of small inverted repeats that generate DCL3-dependent 24-

nucleotide siRNAs (German et al., 2008). Several additional A.

thaliana and rice miRNAs were proposed to be derived from

transposable elements (Piriyapongsa and Jordan, 2008), al-

though many of these are not bona fide MIRNA genes (see

miR854 and miR855 above; Axtell and Bowman, 2008; Meyers

et al., 2008). While the transposon origin model is plausible,

transitionary (young) loci may be difficult to identify due to

the intersection of miRNA and siRNA pathways at these loci

(Chellappan et al., 2010).

A final possibility for the origin of youngMIRNA genes that lack

detectable MIRNA-related loci is that they were not formed by

duplication events. Instead, new MIRNA genes could form

through the accumulation of mutations within inverted repeats

(de Felippes et al., 2008). If expressed, selection could conceiv-

ably act on mutations that modify miRNA processing efficiency

and alter the affinity of the de novo–generatedmiRNA for a target

if there were effects on existing regulatory networks.

What Is the Rate at Which MIRNA Genes Are Formed

or Lost?

The abundance of species- or lineage-specific MIRNA fami-

lies suggests that MIRNA genes are born and lost at a high

frequency. The recent high-quality assembly of the A. lyrata

genome (http://genome.jgi-psf.org/Araly1/Araly1.home.html) al-

lowed for a thorough analysis of the shared and unique MIRNA

contents of the A. thaliana and A. lyrata genomes (Fahlgren et al.,

2010; Ma et al., 2010), providing the basis for the first MIRNA

flux estimates. There are 102 and 116 identified MIRNA families

in A. thaliana and A. lyrata, respectively, with 78 families shared

between the two (www.mirbase.org; Griffiths-Jones et al., 2008;

Fahlgren et al., 2010; Ma et al., 2010). Although the majority of

MIRNA families are conserved between the two species, 24 to
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33% of the families were gained or lost by A. thaliana or A. lyrata

since they diverged ;10 million years ago (Koch et al., 2000;

Wright et al., 2002; Ossowski et al., 2010). Additionally, prelim-

inary mining of the Capsella rubella genome and small RNA

sequencing data identified 43 and 42MIRNA families conserved

with A. thaliana or A. lyrata, respectively (Fahlgren et al., 2010).

Given that C. rubella diverged from the Arabidopsis lineage;20

million years ago (Koch et al., 2000;Wright et al., 2002; Ossowski

et al., 2010), and allowing for errors in identifying MIRNA in the

incomplete C. rubella genome, the net rate of flux (birth–death)

forMIRNA genes in the Arabidopsis lineage was estimated to be

from 1.2 to 3.3 genes permillion years (Fahlgren et al., 2010). This

estimate overlaps the 0.8 to 1.6 genes per million years esti-

mated for the Drosophila lineage MIRNA flux rate (Berezikov

et al., 2010).

Is the Formation of New MIRNA Genes a Selective or

Neutral Process?

Young MIRNA genes formed by duplications of transcribed

regions could yield miRNAs, or siRNAs, that have the potential

to perturb existing regulatory networks. However, evidence from

several plant species suggests that the vast majority of young

miRNAs have few, if any, functions. First, whereas ;45% of A.

thaliana targets for conserved miRNAs increase in abundance in

multiple mutants with miRNA pathway defects (hyl1, hst, dcl1,

hen1, and ago1; Allen et al., 2005; Ronemus et al., 2006), levels

of target transcripts for nonconserved miRNAs are largely un-

affected in miRNA biogenesis mutants, suggesting that most

young miRNAs are not integrated into regulatory networks

(Fahlgren et al., 2007). Alternatively, young miRNAs could func-

tion in restricted spatiotemporal patterns, in response to specific

biotic or abiotic queues, or in targetingmodes that do not result in

target RNA degradation. Target conservation patterns between

A. thaliana and A. lyrata also support a neutral regulatory role for

most young miRNAs in these species. For MIRNA families

conserved with non-Brassicaceae species, prediction and val-

idation of miRNA targets were highly reliable and consistent

between species (Ma et al., 2010). By contrast, target prediction

and validation for miRNAs conserved between A. thaliana and

A. lyrata, but not other plant families, were limited and highly

species-specific (Ma et al., 2010). This supports the earlier

finding that most young miRNAs in A. thaliana have few bona

fide targets (Rajagopalan et al., 2006; Fahlgren et al., 2007).

Second, the abundance of conserved miRNAs, as a group,

is substantially higher than the abundance of nonconserved

miRNAs. Deeply conserved miRNAs consistently are sequenced

at a higher frequency and cumulatively make up a larger portion

of the total reads from all MIRNA families (Rajagopalan et al.,

2006; Axtell, 2008; Ma et al., 2010). By contrast, Arabidopsis-

specific miRNAs are generally less abundant and often ex-

pressed in only one of the two species (Ma et al., 2010). Data from

a recent study that profiledMIRNA transcripts in miRNA biogen-

esis mutants and under stress conditions suggest that this bias

is also present at the primary MIRNA transcript level (Laubinger

et al., 2010). Over 90%of the families ofMIRNA genes conserved

between plant families had at least one member that was

detectable at moderate to high levels, while less than half of

the Brassicaceae-specific MIRNA families accumulated to the

same levels (Laubinger et al., 2010). This could be the result of

highly specific expression patterns in cells, tissues, or conditions

that have not been studied. Alternatively, the majority of young

MIRNA genes may lack regulatory elements that confer robust

expression. The duplication that formed MIR163 was found to

contain part of the promoter sequence of the originating target

gene family (Wang et al., 2006), but similar patterns have not

been reported for other young MIRNA genes. In addition to

expression, young MIRNA genes are also processed less pre-

cisely. Those apparent transitional MIRNA families with tran-

scripts that are processed by DCL4 exhibit the most striking

examples of imprecise processing (see above; Rajagopalan

et al., 2006), but processing precision is generally low for

Brassicaceae-restricted MIRNA transcripts (Vazquez et al.,

2008; Ma et al., 2010). Weak expression coupled with variable

processing may partly explain the lack of experimental support

for the majority of young MIRNA genes.

Finally, nucleotide divergence patterns between orthologous

MIRNA genes in A. thaliana and A. lyrata are consistent with

neutral evolution. For Arabidopsis MIRNA families conserved

with non-Brassicaceae species, nucleotide divergence was

highest in the loop and loop-distal stem regions and lowest in

the miRNA and miRNA* regions (Ehrenreich and Purugganan,

2008; Warthmann et al., 2008; Fahlgren et al., 2010; Ma et al.,

2010). Low divergence in the miRNA region likely reflects puri-

fying selection to maintain complementarity between the mature

miRNA and target RNAs, while the low divergence in the miRNA*

region likely reflects purifying selection to maintain base pairing

with the constrained miRNAs. By contrast, nucleotide diver-

gence was much more uniform across the foldbacks of MIRNA

genes not conserved with non-Brassicaceae species (Fahlgren

et al., 2010; Ma et al., 2010). Although the pairwise differences

were somewhat lower in the miRNA and miRNA* regions, diver-

gence was significantly higher than that found for the deeply

conservedMIRNA families (Fahlgren et al., 2010;Ma et al., 2010).

While some young MIRNA genes may experience strong selec-

tion, these data suggest that selection is weak or neutral for the

majority of these loci.

In contrast to deeply conserved MIRNA families, most young

MIRNA genes are weakly expressed, processed imprecisely,

more divergent, and tend to lack targets, suggesting that they

may be evolving neutrally. The lack of verifiable targets may be

due to the low accumulation and imprecise generation of mature

miRNAs. For instance, imprecise excision of the mature miRNAs

could result in functionally variable, or inert, miRNAs, as the

miRNA sequence is important for selection of themiRNA over the

miRNA* and sorting into functional AGO complexes (Mi et al.,

2008; Montgomery et al., 2008a; Eamens et al., 2009; Ebhardt

et al., 2010). Alternatively, young miRNAs could function primar-

ily through nondegradative mechanisms that cannot be assayed

by measuring target transcript abundance (Brodersen et al.,

2008; Lanet et al., 2009). While this cannot be ruled out, it is

difficult to explain why such a preference would exist. Addition-

ally, the higher degree of nucleotide divergence observed for

young MIRNA orthologs and the observed birth–death rate for

Arabidopsis MIRNA support the idea that most are neutrally

evolving, evolutionarily transient loci. New loci would have little
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detrimental impact on existing regulatory networks but could

be sources of novel regulatory variations that are captured

into networks on relatively rare occasions. The Brassicaceae-

specific MIR824 may be such an example. miR824-guided

cleavage of AGAMOUS-LIKE16 transcripts functions in a sto-

matal patterning developmental network (Kutter et al., 2007),

and population variation at the ath-MIR824 locus shows sig-

nificant departure from neutrality (de Meaux et al., 2008).

CONSERVATION AND DIVERSIFICATION OF

miRNA PROCESSING

The transition of a young MIRNA locus from a nascent duplica-

tion product to one yielding a transcript that is recognized by the

canonical MIRNA foldback processing machinery (involving

DCL1, HYL1, or SE; Voinnet, 2009) presumably involves neutral

mutations. It is clear that plantMIRNA foldbacks can qualify over

a range of structures, as foldback sequence lengths in many

species vary between less than 100 to over 900 nucleotides in

length. This is in striking contrast to animal species foldback

lengths, which are highly uniform and predominantly less than

100 nucleotides (Figure 2A). Several recent studies of P. patens

and A. thaliana MIRNA have shed light on plant miRNA process-

ing mechanisms. In this section, the “criteria” that qualify a

transcript for miRNA processing in plants are discussed.

MIRNA Foldback Recognition Features

Several recent studies revealed two structural features that

confer optimized foldback processing characteristics. One fea-

ture was identified in mutants with defects in ath-MIR390a,

ath-MIR172a, ath-MIR171a, ath-MIR167a, ath-MIR164c, and

ath-MIR398a, with substitutions affecting the region 1 to 8 bp

below the miRNA/miRNA* duplex and resulting in reduced or

inaccurate miRNA accumulation (Cuperus et al., 2010b; Mateos

et al., 2010; Song et al., 2010; Werner et al., 2010). For compar-

ison, single nucleotide mutations in the loop-proximal region in

many cases were considerably less deleterious, or had no effect,

on miRNA accumulation (Mateos et al., 2010; Song et al., 2010;

Werner et al., 2010). Mutations in the region below the miRNA/

miRNA* duplex that maintained wild-type structure were gener-

ally neutral, while mutations that opened or closed predicted

bulges reduced the accumulation or altered the processing of the

maturemiRNAs (Cuperus et al., 2010b;Mateos et al., 2010; Song

et al., 2010; Werner et al., 2010). In plant MIRNA foldbacks, this

region is characterized by relatively weak base pairing, with a

high number of one- to three-nucleotide bulges (Figure 2B). In the

case of MIR390a and MIR390b, which specify the identical

miR390 sequence, natural variation in the strength of base-

pairing in this region may account for differences in miR390

expression from each locus (Cuperus et al., 2010b). Additionally,

the ath-mir390a-1 point mutation, which reduces miR390 accu-

mulation and processing accuracy, is predicted to lead to

enhanced base-pairing in the region just below the miR390/

miR390* region (Cuperus et al., 2010b). Weak or flexible base-

pairing within the loop-distal region of the foldback may be

necessary for efficient miRNA processing in plants, although this

may not be the case in animals (Figure 2B).

Genetic analyses suggested that positioning of the initial DCL1

processing event was dependent on a stem length equivalent to

;15 bp below the miRNA/miRNA* duplex (Mateos et al., 2010;

Song et al., 2010;Werner et al., 2010). Foldbacks fromA. thaliana

(Mateos et al., 2010; Song et al., 2010; Werner et al., 2010) and

several additional plant species (Figure 2C) tend to have large

loops, or terminate at;15 bp below the miRNA/miRNA* region,

and this characteristic appears important for optimal processing.

Drosophila melanogaster MIRNA foldbacks are strongly charac-

terized by loss of base pairing at ;11 bp below the miRNA/

miRNA* region (Figure 2C), and this confers recognition by the

RNA binding protein DGCR8, which then positions the initial

cleavage events by Drosha (Sashital and Doudna, 2010). Inter-

action between HYL1 and DCL1 is required for accurate pro-

cessing of pri-miRNAs and pre-miRNAs (Dong et al., 2008). HYL1

may assist in positioning DCL1 for the initial processing step,

although direct evidence for how this occurs is lacking.

Although loop-distal processing occurs first during miRNA

maturation of most foldbacks in plants and animals, alternative

primary processing events have been characterized (Okamura

et al., 2007; Ruby et al., 2007; Addo-Quaye et al., 2009; Bologna

et al., 2009; Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al.,

2010). TheMIR159/MIR319 family of foldbacks is processed first

by DCL1 on the loop-proximal side of the stem, and this is a

deeply conserved property of the family (Addo-Quaye et al.,

2009; Bologna et al., 2009). In fact, two small RNAs are pro-

cessed from MIR159/MIR319 family members, a loop-proximal

small RNA and mature miR159/miR319, which are separated by

20 to 30 bp (Bologna et al., 2009; Figure 2D). Both mature

miR319 and the loop-proximal small RNA are sensitive to hyl1

mutations (Bologna et al., 2009), suggesting that they depend on

similar processing recognition mechanisms.

Conserved Size Variation in Mature miRNAs

Cis-features of the foldback convey information to accurately

position the first DCL1 processing events. The positioning of the

second processing step to release the miRNA/miRNA* duplex

from the foldback precursor is determined by the “molecular

ruler” property of DCL1 (Sashital and Doudna, 2010). The PAZ

domain binds to the two-nucleotide 39 overhang that forms on

the precursor after the initial processing events. The RNA duplex

lays along the Dicer surface. The RNaseIII domains are posi-

tioned at a distance equivalent to;21 bp away from the position

of the bound end. Most plant foldbacks yield a dominant mature

miRNA species, although most or all produce some positional

and size variants of the miRNA and miRNA* sequences. These

likely reflect misprocessing events at the first and/or second

DCL1-catalyzed step. Themajority ofmiRNAs are 21 nucleotides

long, but several families in A. thaliana and rice accumulate

abundant 22-nucleotide miRNAs (Johnson et al., 2009; Chen

et al., 2010; Cuperus et al., 2010a). Accumulation of these

miRNAs is dependent on DCL1, and not DCL2, which generates

22-nucleotide siRNAs from long double-stranded RNA (Park

et al., 2002; Gasciolli et al., 2005; Xie et al., 2005; Bouché et al.,

2006; Deleris et al., 2006; Lu et al., 2006; Montgomery et al.,

2008b; Cuperus et al., 2010a). In themajority of cases, foldbacks

that generate 22-nucleotide miRNAs contain a single asymmetric,
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Figure 2. miRNA Processing in Plants.

In the box plots shown in (A) and (B), boxes represent the 25th to 75th percentiles of the data range, and whiskers encompass the most extreme points
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nonpaired nucleotide on the miRNA side of the duplex. Indeed,

removal of the asymmetric bulged nucleotide leads to the forma-

tion of 21-nucleotide miRNAs, and introduction of an asymmetric

bulged nucleotide leads to the formation of 22-nucleotide forms

(Chen et al., 2010; Cuperus et al., 2010a). Assuming that the

asymmetric bulge does not extend the length of the helix, this

explains most of the longer, 22-nucleotide miRNAs. The MIR163

family is an extreme example of miRNA size variation. In A.

thaliana, three bulged nucleotides result in a 24-nucleotidemature

miRNA, while the A. lyrata locus only has two bulges and yields a

23-nucleotide miRNA (Griffiths-Jones et al., 2008; Fahlgren et al.,

2010). Functional consequences of miRNA size variation are

discussed below.

FUNCTIONAL DIVERSIFICATION OF miRNA IN PLANTS

In addition to the repression of target mRNAs, some miRNAs

have other specialized functions or confer unique properties to

miRNA–AGO complexes.

miRNA-Triggered Production of 21-Nucleotide siRNAs

Trans-acting siRNAs (tasiRNAs) are RDR6- and DCL4-depen-

dent products of a refined RNA interference pathway, and they

function as repressors on specific, coevolved target mRNAs

(Allen and Howell, 2010). TasiRNAs accumulate among arrays of

siRNAs formed from noncoding RNA transcripts from TAS loci.

The siRNA arrays form in phase, or in register, with the site of

precise miRNA-guided cleavage of the primary TAS transcript

(Allen et al., 2005; Axtell et al., 2006; Rajagopalan et al., 2006;

Montgomery et al., 2008a). Phasing of TAS1/TAS2, TAS3, and

TAS4 tasiRNAs is set by cleavage guided by miR173–AGO1,

miR390–AGO7, and miR828–AGO1 complexes, respectively

(Allen et al., 2005; Axtell et al., 2006; Rajagopalan et al., 2006;

Montgomery et al., 2008a, 2008b). Thus, miR173, miR390, and

miR828 function as activators, rather than repressors, of a siRNA

pathway. The involvement of these miRNAs in tasiRNA biogen-

esis is a specialized function, as most plant miRNAs, at least

those associated with AGO1, cannot effectively substitute in

these pathways (Montgomery et al., 2008a, 2008b). A unique

property of miR390 is its association with AGO7, which has

extremely high specificity formiR390 (Montgomery et al., 2008a).

miR390 is excluded from AGO1 due to the presence of a 59
adenosine, as AGO1 has a strong preference for miRNAs with a

59 uridine (Mi et al., 2008; Montgomery et al., 2008a). miR390–

AGO7 complexes associate with TAS3 transcripts at two sites,

only one of which is sliced (Axtell et al., 2006; Howell et al., 2007).

Interaction of miR390–AGO7 at the noncleaved site is postulated

to mark the transcript for recruitment of RDR6 (Montgomery

et al., 2008a). Both TAS3 and miR390 are deeply conserved in

plants, although in P. patens, both miR390 target sites are

cleaved (Arazi et al., 2005; Axtell et al., 2006). In contrast to TAS3,

TAS1/TAS2 and TAS4 transcripts are targeted and sliced at only

one site (Allen et al., 2005; Rajagopalan et al., 2006). While

substitution of the miR173 target site of TAS1 with other AGO1-

associating miRNA target sites leads to cleavage, no TAS1

tasiRNAs are generated (Montgomery et al., 2008b). The only

requirement for siRNA generation in the case of TAS1 is the

presence of amiR173 target site. Addition of amiR173 target site

to an unrelated mRNA-generating locus results in siRNA for-

mation (Montgomery et al., 2008b). Interestingly, miR173 and

miR828 are both 22 nucleotides long, rather than the more

common 21-nucleotide length. Twenty-one-nucleotide versions

of miR173 and miR828 guide the cleavage of target RNA but do

not trigger the production of siRNA (Chen et al., 2010; Cuperus

et al., 2010a).

In addition to tasiRNA from evolved noncoding loci, some

miRNA-targeted mRNAs yield secondary siRNAs (Axtell et al.,

2006; Ronemus et al., 2006; Howell et al., 2007;Chen et al., 2010;

Cuperus et al., 2010a; Zheng et al., 2010). Some of thesemRNAs

produce phased RDR6/DCL4-dependent, 21-nucleotide siRNAs

like TAS transcripts (Axtell et al., 2006; Chen et al., 2007, 2010;

Howell et al., 2007; Cuperus et al., 2010b). In some cases,

targeting of transcripts by miRNAs at multiple sites, or in com-

bination with tasiRNAs, may trigger secondary siRNA formation

(Axtell et al., 2006). In other cases, generation of secondary

siRNAs is triggered by a single miRNA-targeting event, and

removal or substitution of these target sitesmay result in a loss of

siRNAs (Allen et al., 2005; Axtell et al., 2006; Ronemus et al.,

2006; Howell et al., 2007; Vaucheret, 2009). Routing of miRNA-

targeted transcripts into secondary siRNA-generating pathways

appears to be regulated, as only;20% of miRNAs or tasiRNA-

targeted transcripts yield secondary siRNAs (Cuperus et al.,

2010a). As with TAS1/TAS2 and TAS4 tasiRNAs, siRNA from

these protein-coding transcripts is frequently associated with

Figure 2. (continued).

that are no more than 1.5 times the interquartile range from the box.

(A) Predicted length of MIRNA foldbacks in plants and animals.

(B) Entropy of MIRNA foldbacks from five distinct regions. A foldback diagram (right) marks the locations of the five regions: I, 59 arm, loop-distal; II,

miRNA; III, loop, 59 and 39 arms, loop-proximal; IV, miRNA*; V, 39 arm, loop-distal. Entropy was calculated per base using the program RNAfold

(Hofacker, 2003). The lengths of regions I and V were either 17 and 19 nucleotides, respectively, for plants or 11 and 13 nucleotides, respectively, for

Caenorhabditis elegans based on predicted differences in plant and animal miRNA processing from the foldback base.

(C) Distribution of large loops (three or more nucleotides [nt]) or ends of helices for foldbacks from 24 deeply conserved MIRNA families in five plant

species. Both individual species and combined species data are shown (mean relative levels 6 SE). The 17/15-nucleotide region shows an enrichment

of loops or helix ends in all plants shown, whileDrosophila melanogaster large loops or helix ends are enriched at 13/11 nucleotides. The combined plant

bar graph is overlaid with the cumulative number of predicted intact foldbacks remaining beyond each position.

(D) Illustration of cis-elements involved in animal and plant miRNA foldback processing. Boldface numbers represent initial and secondary processing

sites leading to mature small RNAs.
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22-nucleotide triggers in both Arabidopsis and rice (Johnson

et al., 2009; Chen et al., 2010; Cuperus et al., 2010a). In rice,

miR2118 mediates the recruitment of 21-nucleotide secondary

siRNA-generating machinery, but miR2775-targeted transcripts

generate 24-nucleotide siRNAs (Johnson et al., 2009). The

function of 24-nucleotide secondary siRNAs is not clear, but

similar 24-nucleotide phased siRNAs were also found in Brachy-

podium distachyon (International Brachypodium Initiative, 2010).

Most 22-nucleotide miRNAs associate with AGO1, suggesting

that 21- and 22-nucleotide miRNA–AGO1 complexes are func-

tionally distinct (Chen et al., 2010; Cuperus et al., 2010a). The

mechanisms underlying this distinction are not yet known, al-

though it was postulated that miRNA size affects an AGO1

functional state that mediates the recruitment, either directly or

indirectly, of RDR6 (Chen et al., 2010; Cuperus et al., 2010a).

miRNA-Directed DNAMethylation

A subset of miRNA variants preferentially associate with AGO

proteins involved in RNA-directed DNA methylation (Law and

Jacobsen, 2010). InA. thaliana, AGO4, AGO6, and AGO9 typically

associate with 24-nucleotide siRNAs containing a 59 adenosine
and use these siRNAs as guides to direct themethylation of target

loci DNA (Qi et al., 2006; Mi et al., 2008; Havecker et al., 2010).

Twenty-four-nucleotide siRNAs are generated by DCL3 from

double-stranded RNAs produced through the activities of RDR2-

and DNA-dependent RNA polymerase IV (Law and Jacobsen,

2010). AGO4–siRNA complexes may interact with targets through

interaction with noncoding transcripts generated by a second

plant-specific nuclear RNA polymerase, polymerase V (Wierzbicki

et al., 2009). In rice, DCL3a also processes multiple MIRNA

foldbacks, yielding 24-nucleotide, miRNA-like siRNAs (Wu et al.,

2010). While biogenesis of these small RNAs is DCL3-dependent,

some loci require initial processing by DCL1a and lead to the

production of both 21- and 24-nucleotide small RNAs. In contrast

to 21-nucleotide miRNA variants, the 24-nucleotide miRNA-like

siRNAs preferentially associate with rice AGO4a and AGO4b, and

like 24-nucleotide siRNAs, they can guide themethylation of target

DNAs (Wu et al., 2010). Similarly, 23- to 27-nucleotide DCL3-

dependent small RNAs that preferentially associate with AGO4

and direct methylation, and that originate from miRNA foldbacks,

were identified inA. thaliana (Chellappan et al., 2010). Studies inP.

patens also link miRNAs to transcriptional gene silencing through

DNA methylation, as mutants with increased levels of miRNA

target RNA duplexes exhibit elevated DNA methylation levels at

the target locus (Khraiwesh et al., 2010). It is clear, therefore, that

miRNA and miRNA–AGO complexes have evolved functions that

are distinct fromcanonicalmRNA repressionand thatmiRNAs can

function through crosstalk with both posttranscriptional and tran-

scriptional silencing pathways (Figure 3).

CONCLUSIONS AND FUTURE PROSPECTS

The rapidly growing collection of plant genomes and advances

in high-throughput small RNA sequencing have enhanced

our understanding of the evolution of MIRNA genes and their

functions. High-throughput sequencing has been particularly

informative in showing that most MIRNA families are lineage-

restricted or species-specific. Deeply conservedMIRNA families

are integral components of functional regulatory networks that

orchestrate development, nutritional responses, stress re-

sponses, and other processes. By contrast, the young MIRNA

genes, as a group, appear to be evolving neutrally and are prone

to be lost over short evolutionary periods. Given that a large

proportion of new MIRNA genes are formed by duplication

events, are there conditions or genome evolution processes

that favor the formation of newMIRNA genes? In A. thaliana, the

youngest MIRNA genes were found in genomic regions that

lacked orthologous positions in A. lyrata. Additionally, there was

aweak association between the youngestA. thalianaMIRNA and

the presence of flanking transposable elements, suggesting that

some MIRNA-forming duplication events may be mediated by

transposition or recombination events involving repetitive DNA

(Fahlgren et al., 2010). Further research will be needed to un-

derstand transposition and recombination events that yield na-

scent MIRNA loci.

Figure 3. Functional Crosstalk of the miRNA Pathway in Plants.

Plant miRNA functions include repression of targets, triggering of siRNAs from targets, and triggering of RNA-directed DNAmethylation. Pathways A, B,

and E have been described in monocots, eudicots, and bryophytes, pathway C in monocots and eudicots, and pathway D only in monocots. nt,

Nucleotides.
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Does miRNA processing heterogeneity, or differential process-

ing activity during development, represent a biologically relevant

regulatory mechanism? Differential processing of miRNAs is well

established in animals, but few examples have been demon-

strated in plants (Newman and Hammond, 2010). Maize (Zea

mays) zma-MIR166a transcripts accumulate in the tip of the

shoot apical meristem, but no mature miR166 was detected

by in situ hybridization (Nogueira et al., 2009). A. thaliana ath-

MIR172b transcripts were detected in wild-type inflorescence

tissues but not in seedlings, even though transcripts were de-

tected in both tissues in dcl1 mutant plants (Laubinger et al.,

2010). These examples suggest that processing efficiency may

be modulated in a tissue- or precursor-specific manner. Further

work is needed to understand the prevalence of differential or

allele-specific processing and how this would be regulated.

Some miRNAs possess specialized features that trigger the

production of secondary siRNAs from protein-coding tran-

scripts. What is the biological role of these siRNAs? Secondary

siRNAs might reinforce the silencing of transcripts from the

miRNA target locus or conceivably expand the range of target

repression to related family members that interact with the

siRNAs. For example, targeting of members of the pentatrico-

peptide repeat (PPR) family by several miRNAs and tasiRNAs in

A. thaliana triggers the production of secondary siRNAs with the

theoretical potential to target other PPR transcripts in trans,

although compelling evidence for the activity of the secondary

siRNAs is lacking (Axtell et al., 2006; Chen et al., 2007; Howell

et al., 2007; Addo-Quaye et al., 2008). Another fascinating

possibility is that secondary siRNAs might function as non-cell-

autonomous signals to form regulatory gradients or to silence

transcripts or loci at distal sites (Chitwood et al., 2009; de

Felippes et al., 2010; Dunoyer et al., 2010; Molnar et al., 2010).

Finally, additional diversified functions of miRNAs will likely

emerge from studies of diverse plants. In-depth analyses of rice

and Arabidopsis species have already revealed distinct flavors

of miRNAs, effector pathways, and crosstalk between silencing

pathways. As additional plant lineages are explored, novel in-

novations involving miRNAs will likely become apparent. Further

analyses in diverse species should also illuminate how the

evolution of MIRNA genes impacts the evolution of regulatory

networks.

Received December 23, 2010; revised January 15, 2011; accepted

January 19, 2011; published February 11, 2011.

REFERENCES

Addo-Quaye, C., Eshoo, T.W., Bartel, D.P., and Axtell, M.J. (2008).

Endogenous siRNA and miRNA targets identified by sequencing of

the Arabidopsis degradome. Curr. Biol. 18: 758–762.

Addo-Quaye, C., Snyder, J.A., Park, Y.B., Li, Y.F., Sunkar, R., and

Axtell, M.J. (2009). Sliced microRNA targets and precise loop-first

processing of MIR319 hairpins revealed by analysis of the Physcomi-

trella patens degradome. RNA 15: 2112–2121.

Allen, E., and Howell, M.D. (2010). miRNAs in the biogenesis of trans-

acting siRNAs in higher plants. Semin. Cell Dev. Biol. 21: 798–804.

Allen, E., Xie, Z., Gustafson, A.M., and Carrington, J.C. (2005).

microRNA-directed phasing during trans-acting siRNA biogenesis in

plants. Cell 121: 207–221.

Allen, E., Xie, Z., Gustafson, A.M., Sung, G.H., Spatafora, J.W., and

Carrington, J.C. (2004). Evolution of microRNA genes by inverted

duplication of target gene sequences in Arabidopsis thaliana. Nat.

Genet. 36: 1282–1290.

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z.,
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