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Abstract

MicroRNAs (miRNAs) are defined by their precise processing from a longer stem-loop precursor and by their subsequent ability to direct the
regulation of target RNAs distinct from the miRNA precursor. Several lines of evidence suggest that miRNAs arose at least twice during eukaryotic
evolution from an ancestral, pan-eukaryotic small RNA producing molecular machinery, though alternative scenarios cannot be ruled out. A
handful of plant miRNAs are strongly expressed, widely conserved among plants, and have identical targets in long-diverged species; most of these
very well conserved miRNA–target relationships involve DNA-binding transcription factors with suspected roles in developmental control. In
contrast, a much greater number of plant miRNAs are weakly expressed, poorly conserved, and have few if any readily identifiable targets. These
miRNAs appear to be evolutionarily “transient”, and many of them may be of little to no selective value. However, this ever-changing cast of
transient miRNAs could provide a reservoir of potentially useful miRNAs from which new regulatory interactions sometimes are selected.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

MicroRNAs are a gene family united not by a common
sequence, nor by a common phenotypic output, but by a unique
mode of biogenesis and molecular mechanism. Putting aside
species- and kingdom-specific variations, all microRNAs
(miRNAs) are processed from single-stranded precursor RNAs
which form a stem-loop secondary structure [1]. This stem-loop
is recognized and accurately processed by specialized endonu-
cleases of the Dicer protein family to yield a discrete ∼21 nt
duplex termed the miRNA/miRNA⁎ duplex [2–6]. One of these
two strands, the miRNA, is then coupled to a second endo-
nuclease in the Argonaute family of proteins [7–11]. Ultimately,
themature miRNA serves as a guide to direct Argonaute proteins
to target RNAs based uponWatson–Crick base-pairing between
the miRNA and target. In most circumstances, associations
between Argonaute proteins and miRNA-selected targets lead to
“repression” of the target, either via Argonaute-catalyzed hy-
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drolysis of the target RNA's phosphodiester backbone [12,13] or
through other mechanisms [14]. Thus, in contrast to the mole-
cular entities typically thought of as “genes”, miRNAs in iso-
lation do not make a phenotypic contribution: It is only through
their regulatory interactions with targets that they exert a phe-
notypic influence. In this review I shall focus on the evolution of
miRNAs and their targets, emphasizing knowledge gained from
plant systems. Particular attention is paid to a) the possible
origins of miRNA-mediated gene regulation in plants, b) the
identities and origins of plant miRNAs and their relationships to
their targets, c) and the conservation of miRNA–target relation-
ships in plants. Finally, I review the evidence for the recently
proposed hypothesis that many miRNAs are “orphans” lacking
biologically relevant targets, and subject to evolutionarily rapid
decay via neutral drift.

2. siRNAs: An overview

miRNAs are not the only type of small RNA produced and
utilized by the Dicer/Argonaute system. Short interfering RNAs
(siRNAs) are produced from long perfectly double-stranded
RNA (dsRNA) precursors by Dicer enzymes, bound to
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Argonaute proteins, and used to guide the repression of target
RNAs. The first observations of siRNAs were those produced
from “silenced” transgenes in plants as well as siRNAs
produced against an invading plant virus [15]. The phenomenon
of RNA interference (RNAi), where introduction of dsRNA
results in the strong suppression of any identical mRNAs [16] is
directly attributable to siRNA production, as shown initially by
biochemical experiments using Drosophila melanogaster
extracts [17–19]. The ability to convert dsRNA to repressive
siRNAs appears to be nearly universal in eukaryotes: Besides
multicellular eukaryotes, a diverse group of unicellular
eukaryotes also silence genes when presented with a homo-
logous dsRNA stimulus, including the green alga Chlamydo-
monas reinhardtii [20], the trypanosome Trypanosoma bruceii
[21], the unicellular fungi Cryptococcus neoformans [22] and
Schizosaccharomyces pombe [23], and the slime mold Dic-
tyostelium discoideum [24], to name a few. Indeed, very few
eukaryotes clearly lack the capacity to repress genes using
siRNAs; these include the brewer's yeast Saccharomyces
cerevisiae and certain species of trypanosome pathogens
whose genomes encode neither Dicer nor Argonaute [25,26].
The generally pan-eukaryotic distribution of the Dicer/Argo-
naute-based siRNA pathway suggests that it arose early in
eukaryotic evolution and has persisted in most extant lineages.

Natural selection did not produce the siRNA silencing path-
way to enable modern genetic research. Instead, it likely arose
as a primitive, nucleic acid based immune system. This hypo-
thesis is particularly well supported in plants, where siRNAs
produced against RNA viruses have been shown to accumulate
during infections [15]. Strikingly, almost every plant virus in-
spected in detail encodes a protein which functions to prevent
siRNA function, strongly suggesting that viruses without strong
counter-measures against the siRNA pathway are not viable
(reviewed in [27]). Genetic ablation of certain components of
the siRNA pathway in plants can also increase susceptibility to
viral infection [28–32]. Insects can also use the siRNA pathway
for viral defense [33,34] but innovations in adaptive immunity
have largely rendered siRNAs obsolete for viral defense in
vertebrates. siRNAs are also deployed by many organisms to
repress endogenous genomic parasites, such as transposons:
Mutations in the Caenorhabditis elegans siRNA machinery
lead to mobilization of transposons [35,36], and many endo-
genously produced plant siRNAs arise from interspersed repe-
titive elements [37–39].

3. The origins of miRNAs

In contrast to the pan-eukaryotic siRNAs, the phylogenetic
distribution of miRNAs is more restricted. Until 2007, miRNAs
were only known in plants, animals, and certain DNA viruses
which infect animals. There are systematic differences between
plant and animal miRNAs:

3.1. Production of miRNAs

Production of animal miRNAs is a two-step process where
the primary miRNA transcript (the pri-miRNA) is first cleaved
in the nucleus by the RNAse III Drosha, liberating a short
stem-loop RNA (the pre-miRNA; [6]). This cleavage defines
the position of one end of the miRNA/miRNA⁎ duplex. After
nuclear export of the pre-miRNA-mediated by Exportin-5
[40–42], Dicer catalyzes excision of the miRNA/miRNA⁎

duplex in the cytosol. In contrast, plant miRNA/miRNA⁎ du-
plexes are completely liberated in the nucleus by a single Dicer
protein, known as DCL1 in Arabidopsis thaliana [43–45].

3.2. Pri-miRNA secondary structures

The stem-loop secondary structures which give rise to
miRNA/mRNA⁎ duplexes, and eventually mature miRNAs,
are quite uniform in size throughout animals, with a typical
separation of ∼11nts between the base of the stem and the
position of Drosha cleavage, and a uniform loop length [46,47].
In contrast, the sizes of plant stem-loops vary dramatically
between different miRNAs [48–50]. These differences seem
likely to reflect different modes of pri-miRNA recognition by the
miRNA processing machineries of plants and animals.

3.3. Modes of target repression

Many animal miRNAs interact with target mRNAs via
short complementary regions located predominately within
3′ untranslated regions (3′-UTRs). Complementarity to a short
7 or 8 nt region of the miRNA (the “seed”) is often enough
to confer measurable repression [51–53]. Such seed-based
miRNA–target interactions repress translation of the target
without using Argonaute-catalyzed hydrolysis; repression is
likely conferred by interfering with the initiation of translation
and promoting subsequent de-adenylation and de-stabilization
of the target — though the precise mechanism remains con-
troversial (a concise review of this controversy may be found in
[14]). In contrast, most known plant miRNAs have much more
extensive complementarity to their targets, and are repressed by
Argonaute-catalyzed cleavage [12,54–56]. The cleaved target
sites in plants can be found throughout the mature transcript,
with most occurring within open reading frames.

3.4. Conservation of miRNAs

Some animal miRNAs are conserved in widely divergent
animal taxa: The seminal example is let-7, which is identical in
vertebrates, arthropods, and roundworms [57]. Many other ani-
malmiRNAs are conserved across similar phylogenetic distances
only in the seed region [58]. Similarly, many plant miRNAs are
identical across large evolutionary distances [59,60]. However,
with two questionable exceptions (see below), there are no
miRNAs which are shared between animals and plants.

The extensive differences between animal and plant
miRNAs in their biogenesis, modes of target repression, and
patterns of conservation have led to the suggestion that plant
and animal miRNAs arose independently by co-opting a pre-
existing, universal system for siRNA production based upon
Dicer and Argonaute proteins [1]. This hypothesis has the
advantage of simultaneously explaining why the core
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components of the miRNA pathway (Dicers and Argonautes)
are identical between the two kingdoms but why the details of
the miRNAs themselves are consistently different. However,
this simple two origin hypothesis for the origins of miRNAs has
been complicated by several independent studies. Arteaga-
Vazquez et al. [61] described two miRNAs, miR854 and
miR855, which are present in both plants and animals and are
derived from LTR-retrotransposons. The implication of this
finding is that miR854 and miR855 are ancient miRNAs which
were present in the last common ancestor of modern plants and
animals, and that miRNAs could have only arisen only once in
eukaryotic evolution. Curiously, two independent experiments
which collectively sequenced over a million A. thaliana small
RNAs [37,49] failed to recover miR854 or miR855; however,
the regions surrounding the miR854 and miR855 loci have
numerous, RDR2-dependent 24nt small RNAs matching broad
regions of both polarities of the genome. Additionally, the
predicted secondary structures of A. thaliana miR854 and
miR855 are strikingly different than those of other more
conventional miRNAs. Altogether, these data suggest that
miR854 and miR855 are transposon-associated siRNA-produ-
cing loci mis-annotated as miRNAs. Thus, the conservation of
these loci likely reflects the ubiquity of both LTR-retro-
transposons in eukaryotic genomes and of siRNAs deployed
as transposon counter-measures. More convincing evidence for
miRNA expression has been reported in the unicellular green
alga C. reinhardtii [62,63]. The Chlamydomonas miRNAs are
reminiscent of plant miRNAs in their high complementarity to
targets, their propensity to direct target cleavage rather than
translational repression, and their variable stem-loop sizes.
However, none of the Chlamydomonas miRNAs identified to
date are conserved in either land plants or animals. The social
amoeba D. discoideum also expresses miRNAs distinct in
sequence from known plant and animal miRNAs from stem-
loops of variable length; in this case the mode of targeting has
not been determined [64]. Thus, while the two origin hypothesis
for miRNAs remains an attractive vehicle for explaining the
systematic differences between plant and animal miRNAs, the
recent observations of miRNAs in single-celled eukaryotes
necessitate more complex patterns of miRNA evolution. Further
small RNA discovery and analysis from diverse eukaryotes will
undoubtedly shed light on this question.

4. Conservation of plant miRNA–target relationships

From the outset, it was recognized that many miRNAs found
in the dicot Arabidopsis had potential homologs in rice and other
monocotyledonous plants [50,65], and computational analyses
predicted that these miRNAs might regulate homologous targets
in both species [66,67]. In a seminal report, Floyd and Bowman
[60] showed that the extent of miRNA–target conservation in
plants was much deeper. The A. thaliana miR166 miRNA
regulates a small clade of homeodomain leucine-zipper III (HD-
ZIPIII) transcription factor mRNAs — this regulation is critical
for adaxial/abaxial patterning of lateral organs and for the
maintenance of the shoot apical meristem [68–70]. Analysis of
HD-ZIPIII cDNAs from a diverse assembly of land plants
demonstrated that the miR166 complementary site was
conserved at all three codon positions, indicating selection for
nucleic acid sequence rather than for amino acid sequences [60].
Thus, the regulation of HD-ZIPIII transcripts by the miR166
miRNA was both present in the last common ancestor of all or
most land plants, and has persisted unchanged in multiple, long-
diverged lineages. Subsequent studies have found that these
results are typical for some plant miRNA families. Using
microarrays, Axtell and Bartel [59] showed that several miRNA
families first identified in A. thaliana had ancient origins in land
plant phylogeny— several families were expressed in flowering
plants, gymnosperms, and ferns, and a few were detected in the
even more divergent lycopods and mosses. Importantly, in every
case where targets of these ancient miRNAs could be ex-
perimentally verified, they were homologous to the known
A. thaliana target [59]. Further computational prediction and
experimental verification of conservedmiRNA targets in mosses
[71,72], gymnosperms [73], and diverse angiosperms [74–77]
confirmed the generality of this observation: In plants, conser-
vation of a miRNA generally implies conservation of a regu-
latory relationship with a specific set of targets.

Conserved miRNA families typically have many paralogs
within a single genomewhich produce identicalmaturemiRNAs.
In A. thaliana, conservation of flanking protein-coding regions
implies that some of these paralogs arose from tandem or seg-
mental duplication events [78]. Because they are conserved in
mosses and lycopods, many of the conserved miRNAs are more
than ten times older than the∼40 million year resolution limit of
the technique used to discern these duplication events, implying
that local and large-scale genome duplications have contributed
to copy number expansion of miRNAs for long periods of time.
As for protein-coding genes, copy number expansion could have
allowed opportunities for the diversification of expression pat-
terns; this hypothesis is supported byMPSS-inferred pri-miRNA
expression patterns [78] and by the differential expression and
partial non-redundancy of the three A. thalianamiR164 paralogs
[79]. In contrast, the observation that most non-conserved plant
miRNAs are generally single copy loci [48,49,72] could be
explained by the lack of time a recently born miRNAwould have
had to undergo copy number expansion by duplication events.

What processes might account for the extreme conservation
of miRNA–target relationships in plants? The question can be
divided into two parts: Why do the sequences of the miRNAs
and of their target sites remain essentially fixed, and why have
the regulatory relationships themselves been so indispensable?
The first is easy to rationalize. Because miRNA–target recog-
nition requires a high degree of base-pairing between miRNAs
and their targets, sequence changes in the miRNA must be
accompanied by compensatory changes in the target to retain
base-pairing. Most miRNAs have more than one target, which
further compounds the requirement for simultaneous, compen-
satory mutations to preserve the integrity of the regulatory
interaction. The requirement for a high degree of complemen-
tarity between plant miRNAs and their targets thus acts as a
stabilizer preventing sequence drift even over long periods of
evolutionary time. The second question, why some of these
miRNA–target relationships are so indispensable in the first
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place, is much more difficult to answer without further studies in
multiple, divergent species.

Despite the difficulties mentioned above, there are a few cases
where coordinated sequence divergence appears to have ob-
scured the evolutionary relationships between ancient miRNAs
and their targets. Angiosperm miR390 targets a small family of
TAS3 non protein-coding mRNAs; certain siRNAs produced
from the miR390-cleaved TAS3 transcripts can regulate the
expression of Auxin Response Factor (ARF) mRNAs [80]. In the
moss Physcomitrella patens, miR390 also targets a small family
of non protein-coding transcripts which go on to produce sec-
ondary siRNAs, but neither the target transcripts nor the resultant
siRNAs have any sequence similarity to the angiosperm TAS3
loci [81,82]. Nonetheless, some of the moss siRNAs function to
target ARFs similar to those targeted by angiosperm TAS3-
derived siRNAs [72], implying that the miR390-TAS3-ARF
regulatory cascade is ancient, but has diverged in sequence in
different lineages. Similar divergent evolution may also be pos-
sible for miRNA sequences themselves. A. thaliana miR168
regulates the expression of the Argonaute1 (AGO1) transcript,
and functions as a negative feedback regulator of the miRNA
pathway [83,84]. Microarray experiments indicate that miR168
is conserved and expressed in angiosperms, gymnosperms, and
ferns, but not detectable in mosses [59]. The moss-specific
miR904 also targets three AGO1 homologs in P. patens, but does
not share any sequence identity with miR168 [72]. One possible
interpretation of this observation is that the miR168-AGO1 and
miR904-AGO1 regulatory interactions diverged from an ancient
common ancestor. However for both of these examples, the
hypothesis that the observed regulatory interactions arose from
independent events (via convergent evolution) cannot be ruled
out. Regardless of origins, these examples demonstrate that even
miRNA–target interactions which initially appear to be lineage-
specific can be sequence-divergent examples of common regu-
latory functions.

Perhaps the most striking observation with regard to the
conservation of plant miRNA–target regulatory interactions is
the identity of the targets themselves. Of the seven miRNA
families which are identical in A. thaliana and P. patens, six
either directly or indirectly target DNA-binding transcription
factors in both species (Table 1; [72]). Each of these transcription
factor targets can be expected to directly regulate the transcrip-
tion of scores of downstream genes. Thus, the small number
of very ancient miRNA–target interactions sit on the top of
Table 1
Ancient plant miRNA gene families and their targets

miRNA family A. thaliana loci P. patens loci

miR156 12 3
miR159/319 6 5
miR160 3 9
miR166 9 13
miR171 4 2
miR390 2 3

miR408 1 2
potentially extensive networks of gene expression. Most of these
ancient miRNA targets have been experimentally demonstrated
to play a role in angiosperm development, including the SPB-
box targets of miR156 [56,85–87], the ARF targets of miR160
[88–90], the HD-ZIPIII targets of miR166 [68–70,91,92], the
TCP targets of miR319 [93,94], and the ARF targets regulated
indirectly via miR390 by siRNA intermediates [95–99]. Thus,
the best available evidence suggests that the most conserved of
the plant miRNAs function to control cascades of gene ex-
pression via transcription factor targets with the ultimate purpose
of regulating plant development and morphology. How these
conserved regulatory interactions have been recruited to assist in
the huge diversity of land plant developmental strategies is an
important and exciting topic of research.

5. The birth of plant miRNAs and their regulatory
assignments may be linked

How do new miRNAs arise, and how do they acquire their
target assignments? In plants, an attractive and well supported
hypothesis put forward by Allen et al. [100] suggests that the
birth of new miRNAs and their target specificities are inex-
tricably linked. The precursor sequences for two miRNAs,
miR161 and miR163, were observed to have long regions of
similarity to their respective target mRNAs. ThemiRNA loci and
the target genes were also closely linked within the A. thaliana
genome. The observations suggested a duplication and diver-
gence model for miRNA biogenesis where the critical initiating
event was the duplication of a portion of a gene to create an
inverted repeat locus. If transcribed, the inverted repeat would
produce stem-loop RNA which could be recognized by Dicer-
like proteins and used to produce small RNAs; by definition,
these small RNAs would have perfect identity to the originating
locus and thus be capable of regulation. Over time, mutational
drift was predicted to erode the extended similarities between the
originating locus and the inverted repeat, until only a small
section (the miRNA) remained. Examples such as miR161 and
miR163, which are physically linked to their target loci and
retain extended complementarity, were postulated to be ex-
amples of “young”miRNAs in themiddle of this process [100], a
contention supported by their lack of conservation in other plant
species.

Further support for this hypothesis has come from analyses
of low-abundance, non-conserved miRNAs in A. thaliana. Out
A. thaliana targets P. patens targets

SBP-box transcription factors SBP-box transcription factors
MYB/TCP transcription factors MYB transcription factors
ARF transcription factors ARF transcription factors
HD-ZIPIII transcription factors HD-ZIPIII transcription factors
GRAS transcription factors GRAS transcription factors
ARF transcription factors
(via ta-siRNA intermediates)

ARF and AP2 transcription factors
(via ta-siRNA intermediates)

Plastocyanin-like genes Plastocyanin-like genes



Fig. 1. miRNA discovery trajectories in three plant species. The cumulative
number of distinct miRNA families discovered as a function of their abundance
in wild-type tissues is plotted for the flowering plant Arabidopsis thaliana (red),
the lycopod Selaginella moellendorffii (green), and the moss Physcomitrella
patens (blue). Circles indicate miRNA families conserved between at least two
of the three species — note that the conserved miRNAs in all three species are
strongly biased toward higher abundances. A. thaliana data was a combination
of the wild-type small RNAs of Kasschau et al. [37] and those of Rajagopalan
et al. [49], while the P. patens and S. moellendorffii data were from Axtell et al.
[72].
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of a large number of poorly conserved A. thaliana miRNAs
Rajagopalan et al. [49] found six whose precursors had ex-
tended similarity to their predicted target genes. Similarly,
Fahlgren et al. [48] found that 16 out of 48 non-conserved
A. thaliana miRNAs analyzed had significant identity to one or
more mRNAs even when setting aside the central miRNA and
miRNA⁎ sequences. In many of these cases, the predicted
targets of the mature miRNAs were also the genes displaying
extended complementarity to the miRNA precursors, support-
ing the inverted repeat hypothesis for the origins of plant
miRNAs and their targets. However, in several other cases, the
predicted targets of non-conserved miRNAs were different from
the presumed originating loci, suggesting that miRNAs born of
a duplication of one locus can evolve to target another. Two
non-conserved miRNAs, miR822 and miR839 also fulfilled
another specific prediction of the inverted repeat hypothesis
originally set forward by [100]; both of them produced “clouds”
of small RNAs from scattered positions along their stem-loops
instead of the discrete miRNA/miRNA⁎ duplexes typical of
canonical miRNAs [49]. Also unlike most miRNAs, miR822
and miR839 are dependent upon on an siRNA-associated Dicer
(DCL4), rather than the miRNA-associated DCL1 for their
accumulation. This suggests that these miRNAs may not have
yet acquired the structural features needed to facilitate recog-
nition by the presumably more specific DCL1. These observa-
tions are consistent with Allen and colleagues' postulated early
stages of miRNA evolution prior to the eventual selection of a
single, discrete regulatory miRNA sequence [100]; however,
only miR822 has been shown to have extended complementar-
ity to its targets — the targets of miR839, if any, remain ob-
scure. In summary, the observation of several A. thaliana
miRNAs whose precursors have extended complementarity to
their targets and which appear to be species-specific supports the
notion that miRNA birth can proceed by inverted duplication of
future target genes. The fact that canonical plant miRNAs,
whose precursors bear no resemblance to their targets outside of
the mature miRNA, typically have multiple targets from the
same clade of a gene family also supports this hypothesis.

6. Diminishing returns in miRNA discovery: The case for
neutral miRNA expression

The small RNA populations of eukaryotes are complex both
in terms of total diversity (the number of distinct RNAs ex-
pressed) and abundance — at least five orders of magnitude
separate the most abundant small RNAs from the least in
multiple species. Although subtractive hybridization strategies
which could potentially be used for normalization of small RNA
libraries have been reported [101], they have yet to be widely
implemented. For plants, as in animals, the first efforts to
sequence endogenous small RNAs analyzed relatively modest
numbers of reads [50,65,102], and thus the initially identified
miRNAs were those which were most abundant in readily
isolated tissues. These most abundant miRNAs had several
characteristics which were initially taken to be diagnostic of all
miRNAs, including conservation in multiple species, precise
excision of a single miRNA/miRNA⁎ duplex from the pri-
miRNA transcript, the existence of targets possessing a single
site with near-perfect complementarity anywhere within the
mature target message, and the miRNA-directed cleavage of
those targets [12,50,55]. The application of next generation
DNA sequencing technology to small RNA discovery, pio-
neered by Lu et al. [38] has radically changed this view. In
A. thaliana, the bulk of miRNA diversity, but not abundance, is
accounted for by miRNA families which tend to be weakly
expressed, poorly conserved, and to have few, if any, verifiable
or predicted targets [48,49]. A similar situation is found in the
moss P. patens and the lycophyte Selaginella moellendorffii
(though the targets of the S. moellendorffii miRNAs have yet to
be predicted or verified; [72]). In rice, large-scale sequencing of
small RNAs has also been reported [103,104]; the preponder-
ance of “sparse clusters” of small RNA expression in the rice
genome is suggestive of a similar pattern of highly diverse, non-
conserved miRNAs. Analysis of the “discovery trajectories” of
miRNA discovery in multiple species (Fig. 1) reveals two key
features: One, as pointed out by Rajagopalan et al. [49] for
A. thaliana, there is no sign of a plateau in miRNA discovery—
that is, further increases in the depth of sampling of small RNA
expression seem likely to enable discovery of yet more weakly
expressed miRNA families. The second, and perhaps more
intriguing observation, is that in every species thus far ex-
amined, the most deeply conserved miRNAs are also among the
most highly expressed (Fig. 1).

What mechanisms could account for the systematic correla-
tion between weak expression, poor conservation, and difficult
to identify targets among plant miRNAs? Weak expression
coupled with poor conservation could be explained by lineage-
specific miRNAs which have recently evolved to fulfill a
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specialized role in a narrowly defined tissue or temporal
condition. Indeed, the evolutionarily recent A. thaliana
miR824 is expressed specifically within developing guard cell
precursors where it functions to regulate the MADS-box
transcription factor AGL16 — this regulation is important for
regulating the density of stomatal complexes on A. thaliana
leaves [105]. miR824 is an example of a “young”miRNA under
the inverted repeat hypothesis since its precursor possesses
extended complementarity to the target AGL16 mRNA [48].
Conversely, miRNAs for which targets are difficult or
impossible to predict may obey rules for target interaction
different than those which are currently understood. The atypical
interactions with non-protein-coding RNAs demonstrated for
both miR390 [81] and miR399 [106] suggest that alternative
targeting rules do exist. But even if there does to prove to be a
much larger set of plant miRNAs which use alternative rules for
selection of targets, there is no obvious reason why these
alternative rules would be strongly correlated with both poor
conservation and weak expression. Indeed, both miR399 and
miR390 are well-conserved. A simple null hypothesis which
currently cannot be rejected for many of the poorly expressed,
seemingly target-less, and non-conserved miRNAs is that they
are selectively neutral — that is, their expression is of no
biological consequence.

The hypothesis that at least some plant miRNAs could be of
no biological significance is supported by several pieces of
circumstantial evidence. The first, as pointed out by several
publications [48,49,72], is that a huge diversity of miRNAs in
multiple plant species are of very recent evolutionary vintage,
implying that birth of new miRNAs is a frequent occurrence.
Correspondingly, the “death” rate of such miRNAs must also be
very high, because by definition these lineage-specific miRNAs
are not found outside of the species in which they were first
isolated. The observation that, in general, lineage-specific
miRNAs have fewer, if any, confidently predicted targets
[48,49,72] also argues in favor of their neutrality with regard to
natural selection. The weak expression levels also might reflect
a sort of “transcriptional ambivalence” with regard to these loci
as would be expected if they were of little or no biological
utility.

Several well described processes can easily be envisioned to
conspire to create a vast pool of short-lived, largely neutral
miRNAs. First, the hypothesis of inverted repeat origins for
miRNA loci of Allen et al. [100] need not be restricted to protein-
coding loci; inverted repeats likely occur everywhere in
eukaryotic genomes with some frequency. Indeed, naive searches
of plant genomes for simple inverted repeats find many millions
[66]. Second, plant genomes, like those of animals, support
expansive low-level transcription not only from canonical polI,
polII, and polIII genes, but also from huge areas of presumably
“intergenic” DNA [107,108]. Thus, pervasive low-level tran-
scription of the numerous inverted repeats could easily give rise
to a large diversity of stem-loop RNAs, many of which could be
recognized as substrates for the miRNA biogenesis machinery.
Most of the resulting miRNAs would not have enough sequence
identity to regulate any targets, and in the absence of the
selective pressure that a useful target regulatory interaction
would confer, could be expected to be subject to rates of
mutational drift typical of neutral DNA. This mutational drift
would rapidly erode the ability of the locus to produce a Dicer-
recognizable stem-loop, soon leading to the death of the
miRNA. A permanent pool of individually transient miRNAs
could form a sequence-diverse reservoir from which new
miRNA-regulatory interactions could occasionally be recruited
and retained [48,49,72].

7. Evolution of miRNA targets in animals

Do the lessons learned from plant miRNA–target relation-
ships apply in animals? Like in plants, there is a core set of
animal miRNAs which are conserved across highly divergent
phyla, including let-7 [57] and many others [109]. Analyses of
orthologous 3′-UTRs clearly indicate that some miRNA–target
interactions have been preferentially retained between related
animal species. In fact, examination of conserved miRNA
complementary sites in the 3′-UTRs of relatively closely related
animals has greatly facilitated miRNA target predictions in
vertebrates [110–114], insects [115–120], and roundworms
[58,121–123]. However, there is little evidence for the rigid and
extremely ancient miRNA–target relationships which typify the
deeply conserved plant miRNAs. For instance, Grun et al. [116]
compared the predicted targets of several miRNAs conserved
between insects and vertebrates, and found only a small pro-
portion of them were orthologous — many more targets were
unique either to insects or to vertebrates. The implication is that
though many animal miRNAs predate the emergence of dis-
parate phyla, their regulatory targets have differentially evolved
over time. Some of this may be explained by the different modes
of target regulation between plants and animals: As few as
seven nucleotides of complementarity are often sufficient for
miRNA-mediated regulation in animals, and many such com-
plementary sites occur in the relatively unconstrained 3′-UTRs.
Thus, rather than being locked into fixed miRNA–target
relationships, the 3′-UTRs of animal mRNAs may be capable
of “sampling” regulation by different combinations of miRNAs
over evolutionary time via mutational drift. In support of this
hypothesis are observations indicating that tissue-specific
miRNAs have played a major role in the evolution of 3′-UTR
sequences of tissue-specific mRNAs [124,125]. Perhaps be-
cause the relationships between established animal miRNAs
and their targets are so labile, no evidence of extended com-
plementarity between animal miRNA precursors and an animal
target has been reported. As in plants [39,49], a few C. elegans
loci which produce small RNAs from near-perfect inverted
repeats have been reported [58]; while these may be interpreted
as “young” miRNAs, it remains unclear whether they were
“born” with a pre-existing relationship to targets. Similar to
plants, however, are data suggesting that there might be a vast
array of poorly expressed, lineage-specific miRNAs in humans
[126,127]. Analyses of Drosophila miRNAs are also reminis-
cent of the plant situation: miRNAs which are less conserved
among 12 sequenced Drosophila genomes tend to have weak
expression and have fewer predictable targets [117]. These
observations are consistent with the hypothesis that animal
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genomes also contain reservoirs of evolutionary transient
miRNAs. Because the base-pairing requirements for biologically
relevant target interactions are so reduced in animals compared
to plants, it may be easier for recently evolved miRNAs of
arbitrary sequence to become incorporated into a useful regu-
latory interaction in animals as compared to plants.

8. Conclusions and prospects

The understanding of miRNA evolution and targeting has
blossomed in the last few years. A handful of miRNA–target
relationships likely to be involved in developmental control are
invariant in land plants separated by long periods of evolutionary
time. Determining how these invariant molecular control
elements have been utilized for vastly different phenotypic
outputs is a major goal of future research. The observation of a
large diversity of lineage-specific miRNAs which exhibit rapid
birth and death rates raises the possibility that many miRNAs are
“orphans” lacking biologically relevant targets, or lacking tar-
gets altogether. As this hypothesis can only be supported by
negative data (i.e. the lack of a demonstrated function), it is quite
difficult to conclusively demonstrate. Thus, it should instead be
treated as a null hypothesis which can be rejected upon expe-
rimental confirmation of a biological role for any individual non-
conserved miRNA. Methods which have served well for the
more conserved miRNAs should be equally applicable to non-
conserved miRNAs: In particular, miRNA over-expression fol-
lowed by expression profiling [56] and inhibition of miRNA
function using mimics [106] would seem to be especially prom-
ising avenues for attempting to reject the null hypothesis for non-
conserved miRNAs. Piecing together how this shadow world of
transient miRNAs interacts with the more obviously functional
miRNA–target relationships will continue to be an exciting
endeavor.
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