
Genome expansion in higher plants, animals and other 
multicellular eukaryotes is partially attributed to an 
increased capacity for the spatiotemporal control of 
gene expression that is required for development1,2. 
Throughout evolution, protein components of transcrip-
tional, post-transcriptional and post-translational regula-
tory pathways have proliferated, expanding the potential 
for regulatory specificity. Proteins that are involved in 
transcription, for example, represent as much as 10% 
of the coding sequence in the genomes of metazoans1.  
By contrast, specificity for RNA-mediated silencing-
based regulation is conferred by small RNA guides (for 
example, microRNAs (miRNAs), small interfering RNAs 
(siRNAs) and Piwi-interacting RNAs (piRNAs)) that 
are generated through distinct biogenesis pathways and 
function with specialized effector proteins (members 
of the Argonaute (AGO)–Piwi family). Therefore, the 
evolution of the RNA-mediated silencing mechanism 
as a regulatory device in multicellular organisms has 
involved a proliferation of small RNA biogenesis and 
effector proteins, and the de novo formation, prolifera-
tion and refinement of small RNA guides. How have the 
core biogenesis and effector modules proliferated and 
specialized to generate diverse regulatory pathways? 
How have new specificities emerged, and how has RNA 
silencing been integrated into regulatory networks? 

Here, we review the diverse functions of the basic 
RNA silencing modules, focusing on three areas in 
which regulatory proliferation and functional special-
ization has occurred: diversification and specialization 
of small-RNA-processing factors, proliferation and spe-
cialization of effectors, and de novo evolution of small 
RNA regulators. Although much of the evidence dis-
cussed here refers to plant systems, in which the diversity 

and genome-wide deployment of silencing mechanisms 
is high, it also includes a broader perspective from other 
systems. We focus primarily on endogenous regulatory 
pathways, with only brief discussions of antiviral silenc-
ing mechanisms in cases in which they are of particular 
relevance to the central topic of this Review.

Diversity of small RNA pathways
Early studies of transgene-induced RNA-silencing 
phenomena, particularly in plants, revealed puzzling 
differences in the molecular and epigenetic properties 
that are associated with silencing in distinct individuals3.  
In some cases, silencing was associated with DNA  
methylation of promoter regions and transcriptional 
repression whereas, in other cases, it was associated 
with high levels of transcription of targeted loci but low 
stability of the resulting transcripts. In retrospect, it is 
obvious that many of these differences resulted from the 
entry of trigger loci or transcripts into distinct silenc-
ing pathways that evolved through proliferation and  
specialization of a basic set of modules4,5. The core mech-
anism, as revealed through pioneering studies in worms, 
flies, plants and other eukaryotic models, is triggered by 
perfect or near-perfect dsRNA that is processed into 
small RNA duplexes by RNaseIII-like enzymes6–10. The 
diversity of RNA silencing modules is therefore reflected 
in distinct types of trigger loci, and in biogenesis and 
effector factors that form and use distinct classes of  
small RNA (TABLE 1).

Diversity of small-RNA-generating loci
There are several types of loci that generate functional 
small RNAs. Some form precursor transcripts that 
adopt secondary structures with Dicer substrate activity, 
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Abstract | The specificity of RNA silencing is conferred by small RNA guides that are 
processed from structured RNA or dsRNA. The core components for small RNA biogenesis 
and effector functions have proliferated and specialized in eukaryotic lineages, resulting  
in diversified pathways that control expression of endogenous and exogenous genes, 
invasive elements and viruses, and repeated sequences. Deployment of small RNA 
pathways for spatiotemporal regulation of the transcriptome has shaped the evolution  
of eukaryotic genomes and contributed to the complexity of multicellular organisms.
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LINE1 (L1) elements
A class of self-replicating 
retrotransposons that are 
highly abundant in the  
human genome.

and do not require RNA-dependent RNA polymerase 
(RdRP) or amplification mechanisms. Other loci form 
small RNAs after the primary transcripts are processed 
through dsRNA-forming mechanisms that involve 
RdRP activity. Yet other loci yield small RNAs through  
non-RdRP-dependent amplification mechanisms. 

miRNA loci. miRNAs, which act as post-transcriptional  
regulators of gene expression, are encoded in the 
genomes of multicellular eukaryotes and unicellular 
plants. miRNAs arise from primary transcripts with self-
complementarity that undergo a multistep maturation 
process involving specialized RNaseIII-type enzymes, 
including Dicer11,12. miRNA genes are most often 
transcribed by RNA polymerase II (PolII), can form 
in mono- or polycistronic configurations, and occur in 
both intronic and exonic sequences13,14. In plants and 
animals, miRNAs of similar sequence are grouped into 
families, the members of which are sometimes regulated  
differentially and expressed in tissue-specific patterns15.

siRNAs from inverted and direct repeat sequences. 
Endogenous siRNAs can arise from loci that contain 
direct or inverted repeats, and from dispersed repetitive 
elements16. Inverted repeats that yield transcripts with 
near-perfect self-complementarity are common in plant 
genomes, and often yield heterogeneous siRNA popula-
tions that do not require an RdRP17,18 (FIG. 1a). Tandem 
direct repeats, such as those at 5S rRNA loci, and all 
classes of transposons and retroelements, also spawn 
siRNA populations, but these are frequently depend-
ent on RdRP activity19. The proportion of total small 
RNA that derives from repeat sequences in Arabidopsis  
thaliana is relatively high, although this overrepresen-
tation is reduced when the proportion is adjusted to 
account for numbers of repeats18–20. The mechanisms 
by which small RNAs are produced from direct repeat 
sequences are not entirely clear, but they include specific  
Dicers, RdRPs and specialized Argonaute proteins such 
as A. thaliana ARGONAuTE4 (AGO4) and Drosophila 
melanogaster PIWI21–25.

Small RNA from bidirectional transcripts. Transcription 
from opposing promoters can yield dsRNA (FIG. 1b). For 
example, the 5′ untranslated region (uTR) of the human 
LINE1 (L1) element contains promoters that support inter-
nal bidirectional transcription, and l1-specific siRNAs 
that derive from the putative double-stranded region 
accumulate in cultured cells. Production of l1-specific 
siRNAs is associated with degradation of l1 transcripts 
and repression of l1 transposition26.

In plants, natural antisense transcript-derived siRNAs  
(natsiRNAs) arise from overlapping transcripts that 
are induced by abiotic or biotic stress. In two examples 
reported to date, stress-induced transcription results in 
production of dsRNA from which a specific natsiRNA 
arises by the activity of one or more Dicer-like (DCl) 
proteins27,28. The natsiRNA then guides repression of the 
complementary transcript. In some cases, the activity of 
natsiRNA is accompanied by production of other small 
RNAs, triggered from the natsiRNA-guided cleavage of 
the target transcript27. 

Computational analysis of natural antisense tran-
scripts (NATs) and small RNA accumulation patterns 
in A. thaliana indicates that NAT pairs are not a major 
contributor to small RNA populations in the absence of 
stress29. However, natsiRNA accumulation is strongly 
induced following relevant stimuli, and NAT pairs are 
found at more than 7% of the annotated transcriptional 
units in the A. thaliana genome27–29. This suggests that 
the potential for small RNA production from NAT 
pairs in response to general or specific stimuli might be 
underestimated.

TAS loci. Trans-acting siRNAs (tasiRNAs) arise in plants 
from specific TAS loci (FIG. 1c). TAS transcripts are PolII-
dependent, and function as highly specialized precursors 
that feed into an RdRP-dependent siRNA-biogenesis 
pathway. They are targets for cleavage by miRNA-guided 
mechanisms, and yield siRNAs that are in a 21-nucleotide 
register with the cleavage site. Specific tasiRNAs from 
at least four families function post-transcriptionally,  
as do miRNAs20,30–34.

Table 1 | Classes of small RNA identified in eukaryotes.

Class Description Biogenesis and genomic origin Function

miRNA MicroRNA Processing of foldback miRNA gene transcripts by members  
of the Dicer and RNaseIII-like families

Post-transcriptional regulation of transcripts 
from a wide range of genes

Primary 
siRNA

Small interfering 
RNA

Processing of dsRNA or foldback RNA by members of the  
Dicer family

Binding to complementary target RNA; guide 
for initiation of RdRP-dependent secondary 
siRNA synthesis

Secondary 
siRNA

Small interfering 
RNA

RdRP activity at silenced loci (Caenorhabditis elegans); 
processing of RdRP-derived long dsRNA or long foldback  
RNA by members of the Dicer family (Arabidopsis thaliana)

Post-transcriptional regulation of transcripts; 
formation and maintenance of heterochromatin

tasiRNA Trans-acting 
siRNA

miRNA-dependent cleavage and RdRP-dependent conversion 
of TAS gene transcripts to dsRNA, followed by Dicer processing

Post-transcriptional regulation of transcripts

natsiRNA Natural antisense 
transcript-derived 
siRNA

Dicer processing of dsRNA arising from sense- and  
antisense-transcript pairs

Post-transcriptional regulation of genes 
involved in pathogen defense and stress 
responses in plants

piRNA Piwi-interacting 
RNA

A biogenesis mechanism is emerging, which is  
Argonaute-dependent but Dicer-independent

Suppression of transposons and retroelements 
in the germ lines of flies and mammals

RdRP, RNA-dependent RNA polymerase. 
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a  Inverted duplication
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b  Locus containing 
     opposing promoters

c  Arabidopsis
    (TAS gene)

siRNAs
siRNAs

AGOAGO

AGO

RDR6

Transcript cleavage,
RDR6 recruitment

dsRNA synthesis

Processing

Transcription,
miRNA binding

Transcription Transcription

Dicer 
processing

Dicer 
processing

DCL4

piRNA-generating loci. Piwi-interacting RNAs (piRNAs,  
also referred to as repeat-associated siRNAs) are found 
in the germline cells of mammals and insects. In  
D. melanogaster piRNAs arise from transposons and 
repeat regions such as Supressor of Stellate (Su(Ste)), 
whereas in mammals piRNAs originate from develop-
mentally regulated gene clusters that frequently contain 
transposons and retroelements35–37. In both systems, 
piRNAs associate with germline-specific Argonaute 
proteins of the Piwi subclass, which are required for 
their biogenesis. piRNAs are associated with control of 
transposition in the germ line23,38–41. 

siRNAs from exogenous agents. Exogenous triggers, such 
as experimentally introduced dsRNA, transgenes and 
viruses, are well-known initiators of RNA silencing. In 
plants and some animals, such as Caenorhabditis elegans, 
distinct siRNA populations form during primary 
and secondary phases. Primary siRNAs arise directly 
from trigger RNA molecules. Secondary siRNAs arise 
by distinct mechanisms in plants and C. elegans, but 
in both cases an RdRP engages with a target tran-
script that interacts with a primary small RNA–AGO  

complex42–44. RdRP-dependent siRNAs can function at 
cell-autonomous and non-cell-autonomous levels, lead-
ing to the spread of silencing signals throughout a tissue 
or organism45.

Proliferation of biogenesis factors
most types of small RNA are processed from precursor 
RNA by members of the Dicer family (BOX 1). Several 
mechanisms have evolved that regulate the biogenesis 
of specific classes of small RNA using variations on the 
same core processing machinery. most animals encode a 
single Dicer protein that catalyses the formation of mul-
tiple classes of small RNA with diverse functions, and 
specificity is achieved through the interaction of Dicer 
with other proteins. In other cases, specificity results 
from the existence of multiple members of Dicer-family 
proteins in a single species.

Specificity through Dicer-interacting proteins. In 
C. elegans, specification of Dicer function requires inter-
actions between Dicer 1 (DCR-1) and other proteins 
to produce siRNAs from exogenous dsRNA, process  
miRNAs from hairpin precursors, or produce endog-
enous siRNAs46–49. The DCR-1-interacting proteins 
Argonaute-like 1 and 2 (AlG-1 and AlG-2) are required 
for miRNA processing. RNAi defective 4 (RDE-4), a 
dsRNA-binding protein that interacts with DCR-1, is 
required for the accumulation of small RNAs from a 
locus on the X chromosome (the X cluster)46. Another 
interesting group of DCR-1 interactors consists of pro-
teins that were previously identified in C. elegans mutants 
with an enhanced RNAi response (eri mutants)50,51. loss 
of pathway-specific ERI proteins seems to free DCR-1 
to enter other RNA silencing pathways, thus boosting 
activity in those pathways46. This suggests that DCR-1 
is limiting, and competition among RNA silencing 
pathways for DCR-1 might prevent aberrant dicing by 
titrating out DCR-1 to suitable templates46,49. A similar 
competition model was proposed to explain small RNA 
accumulation patterns in A. thaliana, in which specific 
DCl proteins faithfully generate size-specific small 
RNA classes from endogenous and exogenous precur-
sors52. Dicer-interacting dsRNA-binding proteins are 
also implicated in the production of specific small RNA 
classes in D. melanogaster 53–55.

siRNA-specific biogenesis factors. Two members of 
the Dicer family are encoded in the D. melanogaster 
genome, Dicer 1 (DCR1) and Dicer 2 (DCR2). DCR2 
acts in concert with the dsRNA-binding protein R2D2 
to process siRNA precursors (dsRNA)53,54. The fungi 
Neurospora crassa and Magnaporthe oryzae also encode 
two Dicers. In M. oryzae the Dicer protein mDl-2 is 
required for siRNA accumulation and RNA silencing, 
whereas in N. crassa the two Dicers are redundant56,57. 
The ciliate protozoan Tetrahymena  thermophila 
encodes three Dicers, of which DCL1 is required for 
the accumulation of ~27–30-nucleotide RNAs that are 
associated with genome rearrangement in conjugat-
ing cells, but is dispensable for the accumulation of  
23–24-nucleotide RNAs58,59.

Figure 1 | endogenous siRnA-generating loci. a | Small interfering RNAs (siRNAs) 
arise from some loci that contain inverted repeats. Transcripts from these loci form 
foldback structures with near-perfect complementarity. siRNA production probably 
results from Dicer processing of foldback transcripts from these loci. Accumulation  
of siRNAs from direct or tandem repeats (not shown) is frequently dependent on  
RNA-dependent RNA polymerase activity. b | Loci that generate bidirectional 
transcript pairs can spawn siRNAs, such as natural antisense transcript-derived 
siRNAs (natsiRNAs) in Arabidopsis thaliana and small RNAs that are associated with 
genome rearrangement in Tetrahymena thermophila. Specific mechanisms for small 
RNA biogenesis from these loci differ among lineages, but each is likely to involve 
processing of dsRNA into siRNA by members of the Dicer family. c | Trans-acting 
siRNA (tasiRNA) are endoded at TAS loci in plants and result from DICER-LIKE 4 
(DCL4) processing of RNA-DEPENDENT RNA POLYMERASE 6 (RDR6)-dependent 
dsRNA. dsRNA synthesis is triggered by microRNA (miRNA)-guided cleavage of  
the primary transcript, and is processed in a phased, 21-nucleotide register from the 
miRNA-guided cleavage site. AGO, Argonaute protein.
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NLS DExD–Hel DUF283 PAZ RNAse III dsRNA 
binding
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OH-3′5′-P

RISC 
(RNA-induced silencing 
complex). An Argonaute 
protein–small RNA  
complex that inhibits 
translation of target RNAs 
through degradative or  
non-degradative mechanisms.

The A.  thaliana genome encodes three siRNA- 
generating DCl enzymes, which cleave both endog-
enous and exogenous precursors60. Although DCl3 
is the primary enzyme responsible for generating  
24-nucleotide siRNAs on a genome-wide scale, in dcl3 
mutants DCl2 and DCl4 have access to DCl3 sub-
strates and produce 22-nucleotide and 21-nucleotide 
siRNAs from RDR2-dependent precursors18,52. DCl3 
does not contribute significantly to miRNA accumu-
lation, and is dispensable for the production of most 
RNA-virus-derived siRNAs, and thus might be special-
ized towards processing of RDR2-dependent dsRNA 
products19. DCl2 contributes to siRNA production from 
exogenous elements, and is also involved in process-
ing of natsiRNA, although the mechanisms by which 
it does this are unclear27. DCl4, along with dsRNA-
binding protein 4 (DRB4), is required for processing 
of 21-nucleotide tasiRNAs31,52,61–65. DCl4 also acts in a 
hierarchical manner with DCl2 to produce secondary 
siRNAs from viruses and transgenes66–68.

The notable proliferation of DCl-family members in 
plants might in part be a consequence of the deployment 
of RNA silencing as an antiviral defense mechanism, 
as suggested by Deleris et al.66. virus-derived siRNAs 
programme antiviral RNA-induced silencing complex 
(RISC) activity and propagate an antiviral signal to distal 
tissues66,67,69,70. Plant viruses encode RNA silencing sup-
pressor proteins that inhibit one or more points in the 
silencing pathway71. The coat protein of Turnip crinkle 
virus functions as a suppressor of RNA-mediated silenc-
ing by inhibiting DCl4 activity66,72–74, which leads to 
hyper-accumulation of DCl2-dependent 22-nucleotide  
siRNAs. Similarly, loss of the Cauliflower  mosaic 
virus-derived 24-nucleotide siRNA in dcl3 mutants is 
accompanied by an increased accumulation of virus-
derived 21-nucleotide siRNAs75. These findings indicate 
that multiple members of the DCl family collectively  

contribute to the plant’s defence against a diverse range 
of viruses, and that loss or suppression of activity of one 
DCl can be compensated for by the activities of other 
DCl-family members. Thus, a defensive advantage that 
is conferred by the existence of multiple antiviral DCl 
activities might have contributed to proliferation of the 
DCl family in plants.

Role of RdRPs in siRNA biogenesis. In C. elegans, the 
RdRP RRF-1 is required for RNAi in somatic cells, and 
is specifically required for accumulation of second-
ary siRNAs at the target loci of primary siRNAs42,76. 
Accumulation of secondary siRNAs, which are primarily 
antisense to the target transcript, is required for potent 
silencing of the target gene. Recent, surprising results 
indicate that secondary siRNAs are probably manufac-
tured exclusively during the RdRP reaction, without the 
need for subsequent dicing of dsRNA42,77. Synthesis of 
secondary siRNAs can initiate in a primer-independent 
manner at positions that lie proximal to the primary-
siRNA–mRNA target-duplex site, and generates pools 
of siRNAs that have a unit length of 22 nucleotides42,77 
(FIG. 2a). Strong antisense-strand bias, and the presence 
of 5′-triphosphate residues, suggest that secondary  
siRNAs are the products of staggered RdRP-initiation 
and RdRP-termination events, although the mechanisms 
by which the unit length of siRNAs is ‘measured’ during 
a synthetic reaction are unclear. 

RdRPs also have key roles in several silencing path-
ways in plants, although their functions are distinct from 
those of C. elegans. Accumulation of secondary siRNAs 
during post-transcriptional silencing of exogenous 
nucleic acids, including many viruses and transgene 
transcripts, is dependent on RDR6 in A. thaliana68,70,78,79. 
RDR6 also functions to amplify siRNAs from dozens of 
endogenous loci, many of which  form transcripts that are 
targeted by one or more miRNAs34,44,80. RDR6-dependent 
secondary siRNAs accumulate in a non-strand-biased 
pattern, often initiate near the primary-siRNA–miRNA 
target site and form primarily through the activity of 
DCl4 (FIG. 2b). Complementarity between the 3′ end  
of the siRNA–miRNA initiators and the RDR6 template 
strand is required, which is consistent with a priming 
model. However, primary-siRNA–miRNA-guided cleav-
age of the transcript at a single site is not sufficient for 
the accumulation of secondary siRNAs34,68. 

A. thaliana RDR6 is also required for the biogenesis 
of tasiRNAs through a refined RNAi-derived mecha-
nism31–33,81 (FIG. 1b). RDR6 converts processed precur-
sor transcripts into dsRNAs that are diced by DCl4. 
Although phased tasiRNA accumulation patterns are 
reminiscent of secondary-siRNA accumulation patterns 
in C. elegans, tasiRNAs accumulate as a result of sequen-
tial, phased (21-nucleotide) processing by DCl4 from 
one end of the dsRNA. The evolutionary refinement 
of this process involves the integration of an miRNA 
as a site-specific RNA-processing factor to form one 
end of the precursor. This facilitates the formation of 
highly specific tasiRNA guides, which have precise ends 
and are complementary to discrete sequences in their  
target mRNA.

Box 1 | Dicer proteins and the anatomy of small RNA duplexes

Dicers are large, ~200 kDa 
proteins that generally 
contain DExD and –C 
ATPase/helicase domains 
(DExD–Hel), a domain of 
unknown function 
(DUF283), a PAZ domain, 
two catalytic RNase III 
domains and a dsRNA-binding (dsRB) domain. The genomes of Schizosaccharomyces 
pombe, Chlamydomonas reinhardtii, Caenorhabditis elegans and vertebrate animals 
encode one Dicer protein, whereas Drosophila melanogaster, Tetrahymena 
thermpohila and Neurospora crassa each encode two Dicers. The single C. reinhardtii 
Dicer DCR1 lacks the PAZ and dsRB domains, and Dicers of the ciliate T. thermophila 
lack these as well as the DUF283 domain178. In other organisms, all seven 
characteristic elements of Dicer are represented, although only plants encode Dicer 
proteins that contain all seven elements in a single protein. Plants encode four or 
more Dicer-like (DCL) proteins, and of these, DCL1, DCL3 and DCL4, but not DCL2, 
contain duplicated dsRNA-binding domains60. 

Dicer processing of dsRNA results in production of a small RNA duplex, with  
each strand being 21–24 nucleotides in length and containing a 5′ monophosphate 
(5′-P) and a 3′ hydroxyl (3′-OH). The duplex is paired such that each 3′ end contains a 
2-nucleotide overhang. NLS, nuclear localization signal.
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How are RdRPs specifically recruited to transcripts 
that generate small RNAs? In plants, production of  
siRNAs from miRNA-regulated transcripts is surpris-
ingly rare on a genome-wide scale, suggesting that 
small-RNA-guided cleavage or interaction per se  is 
insufficient. However, RDR6–DCl4-dependent siRNAs  
are frequently associated with transcripts that are 
targeted by more than one small RNA20,34,44,80. Notable 
in this group are transcripts from TAS3 loci, which 
contain two target sites for miR390 and require a 
specific Argonaute protein (AGO7) for tasiRNA accu-
mulation33,82,83, and transcripts that encode a set of penta-
tricopeptide repeat (PPR) proteins34,80. In the C. elegans 
system, accumulation of secondary siRNAs also requires 
a specific Argonaute, RDE-1, which associates with the 
primary siRNA42. However, aside from transcript associ-
ation with one or more silencing complexes, the mecha-
nisms by which RdRP is recruited to target transcripts  
are unclear.

In addition to RDR6-dependent siRNAs, A. thaliana 
accumulates endogenous 24-nucleotide siRNAs from 
transposons, retroelements and other features through 

an RDR2–DCl3-dependent mechanism17–19,84. The 
RDR2 homologue mOP1 is required for production of 
24-nucleotide siRNAs in maize85. Both RDR2 and mOP1 
are associated with RNA-directed DNA methylation and 
chromatin modification at multiple loci19,84,86,87.

miRNA-specific biogenesis factors. most miRNAs arise 
from PolII transcripts, and in many lineages miRNA 
production is dependent on specialized biogenesis fac-
tors (FIG. 3). The basis for the existence of biogenesis 
requirements that are distinct from those of siRNA 
production centres on miRNA foldback precursors, 
which adopt imperfectly paired stem–loop structures. 
A unique adaptation of miRNA foldbacks is recogni-
tion by an enzyme complex that catalyses the initial 
cleavage events that form the precursor miRNA (pre-
miRNA)55,88. In animals, this initial step involves the 
nuclear ‘microprocessor’ complex (which contains  
the Drosha and DiGeorge syndrome critical region 
gene 8 protein (DCGR8))89. Initial processing in flies is 
done by Drosha in concert with Pasha, a DGCR8 homo-
logue55. Further processing to yield a miRNA–miRNA* 
duplex (where miRNA* is largely complementary to the 
miRNA, and is later discarded) is catalysed by Dicer 
and trans-activation responsive RNA-binding protein 
(TRBP) in mammals90,91, or by DCR1 and loquacious 
(a TRBP homologue) in flies92–94. mutational analysis of 
primary miRNA transcripts indicates that the length of 
the stem and other structural features, such as the termi-
nal loop, determine accurate processing95,96. Intriguingly, 
some intron-derived miRNAs bypass microprocessor 
steps, and instead use debranched introns that mimic 
structural features of pre-miRNA Dicer substrates97,98.

Specialization of factors involved in miRNA biogen-
esis is also apparent in plants. miRNA accumulation 
in A. thaliana requires DICER-lIKE 1 (DCl1, which 
primarily yields 21-nucleotide products) and the 
dsRNA-binding protein HYPONASTIC lEAvES 1  
(HYl1), which contains regions of similarity to  
D. melanogster R2D2 (REFS 63,99–104). Weak dcl1 mutant 
alleles trigger severe developmental and reproductive 
defects, whereas strong alleles are embryonic lethal105. 
Null mutations in HYL1 are mild in comparison, and 
many miRNAs still accumulate to detectable levels 
in hyl1 mutants, suggesting that this gene is partially 
redundant. Plants encode several other dsRNA-binding 
proteins in the HYl1–DRB family, and it is possible 
that one or more of these proteins is able to substitute 
for HYl1 function73,106. DCl1 is not required for accu-
mulation of heterochromatin-associated 24-nucleotide 
siRNAs, and does not contribute significantly to accu-
mulation of virus-derived siRNAs from several RNA 
viruses19,73. However, DCl1 is necessary for accumula-
tion of virus-derived siRNAs that arise from a predicted 
imperfect foldback RNA structure from Cauliflower 
mosaic virus, and contributes to siRNA accumulation 
from a foldback trigger of RNA silencing43,75. These 
findings reinforce the idea that DCl1 has specialized to 
produce 21-nucleotide RNAs from imperfect foldbacks, 
the most recognizable of which are transcripts from  
miRNA genes.

Figure 2 | Models for amplification of silencing signals in Caenorhabditis 
elegans and Arabidopsis thaliana. a | Processing of trigger dsRNA in C. elegans by 
Dicer 1 (DCR-1) releases primary small interfering RNAs (siRNAs). The primary siRNA 
associates with an Argonaute (AGO) protein, such as RDE-1, and the complexes bind to 
complementary target RNA. The bound complexes might then recruit RNA-dependent 
RNA polymerase (RdRP), which uses the target transcript as template for synthesis of 
the secondary siRNA. Abundant secondary siRNAs are formed by independent 
initiation events (rather than by Dicer-mediated processing), are complementary to 
the target RNA and accumulate in phased pools. b | Processing of trigger dsRNA in  
A. thaliana by one or more Dicer-like enzymes releases primary siRNAs, which associate 
with an Argonaute protein, such as AGO1, and guide cleavage of the target RNA. This 
event is proposed to recruit an RdRP, such as RDR6, which uses the target transcript as 
template for synthesis of a long dsRNA. This dsRNA precursor is processed by DCL 
enzymes to release abundant secondary siRNAs.
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Arabidopsis thaliana DCl2, DCl3 and DCl4 col-
lectively have a limited capacity to process imperfect 
foldbacks from miRNA loci19,52,107. A notable exception to 
this generalization is the dependence of non-conserved 
A. thaliana miR822 and miR839 on DCl4 processing20. 
These loci are likely to be evolutionarily ‘young’, and 
encode foldback arms that are relatively long and more 
perfectly paired. These loci, as described below, might 
have yet to ‘adapt’ to the canonical DCl1-dependent 
pathway that operates on imperfect miRNA foldbacks. 
Thus, although plant Dicers have diversified in a func-
tional sense, together they provide a set of small-RNA-
processing activities that contribute to the evolution of 
novel regulatory circuits.

piRNA biogenesis factors. piRNAs do not form through 
Dicer-dependent mechanisms. Rather, piRNA guide 
strands form by a process that yields overlapping (offset 
by 10 nucleotides) complementary strands (FIG. 4). In flies, 
guide strands and complementary strands are frequently 
divided between Aubergine (AuB)-interacting or Piwi-
interacting pools and Argonaute 3 (AGO3)-interacting  
pools. The model proposed for piRNA biogenesis 

involves cleavage of transposon-derived transcripts by a 
guide piRNA–Piwi or piRNA–AuB complex, generating 
a new RNA 5′ end at a position opposite nucleotides 10 
and 11 of the piRNA22,23. The cleavage product is then 
incorporated into an AGO3 complex and undergoes fur-
ther 3′-end processing to release a new piRNA. Similar 
models have been proposed for the roles of Piwi-like pro-
teins in piRNA biogenesis in mammals37. These models 
suggest that hierarchical, specialized Argonaute proteins 
working in concert have acquired new functions in the 
biogenesis of a new small RNA class22,23.

Proliferation and specialization of effectors 
The effector steps of RNA silencing are mediated by the 
RISC, the activity of which can be reconstituted with a 
small RNA guide and an Argonaute protein108–111. Of 
the factors involved in RNA silencing, it is the mem-
bers of the Argonaute family that have proliferated to 
the greatest extent in a number of organisms. Studies 
of this family indicate that significant diversification 
and specialization of function supported the evolution 
of new small RNA classes and regulatory cascades in 
several lineages.

The A. thaliana genome encodes ten members of the 
Argonaute-like subfamily of Argonaute proteins and no 
Piwi-like members. Each of these ten proteins contains 
the Arg–Arg–Arg–His peptide motif that is associated 
with slicer function112, and slicer activity has been dem-
onstrated for AGO4 (REF. 113) and AGO1 (REFS 111,114). 
These two Argonautes interact preferentially with dif-
ferent small RNA classes and thus have specialized roles: 
AGO4 is required for functionality of 24-nucleotide  
siRNAs at heterochromatic sites21,113,115, and AGO1 
interacts with miRNAs and tasiRNAs, but not with  
24-nucleotide siRNAs111,113, and is also required for 
miRNA activity111,116,117. Enriched AGO1 complexes 
that contain endogenous miR165 were shown to cata-
lyse cleavage of target mRNA in vitro, and this slicer 
activity was dependent on conserved residues in the 
catalytic Piwi domain111. These results, coupled with  
the phenotype of ago1 mutants, suggest that AGO1 is the  
predominant effector of miRNA-mediated regulation 
in A. thaliana. AGO1 also interacts with transgene- 
and virus-derived siRNAs, which is consistent with 
the impaired silencing and antiviral defence that are 
observed in ago1 mutants43,116–118. 

Is there a molecular basis for the selective interac-
tion of AGO1 with 21-nucleotide RNAs, specifically 
miRNAs, and of AGO4 with 24-nucleotide RNAs? 
It has been proposed that small RNA biogenesis and 
effector programming are linked such that specific Dicer 
products are funnelled to the corresponding Argonaute 
through Dicer–Argonaute interactions111,119. Indeed, 
DCl1 products (miRNA) represent more than 90% 
of AGO1-associated small RNAs, and DCl3 products 
(24-nucleotide siRNAs) represent the majority of AGO4-
associated RNA113. In D. melanogaster, the structure 
of small RNA duplexes allows small RNA ‘sorting’, in 
which miRNAs and siRNAs programme AGO1 and 
AGO2 complexes, respectively119,120. Sorting of siRNAs 
into AGO2 complexes is facilitated by DCR2–R2D2, 

Figure 3 | RnA biogenesis in plants and animals. a | Transcripts from Arabidopsis 
thaliana microRNA (miRNA) genes adopt an imperfect foldback structure, and are 
processed by DICER-LIKE 1 (DCL1) in concert with HYPONASTIC LEAVES 1 (HYL1) 
and SERRATE (SE) to release a miRNA–miRNA* (miRNA* represents the antisense 
strand) duplex. This duplex is methylated by the methyltransferase HUA ENHANCER 1 
(HEN1) and exported to the cytoplasm where the mature miRNA strand associates 
with an Argonaute (AGO) protein, most commonly AGO1, to form the RNA-induced 
silencing complex (RISC). b | Transcripts from animal miRNA genes adopt an imperfect 
foldback structure and undergo sequential processing by the microprocessor 
complex (Drosha and Pasha in flies; Drosha and DiGeorge syndrome region gene 8 
protein (DCGR8) in mammals) to form precursor miRNA (pre-miRNA) intermediates. 
Pre-miRNAs are exported to the cytoplasm and processed by Dicer in concert with  
a specialized RNA-binding protein, such as Loquacious (LOQS) in flies or  
trans-activation responsive RNA-binding protein (TRBP) in humans. 
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and a parallel process is proposed to facilitate AGO2 
programming119,120. Further characterization of putative  
Dicer–Argonaute interactions is needed to under-
stand the mechanisms of Argonaute programming in  
A. thaliana and other organisms.

The Argonaute family in C. elegans has expanded to 
contain 27 predicted members, all of which have been 
analysed using forward or reverse genetics or biochemi-
cal approaches121. Several members of this family seem 
to have specialized functions. The highly similar AlG-1 
and AlG-2 are dispensable for RNAi but are required 
for growth, development and germline maintenance, as 
well as for miRNA processing and function122. CSR-1 
is required for chromosome segregation and germline 
RNAi, and PRG-1 is thought to function in germline 
maintenance121,123. 

Other Argonaute proteins in C. elegans serve spe-
cialized functions in the RNAi pathway, which involves 
production of primary siRNAs from an RNAi trigger, 
followed by interaction of primary siRNAs with the 
target mRNA42,77 (FIG. 4). This event recruits an RdRP to 
the target, which is used as a template for the synthesis 
of secondary siRNAs. The Argonaute protein RDE-1 
interacts with low-abundance primary siRNAs derived 
from trigger dsRNAs, but does not significantly interact 
with the abundant secondary siRNAs that arise from 
RdRP-dependent amplification of silencing at the target 

locus42,77,121,124. Secondary siRNAs arise from regions 
within and upstream of the target sequence and interact 
with SAGO-1 and SAGO-2, two Argonaute proteins 
that seem to be limiting factors in the RNAi response 
and that lack the catalytic residues associated with slicer 
function121,125. This Argonaute protein hierarchy is pro-
posed to protect cells against off-target effects that might 
accompany transitivity121. According to the model, if 
interactions were to occur between RDE-1 and second-
ary siRNAs, RdRP-dependent amplification of siRNA 
production could spread into non-targeted, essential 
genes. limiting primary-siRNA–Argonaute interactions 
to non-slicer Argonautes would prevent the biogenesis 
of secondary siRNAs from regions distal to the ini-
tially targeted element. Thus, specialization among the 
C. elegans Argonaute proteins through interaction with 
specific small RNA classes allows the animal to mount 
a potent, amplified RNAi response against target loci 
while protecting neighbouring genes.

A most intriguing example of Argonaute protein spe-
cificity lies in the proposed role of Piwi-like Argonaute 
proteins in piRNA biogenesis and repression of trans-
poson and retroelement loci in the germ lines of flies 
and mammals. In D. melanogaster, protection of the 
germ line from mobilization of transposons and other 
mobile genetic elements is essential to prevent transpo-
son and retroelement reactivation and eventual hybrid 
dysgenesis126. piRNAs arise in the germ line and silence 
retrotransposons and repetitive elements such as gypsy 
transposons and Stellate (Ste)23,40. Piwi-family mem-
bers AuB, Piwi and AGO3 are expressed in the germ 
line23,123, and AuB is required for silencing of Ste and 
repetitive loci, such as transposons that contain long 
terminal repeats (lTRs)40. These expression patterns 
and activities are distinct from those of AGO1, which 
is broadly expressed and interacts with miRNAs, and 
of AGO2, which interacts with exogenous siRNAs but 
is not required for silencing at the Ste locus127,128. The 
intriguing finding that Piwi-type proteins are involved 
in piRNA biogenesis and activity in both flies and mam-
mals suggests that the proliferation of Argonaute pro-
teins might have enabled the evolution of a new small 
RNA pathway for the control of mobile elements in the 
germ line22,23,41. 

Functional consequences of diversification
A consequence of the diversification of small RNA 
biogenesis and effector factors is an expansion of func-
tionality of silencing at different regulatory levels. These 
include regulation at the post-transcriptional, DNA-
rearrangement and epigenetic levels. Regarding the 
first of these levels, the connections between small RNA 
functions and translational repression, slicer-dependent 
and slicer-independent degradation of transcripts, and 
transcript localization were reviewed recently in REF. 129, 
and will not be elaborated here.

Regulation of DNA rearrangement. Ciliates such as  
T. thermophila are characterized by nuclear dualism, in 
which two distinct nuclei have roles in germline mainte-
nance (micronucleus) and gene expression (macronucleus).  

Figure 4 | Model for Piwi-interacting RnA (piRnA) 
biogenesis. piRNAs are found in association with 
members of the Piwi subfamily of Argonaute proteins. 
The proposed piRNA-biogenesis model involves initial 
targeting of transcripts from transposons and 
retroelements by a Piwi-like protein that is programmed 
with a small RNA. Cleavage of the transcript generates 
the 5′ end of a new piRNA. Further 3′-end processing 
might require a distinct Piwi-like protein, such as 
Drosophila melanogaster AGO3, generating a new piRNA 
with a 3′ end that is offset by 10 nucleotides from the 
initial small RNA.
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The transcriptionally active macronucleus differs from 
the silent micronucleus in DNA content. Formation  
of the macronucleus involves site-specific loss of DNA, 
including transposon sequences, through a pathway 
that depends on RNA silencing factors130. Bidirectional 
transcripts that arise from deletion elements in conjugat-
ing cells accumulate before DNA deletion, and probably 
provide dsRNA precursors for DCL1-dependent produc-
tion of 27–30-nucleotide sRNAs. TWI1, an Argonaute 
protein, is proposed to complex with 27–30-nucleotide 
sRNAs and mark complementary DNA sequences for 
methylation and subsequent elimination131,132.

Epigenetic regulation. In some cases, endogenous siRNAs  
and piRNAs trigger epigenetic effects at target loci and  
are associated with RNA-directed DNA methylation 
and chromatin remodelling19,21,84,133. For example, 
transcription of the maize mu killer locus (Muk), an 
inverted duplication of a transposon sequence from 
the Mutator family, results in accumulation of Muk-
derived siRNAs and heritable silencing of the Mutator 
transposon family134,135. Mutator and other transposable 
elements are implicated in the regulation of multiple 
distinct epialleles136,137. siRNAs that arise from direct 
duplications (tandem repeats) in the promoter of the 
FWA locus in A. thaliana are implicated in the initia-
tion of DNA methylation and epigenetic control84,138. In 
mice, loss of the piRNA-associated Argonaute proteins 
mIlI (also known as PIWIl2) or mIWI2 (also known 
as PIWIl4) is associated with reduced DNA methylation 
of LINE1 elements and increased LINE1 expression37,139. 
In D. melanogaster, deficienct accumulation of piRNAs 
from various transposable elements in spn-E mutants 
is associated with derepression of chromatin at retro-
transposon loci41. Thus, the influence of small RNA 
pathways on DNA methylation, chromatin structure 
and epigenetic control in multicellular plants and ani-
mals is now well established. Furthermore, in fission 
yeast (Schizosaccharomyces pombe), small RNA path-
ways are associated with repressive chromatin140 and  
centromere function141.

In A. thaliana, small-RNA-dependent DNA meth-
ylation and chromatin modification are mediated 
through RDR2, DCl3 and AGO4 (REF. 84) (FIG. 5). Two 
isoforms of PolIv, a DNA-dependent RNA-polymerase-
like protein that is specific to plants, are also required at 
some loci142–146 (FIG. 4). One model states that primary 
transcripts that are stalled by methylation are recog-
nized as aberrant and attract one isoform, PolIva, to 
the locus. However, it must be noted that there are no 
positive data indicating that either PolIv isoform has 
polymerase activity. Regardless of how they are made, 
transcripts from target loci are converted by RDR2 
into a dsRNA substrate for DCl3, which catalyses 
24-nucleotide-siRNA formation, in nucleolar Cajal 
bodies145,146. These siRNAs then programme AGO4, 
which, in association with a subunit of Pol Ivb145,146, 
may form a complex that guides DNA methylation 
and chromatin modification (such as histone 3 lysine 9  
(H3K9) methylation) at the locus. Genetic analysis 
also implicates chromatin-remodelling factors, several 

DNA methyltransferases, histone methyltransferases  
and other chromatin proteins in RNA-directed DNA and  
chromatin modifications147.

In S. pombe, an RNAi-induced transcriptional silenc-
ing complex (RITS) contains Argonaute 1 (Ago1), a 
chromodomain protein (Chp1) and other proteins148. 
This complex recruits an RdRP-containing com-
plex149,150, and its distribution across the genome cor-
relates with patterns of H3K9 methylation151. RITS and 
the RdRP-containing complex are proposed to act in a 
self-reinforcing loop in which DNA-interacting proteins 
and the siRNAs in RITS guide H3K9 methylation and 
heterochromatin formation, as well as RdRP-mediated 
conversion of transcripts into siRNA precursors149,152. 

De novo evolution of small RNAs
At present, there are no generally accepted examples of 
canonical miRNAs that are conserved between plants 
and animals. Yet, both plants and animals contain  

Figure 5 | the chromatin-associated small interfering 
RnA (siRnA) pathway in Arabidopsis thaliana.  
RNA-directed DNA methylation (for example, at histone 
H3 lysines 4 and 9 (H3K4me and H3K9me, respectively) 
and chromatin remodelling in A. thaliana involves  
24-nucleotide siRNAs formed through an RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2)–DICER-LIKE 
3 (DCL3)–POLYMERASE IVA (PolIVa)-dependent 
pathway. Effector complexes containing siRNAs, 
ARGONAUTE 4 (AGO4) and PolIVb direct DNA and 
chromatin modifications through the activities of many 
factors, including DOMAINS REARRANGED 
METHYLASE 1 and 2 (DRM1 and DRM2), 
CHROMOMETHYLASE 3 (CMT3), DEFECTIVE IN RNA-
DIRECTED DNA METHYLATION 1 (DRD1) and SU(VAR)3-9 
HOMOLOGUE 4 (SUVH4) (also known as KYP).
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well-characterized miRNAs that function as negative 
regulators at the post-transcriptional level. How do 
miRNA loci arise, and how does miRNA-target specificity  
evolve?

Origin of miRNA genes. Several non-conserved plant 
miRNA genes have recently been shown to contain 
extensive similarity to protein-coding genes153,154. This led 
to development of a model for the genesis of miRNA loci 
in plants in which products of inverted duplications pro-
duce small RNAs with regulatory potential153. Inverted 
duplications that contain sequences from protein-coding  
genes may form a locus with regulatory potential to 
control the gene or gene family of origin. If small RNAs 
that arise from the novel locus are coexpressed with and 
regulate transcripts from the progenitor gene, and if this 
regulation were advantageous, the novel locus and its 
regulatory function would be maintained. Over time, 
mutation and sequence changes that occur by genetic drift 
would lead to imperfect pairing in the foldback structure 
and adaptation to the specialized miRNA-biogenesis 
machinery (FIG. 6).

This evolutionary model makes several predictions: 
primary transcripts from relatively new, non-conserved 
miRNA loci will contain extensive similarity to their 
progenitor genes; new miRNA genes will encode near-
perfect foldback precursors that are longer than those 
encoded by conserved, highly evolved miRNA genes; 
and these precursors might not be strictly dependent 
on miRNA-biogenesis factors, but rather might be 
processed by siRNA-biogenesis factors to form hetero-
geneous populations. Recent findings are in accordance 
with these predictions. Several miRNA-generating loci in  
A. thaliana encode hairpin-forming RNA transcripts that 
have extensive similarity to protein-coding genes20,155. Some 
of these loci encode long foldback precursors with near-
perfect base-pair complementarity, including a few that 
give rise to heterogeneous, DCl4-dependent miRNAs20.  
These small RNAs might represent evolutionary inter-
mediates that have yet to conform to the canonical 
miRNA-biogenesis pathway20. Interestingly, evolution-
ary intermediates of miRNAs might also be represented 
in the unicellular alga Chlamydomonas reinhardtii. 
Several miRNAs in C. reinhardtii arise from long, nearly  

perfectly paired hairpins that spawn heterogeneous 
small RNA populations156,157. 

Recent analysis of miRNAs in A. thaliana suggests that 
new foldback-yielding loci follow several different fates 
(FIG. 7). In the first fate, a small RNA with the capacity to 
regulate one or more members of the originating gene 
family is maintained. In the second fate, targeting specifi-
city for an unrelated gene or gene family is acquired, most 
likely through genetic drift. Obviously, these first two fates 
require the presence of a selective advantage. The third, 
and perhaps most common, fate involves elimination of 
the small-RNA-generating locus through mutations in the 
promoter, foldback sequence and/or targeting elements. 
Thus, mechanisms for small RNA production in plants 
provide opportunities for the evolution of regulators 
with new specificities. As small RNA populations from 
different species throughout the plant kingdom are char-
acterized, it will be interesting to learn how this putative 
evolutionary mechanism has been deployed in regulatory 
diversification among plant lineages. 

Genetic screens and sequencing of small RNA popula-
tions have revealed the existence of hundreds of distinct 
miRNAs in primates and other animals158–161. Although 
some primate miRNAs arise from processed pseudogenes, 
and thus might have a similar origin to that proposed in 
the plant gene-duplication model above, this is probably 
uncommon162. A growing body of evidence suggests that 
several animal miRNAs originate from genomic repeats 
(FIG. 5). Between 5% and 20% of human miRNA precursor 
sequences, including those for several highly conserved 
miRNAs, contain sequences derived from repeat elements 
and transposable elements163,164. Several miRNA precur-
sors in this group contain LINE2-like sequences, and 
hairpins within these miRNA transcripts arise from two 
adjacent, inverted LINE2 elements163,165. Other miRNAs  
in this group arise from the mADE1 family of mini-
ature inverted-repeat transposable elements (mITEs)166. 
Finally, miRNAs in a cluster on human chromosome 19 
(C19mC) are interspersed among Alu repeats and rely 
on promoters in these Alu elements for transcription167. 
These findings suggest a functional relationship between 
transposable elements and animal miRNAs, and point to  
the possibility that repeat elements contribute in part  
to the genesis of miRNA genes. 

Figure 6 | Models for genesis and evolution of microRnA (miRnA) loci in plants. Plant miRNA genes are proposed 
to originate and evolve from inverted duplications of protein-coding genes. During a transitional stage, transcripts from 
inverted duplications fold into long hairpin-like structures that are processed to heterogeneous small interfering RNAs 
(siRNAs) by Dicer-like (DCL)-family members. The potential for conformation to the canonical miRNA-biogenesis pathway, 
which involves site-specific processing by DCL1, occurs by mutations that result in an imperfect foldback structure.
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If such relationships exist between transposable 
elements and the origin of miRNA genes, how does 
specificity for their targets arise? An intriguing possibil-
ity is that these miRNAs target repeat elements that are 
integrated into transcribed genes (FIG. 6). Bioinformatic 
analyses show that numerous human miRNAs have 
complementarity to a conserved Alu element found in 
the 3′ uTRs of human mRNAs163,164,168. Similarly, LINE2-
derived miRNAs might target a large number of mRNAs 
that carry LINE2 elements in 3′ uTRs163. Together, these 
findings suggest a model for the origin of some animal 
miRNA regulatory circuits in which transposable ele-
ments gives rise to small RNAs that regulate related 
elements that are integrated into transcriptional units 
at other loci. 

How has the deployment of miRNA-based regulation 
affected evolution of the transcriptome in eukaryotes?  
In animals, in which ‘seeds’ of miRNA targets are 
located predominantly in their 3′ uTRs and occupy only  
7–8 nucleotides, the impact is expected to be particu-
larly strong, as potential target sites may accumulate by 
chance169. Computational analysis of D. melanogaster and 
human genes indicates that genes that are coexpressed 
with miRNAs avoid evolving target seeds for those  
miRNAs169,170. Depletion of target seeds is also observed 
in orthologues from related species that are not miRNA 
targets, suggesting that these genes are under pressure 
to avoid target sites. This has been proposed to explain 
why several ubiquitously expressed ‘housekeeping’ genes 
have notably short 3′ uTRs that are perhaps less likely to 
accumulate target sites. 

Evolution of miRNA families. miRNAs are grouped 
into families on the basis of sequence similarity of the 
mature miRNA. It is clear that animal miRNA families, 
such as the human mir17 cluster and the miRNAs in 
the Hox gene cluster, have expanded by the duplica-
tion of individual genes and gene clusters165,171,172.  

Duplications also yielded plant miRNA families, such  
as the seven-member miR166 family in A. thaliana173. 

What are the consequences of the expansion of 
miRNA families? miRNAs in a family might be redun-
dant, or might function additively to exact a stronger 
regulatory effect on target mRNAs. miRNAs in a fam-
ily might have distinct targeting specificities due to 
sequence differences. Also, family members might have 
distinct expression patterns to regulate specific targets 
across a spatiotemporal range. Experimental evidence 
supports each of these ideas and suggests that they are 
not mutually exclusive. 

The related D.  melanogaster miRNAs miR-310,  
miR-311, miR-312 and miR-313 have overlapping expres-
sion patterns, and antisense depletion of each miRNA 
triggers a similar phenotype, suggesting that they have 
redundant functions174. Expression domains of the three  
A. thaliana MIR164 precursors partially overlap in devel-
oping shoots, and these three genes function redundantly 
to regulate phyllotaxis175. The expression domains of  
A. thaliana MIR159A, MIR159B and MIR159C overlap 
significantly, and plants that ectopically express mem-
bers of the miR159 family have similar phenotypes176, 
implying that there is some level of redundancy. 

In at least some families, however, miRNAs have 
specific roles. Although A. thaliana MIR164-family 
members are partially redundant, the expression pattern 
of MIR164C is distinct from those of the other MIR164 
members. MIR164C functions as the predominant 
source of miR164 to negatively regulate CUP-SHAPED 
COTYLEDON 2 (CUC2) transcripts in flowers175. This 
indicates that target specificity is conferred in part 
through specific expression patterns among miR164 
family members. Similarly, expression patterns and the 
limited abundance of miR319 both prevent regulation 
of predicted targets in the MYB gene family, although 
MYB family members are effectively regulated by the 
similar miR159. Conversely, target sites in TCP-gene 

Figure 7 | the three-fate model for the evolution of new microRnA (miRnA) loci in plants. In the first fate, a new 
miRNA is selected with the capacity to regulate the progenitor gene or a related member of the progenitor family. In 
the second fate, a miRNA is selected with targeting specificity for an unrelated gene sequence. The first two fates are 
relatively rare, and are proposed to require selection for stabilization. The third fate involves loss of the locus by 
sequence drift or deletion in the absense of positive selection. AGO, Argonaute protein.
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transcripts are specifically recognized by miR319, but 
not miR159, owing to sequence differences177. From 
these data, a picture is emerging in which duplication 
of functional miRNA genes, followed by specialization 
through fine-tuning of base-pair complementarity and 
expression patterns, generates a suite of related miRNAs 
that confer regulatory specificity among sets of targets.

Conclusion
The evolution of RNA silencing as a regulatory 
mechanism in eukaryotes has involved proliferation 
and specialization of all of the core components of 
RNA silencing pathways. Gene duplications and DNA  
rearrangements have generated new small RNA regu-
lators. Dicer proteins and processing cofactors, as well 
as RdRPs in some lineages, have specialized to produce 
unique small RNA classes for various downstream  

processes. Argonaute proteins have proliferated and 
evolved a range of functions for amplification and bio-
genesis of secondary small RNAs, enzymatic cleavage of 
RNA targets, translational repression and recruitment 
of chromatin-modification factors. Numerous special-
ized miRNA genes have emerged and evolved as post- 
transcriptional regulators of gene expression. The products  
of these specialization events now constitute an array of  
diverse small-RNA-based regulatory pathways that  
control gene expression.

Importantly, we have only begun to explore the func-
tion of small RNAs in controlling transcriptional net-
works. Overcoming challenges in identifying functional 
roles of small-RNA-based regulation in specific tissues 
and at the whole-organism level will be crucial to a more 
integrative view of how RNA silencing functions in a 
cellular and developmental context.
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