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Abstract MicroRNAs, or miRNAs, are posttranscriptional
regulators of gene expression. A wealth of observations and
findings suggest highly complex, multicomponent, and
intermingled pathways governing miRNA biogenesis and
miRNA-mediated gene silencing. Plant miRNA genes are
usually found as individual entities scattered around the
intergenic and—to a much lesser extent—intragenic space,
while miRNA gene clusters, formed by tandem or segmental
duplications, also exist in plant genomes. Genome duplica-
tions are proposed to contribute to miRNA family expansions,
as well. Evolutionarily young miRNAs retaining extensive
homology to their loci of origin deliver important clues into
miRNA origins and evolution. Additionally, imprecisely proc-
essed miRNAs evidence noncanonical routes of biogenesis,
which may affect miRNA expression levels or targeting capa-
bilities. Majority of the knowledge regarding miRNAs comes
from model plant species. As ongoing research progressively
expands into nonmodel systems, our understanding of
miRNAs and miRNA-related pathways changes which opens
up new perspectives and frontiers in miRNA research.
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Introduction

MicroRNAs (miRNAs) are a class of small, endogenous, non-
coding RNAs with a big impact on virtually all biological
processes. MiRNAs mediate posttranscriptional gene silenc-
ing and have well-established roles in the regulation of key
processes, such as development, growth, and stress responses
(Budak et al. 2014, 2015b). In plants, miRNA research has
been ongoing for a little over a decade; while some aspects of
miRNAs, such as their biogenesis, have been unveiled in great
detail, some other aspects, such as their origins, remain elu-
sive. A thorough understanding of miRNA function enables
researchers to dissect molecular mechanisms and design ex-
ogenous interventions to modulate gene expression. MiRNA
research also provides clues into the evolutionary events,
whichmay even be indicative ofmajor episodes of phenotypic
evolution, such as the emergence of plants adapted to land
(Taylor et al. 2014). Here, we briefly describe canonical and
noncanonical biogenesis routes of miRNAs, explore their ge-
nomic organization and miRNA gene families, and discuss
their origins and evolution.

Canonical and noncanonical miRNA biogenesis

Canonical miRNA biogenesis begins with the transcription of
miRNA (MIR) genes by RNA Polymerase II (Pol II, Fig. 1).
The recruitment of Pol II to MIR promoters involves the in-
teraction of several transcriptional activators and various se-
quencemotifs inMIR promoters, indicating a multicomponent
mode of regulation of MIR transcription (Rogers and Chen
2013). Primary miRNA transcripts, or pri-miRNAs, generated
by transcription of the MIR loci, then fold into hairpin struc-
tures which are recognizable by the members of Dicer-like
(DCL) family enzymes. The size of DCL family varies in
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different plant species. The DCL family has four members in
Arabidopsis and grape, five members in rice and sorghum,
and only three members in the moss Physcomitrella patens
(Liu et al. 2009). Of the DCL family, DCL1 is mainly respon-
sible for the cleavage of the pri-miRNA into a precursor-
miRNA (pre-miRNA) in Arabidopsis. DCL1 also carries out
the subsequent cleavage of pre-miRNA to release the miRNA/
miRNA* duplex (Axtell et al. 2011). Different DCL family
members give rise tomiRNAs of different lengths.Majority of
the plant miRNAs are 21 nucleotides in length, which are
either processed by DCL1 or DCL4. DCL2 and DCL3 pro-
teins, on the other hand, tend to generate miRNAs that are 22
and 24 nucleotides long, respectively. The molecular struc-
tures of DCL proteins, in particular the distance between the
RNase III and PAZ domains, are suggested to be the major
determinant of the resulting miRNA length (Liu et al. 2009;
Rogers and Chen 2013).

The generation of the miRNA/miRNA* duplex occurs in-
side the nucleus within specialized compartments, called
Dicing-bodies or D-bodies, in plants. The miRNA/miRNA*
modified at the 3′ terminus by methylation by Hua Enhancer 1
(HEN1) is then exported to the cytoplasm, possibly through
HASTY (Axtell et al. 2011). However, hst mutants did not
exhibit accumulation of miRNAs inside the nucleus in
Arabidopsis, suggesting additional export mechanisms that
are yet-to-be-identified (Park et al. 2005). 2′-O-methylation
of miRNA/miRNA* duplex by HEN1 is crucial to protect
the 3′ termini of unwound mature miRNA from the action of
exonucleases, such as small RNA-degrading nuclease (SDN)
proteins (Ramachandran and Chen 2008). Otherwise, miRNA
is rapidly uridylated by terminal uridyl-transferases and sub-
sequently degraded (Yu et al. 2005; Ren et al. 2015).

Methylation of the miRNA/miRNA* duplex by HEN1 may
also occur in the cytoplasm as HEN1 is found both inside the
nucleus and in the cytoplasm.

Once inside the cytoplasm, miRNA/miRNA* duplex sep-
arates, and the guide strand is loaded into the RNA-induced
silencing complex through binding with Argonaute (AGO)
proteins. The selection of the guide strand is at least partially
dependent upon the thermodynamic stabilities of the 5′ ends,
which is also linked to AGO binding. Most plant miRNAs
carry 5′ U (uridine) that is usually bound by AGO1. The fully
assembled RISC, which includes additional proteins such as
Heat Shock Protein 90 (Hsp90), then binds to its target
through sequence complementarity with its mature miRNA
strand, to direct either mRNA cleavage or translational inhi-
bition (Rogers and Chen 2013; Budak et al. 2015b). Although
mRNA cleavage is the most prominent form of gene regula-
tion executed by plant miRNAs, some of the major processes
such as key developmental switches are controlled by transla-
tional inhibition. For instance, floral determinacy is largely
regulated by the miR172 family through translational inhibi-
tion of APETALA 2 in Arabidopsis; this switch from meri-
stem tissue to floral organs is a key to the reproductive success
(Chen 2004). The regulation of APETALA2 expression by the
miR172 family itself presents a robust but complex mecha-
nism for floral development. Certain members of the miR172
are activated by POWERDRESS (PWR) protein, which do
not affect yet other miR172 members, conferring this family
a versatile functional redundancy to effectively control the
development of floral organs (Yumul et al. 2013). These ob-
servations clearly demonstrate the intricate network of
miRNA biogenesis and miRNA-regulated gene expression
in plant systems (Appels et al. 2015).

Fig. 1 An overview of canonical
miRNA biogenesis, with
noncanonical routes. miRNA
biogenesis begins with
transcription ofMIR loci by RNA
polymerase II. 21-nucleotide long
canonical miRNAs are mostly
processed by Dicer-like 1
(DCL1), while DCL2, DCL3, and
DCL4 generate miRNAs of dif-
fering lengths. miRNA/miRNA*
duplexes are methylated by
HEN1 for stabilization, which
may also contribute to the export.
The export of miRNAs is
generally attributed to HASTY,
although this is challenged by hst
mutants. In contrast to the
canonical base-to-loop
processing, miRNAs can also be
processed from loop to base
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In the canonical route of miRNA biogenesis, pre-miRNAs
are processed from the base of the hairpin toward the loop by
the DCL1. As a subtle modification of this process, miRNAs
being processed in the reverse orientation, i.e., from the loop
toward the base, have been reported (Fig. 1). For instance,
miR319 and miR159 in Arabidopsis were observed to be
processed in this reverse orientation, which requires a great
degree of sequence complementarity in the primary miRNA
molecule (Bologna et al. 2009). Among these loop-to-base
processed pri-miRNAs, pri-miR319 was shown to generate
additional small RNA species from the loop-proximal part
of its stem. Even though these small RNAs were named as
miRNA-like RNAswhen they first described, one of the them,
miR319b.2, was recognized as a miRNA after the elucidation
of its miRNA* accumulation and functional properties
(Budak et al. 2015a; Sobkowiak et al. 2012). Intriguingly,
bidirectional processing of pri-miRNAs for miR166 family
by DCL1 has been reported, leading to productive and abor-
tive miRNA processing. The base-to-loop and loop-to-base
processing was suggested to accumulate and destroy the
miR166 levels, respectively, in Arabidopsis (Zhu et al. 2013).

In animals, miRNAs deriving from intronic sequences of
protein-coding genes bypass Drosha cleavage, representing
the Drosha-independent noncanonical biogenesis pathway.
In plants, this novel class of miRNAs, called the mirtrons, also
skips the first cleavage step by DCL1. Instead, splicing and
subsequent debranching of the lariat generate the pre-miRNA
molecule which is indentified through the hallmark of splice
patterns (Axtell et al. 2011; Meng and Shao 2012).

Plant pri-miRNAs vary considerably in length, from tens to
hundreds of bases, which are nonetheless processed by the
miRNA biogenesis machinery. Long inverted repeat tran-
scripts, however, appear to spawn an array of imprecisely
processed miRNA species through the action of mostly non-
canonical DCL proteins, DLC2, DCL3, and DCL4 (Fig. 1).
These noncanonical pathways, sometimes converging to or
overlapping with the siRNA-related pathways, are still poorly
understood in plants; however, theymay play roles in the birth
of new miRNAs (Axtell et al. 2011).

Organellar miRNAs

Organellar miRNAs that reside in mitochondria and chloro-
plasts are an emerging issue in miRNA research, as they raise
up the possibility of extant miRNA species encoded and proc-
essed by the genomes of these organelles. Recent studies iden-
tified miRNA co-localization with mitochondria in rats, mice,
and humans (Kren et al. 2009; Bian et al. 2010; Barrey et al.
2011; Sripada et al. 2012a). Isolated mitochondria revealed
differential enrichment of miRNAs, independent of cellular
miRNAs, and the presence of AGO2 protein, which together
suggest modulation of mitochondria functions through

miRNAs (Bian et al. 2010; Das et al. 2012). While miRNAs
were in silico identified from or mapped to the mitochondrial
DNA (mtDNA), the origins of the miRNAs residing in the
mitochondria, collectively termed BmitomiRs^ could not be
determined (Barrey et al. 2011; Bandiera et al. 2011).
Although the translocation of nuclear-encoded miRNAs into
the mitochondria has been shown, whether miRNAs tran-
scribed from the mtDNA exist remains an intriguing question
(Barrey et al. 2011; Das et al. 2012). Considering that
Arabidopsis mutants that do not express HASTY, the protein
attributed to miRNA export from the nucleus, did not accu-
mulate miRNAs inside the nucleus (Park et al. 2005), miRNA
translocation into the double-membrane-enclosed mitochon-
dria represents another intriguing aspect of mitomiRs. A can-
didate for the miRNA import system in mitochondria has been
suggested as an intermembrane space protein, polynucleotide
phosphorylase (PNPASE). This protein is conserved across
species from bacteria to humans and is also found in plant
mitochondria and chloroplasts (Sripada et al. 2012b). Clues
from mitomiRs can reveal noncanonical biogenesis routes or
offer additional players for miRNA export from nucleus.

The presence of small, noncoding RNAs inside the chloro-
plasts was first described inArabidopsis in 2002 (Marker et al.
2002) and later reported from tobacco and cabbage (Lung
et al. 2006;Wang et al. 2011).While at least a fraction of these
small RNAs are likely degradation products, Wang and his
colleagues demonstrated that chloroplast small RNA popula-
tion was affected by heat treatment, pointing out to active
mechanisms of small RNA metabolism inside this organelle.
Strikingly, two heat-responsive chloroplast small RNAs,
which did not originate from rRNA or tRNA species, revealed
complementary sequences with two transcripts. The expres-
sion levels of these transcripts contrasted with that of the cor-
responding small RNAs under heat stress, suggesting
miRNA-like regulation of gene expression inside chloroplasts
(Wang et al. 2011).

MitomiRs and cipomiRs, named in reference to mitomiRs,
are still poorly understood in plants (Budak et al. 2015b). Few
reports hinder firm conclusions on whether these organelles
are capable of organelle-specific miRNA biogenesis or they
have specialized systems for miRNA import. In each case,
further research is likely to contribute to the elucidation of
noncanonical routes for miRNA processing and transport.

Identification of miRNAs

Earliest attempts for miRNA identification included cloning
and sequencing of small RNAs (sRNAs) (Llave et al. 2002;
Sunkar and Zhu 2004). However, as these approaches had
been both time-consuming and labor-intensive, computational
identification methods that utilize distinctive features of
miRNAs and extensive conservation among plant miRNAs
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soon emerged (Wang et al. 2004; Bonnet et al. 2004). The
introduction of next-generation sequencing (NGS) technolo-
gies and ever-decreasing costs of these platforms enabled ge-
nome or transcriptome-wide in silico identification of many
miRNA precursors in both model and nonmodel plants (Jia
et al. 2013; Ling et al. 2013; Kurtoglu et al. 2014; Budak and
Kantar 2015). Additionally, chromosome-based genomics
studies revealed chromosome-specific miRNA catalogues,
which even allowed comparisons between the miRNA con-
tents of homologous chromosomes in polyploid species, such
as the hexaploid bread wheat (Kantar et al. 2012; Kurtoglu
et al. 2013; Deng et al. 2014).While computational techniques
are powerful approaches for high-throughput miRNA identi-
fication, in silico predicted miRNAs require additional exper-
imental evidence for verification. Quantitative real-time-
polymerase chain reaction (qRT-PCR), Northern blotting,
and microarrays are among the most commonly used tech-
niques to provide experimental evidence of expression for
computationally predicted miRNAs (Wang et al. 2004; Ren
et al. 2012; Kurtoglu et al. 2013; Budak and Akpinar 2011).
However, they are not very sensitive in terms of identifying
the exact mature miRNA sequence, failing to differentiate
isomiRs and the miRNAs belonging to the samemiRNA fam-
ily. Another application of NGS technologies for high-
throughput miRNA identification is deep-sequencing of
sRNA libraries. Even though this technique is highly powerful
in terms of sequence specificity, appropriate precursor se-
quences should be provided for the verification of genuine
miRNAs, which is mostly performed through in silico
analyses.

Plant miRNAs require strict sequence complementarity
with their target transcripts, only allowing a few mismatches
(Zhao et al. 2015). Therefore, in addition to miRNAs and their
precursors, miRNA targets can be confidently identified
through computational methods in plants. Although a direct
link between a miRNA and its target should be established
through experimental procedures such as rapid amplification
of cDNA ends (RACE) or degradome sequencing, identifica-
tion and annotation of putative miRNA targets are broadly
indicative of the physiological roles of the corresponding
miRNAs (Budak et al. 2015b). An overview of high-
throughput miRNA identification and downstream applica-
tions is depicted in Fig. 2.

Genomic organization of miRNA genes

Plant miRNAs have been suggested to form large miRNA
gene families, in contrast to the animal miRNAs. This notion
changes as more advanced techniques such as deep sequenc-
ing of sRNA libraries enable high-throughput identification of
large numbers of miRNAs. According to the current version
of the miRBase miRNA registry (http://www.mirbase.org/,

Release 21), miRNA gene family sizes are smaller than
those reported previously (Li and Mao 2007), although part
of this reduction can be explained by spurious miRNA entries
which lack proper verification. The average size of the
miRNA gene families, as deposited in miRBase, is similar
across different plant species, except for maize, Zea mays,
grape, Vitis vinifera, and sorghum, Sorghum bicolor, with
average miRNA family sizes of 5.93, 3.40, and 3.25,
respectively (Table 1). The miRNA families associated with
development and/or stress responses, such as miR156,
miR169, and miR395, are generally represented by large fam-
ilies with several members in different plants (Chuck et al.
2010; Liang et al. 2012; Wang et al. 2013; Sorin et al.
2014). Interestingly, the miR2592 family with 66 members
in Medicago truncatula (Table 1) is deemed as legume-
specific and has been reported from a few species so far, with
roles in organogenesis and stress response (Zhou et al. 2012;
Liu et al. 2014). However, recent studies have shown that
miR2592 responds to heat stress in radish (Wang et al.
2014). Despite these large miRNA families with established
roles in various pathways, the conservation status of miRNA
families, i.e., conserved and nonconserved families, along
with average miRNA family sizes across species may change
depending on new findings.

Plant miRNAs are mostly transcribed from independent,
non-protein-coding loci on the intergenic regions of the ge-
nome. Plant miRNA genes can also be found in clusters; how-
ever, these clusters mostly code for homologous miRNA spe-
cies, in contrast to animals where multiple miRNA species can
be transcribed as a single polycistronic transcript from a clus-
ter (Li and Mao 2007). This pattern suggests that most plant
miRNA gene clusters are formed through tandem duplications
linked to dosage effect, such that co-transcription from the
cluster would increase the dosage of a specific miRNA at once
(Axtell et al. 2011). Additionally, segmental duplications are
also indicted in the formation of homologous miRNA gene
clusters in plants, such as miR395 family, which is known to
form clusters in several plant species (Li and Mao 2007; Sun
et al. 2012). Few gene clusters coding for nonhomologous
miRNAs have also been reported (Merchan et al. 2009; Cui
et al. 2009). Nonhomologous miRNAs within a single cluster
were observed to target different proteins belonging exclu-
sively to the same protein family. Thus, while homologous
miRNA gene clusters are associated with dosage effect, non-
homologous miRNA gene clusters are implicated in the co-
regulation of related proteins (Merchan et al. 2009).

Besides the intergenic miRNA loci, intronic miRNAs or
the so-called Bmirtrons,^ are being increasingly reported in
plants. Mirtrons were first discovered in animals through the
splicing-patterned ends of pre-miRNAs, in contrast to the ca-
nonical Drosha-processed ends (Ruby et al. 2007). So far,
mirtrons, transcribed from the spliced out introns of the
protein-coding genes, have been reported in the model plants
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Arabidopsis thaliana and rice, as well as nonmodel plants
such as cassava and foxtail millet (Meng and Shao 2012;
Joshi et al. 2012; Yi et al. 2013; Patanun et al. 2013).
Interestingly, an intronic miRNA, miR838, had been located
on intron 14 of the DCL1 primary transcript in Arabidopsis,
suggesting a feedback loop for the autoregulation of miRNA
biogenesis (Rajagopalan et al. 2006). Despite being rare, ex-
onic miRNAs, transcribed from the exons of protein-coding
genes, have also been described in plants (Li et al. 2011a;
Colaiacovo et al. 2012; Liu 2012). These exonic miRNAs
are suspected to take part in fine-tuning of the expression of
their targets (Li et al. 2011a).

Origins of plant miRNAs

The requirement for near-perfect complementarity for target
recognition facilitates in silico identification of putative targets
of miRNAs in plants. This requirement, as well as close evo-
lutionary dynamics of miRNAs and their targets (Zhao et al.
2015), suggests that the origins of plant miRNAs are linked to
their cognate targets. An inverted duplication of a gene copy is
capable of producing a hairpin structure that can be processed
to generate miRNAs (Cuperus et al. 2011). It is speculated that
at the initial stages, these hairpins are imprecisely processed
by a number of DCL enzymes, particularly DCL2, DCL3, and
DCL4 besides the canonical DCL1, to generate small RNAs
of varying sizes. This way, the most convenient miRNA-target
pair is selected along the evolution without the action of an
immediate selection pressure (Axtell et al. 2011).

Accordingly, recently evolved plant miRNA genes exhibiting
extensive homology to their targets have been reported, indi-
cating that these miRNAs might have evolved from the dupli-
cated copies of their targets (Nozawa et al. 2012; He et al.
2014). In fact, miR826 and miR5090 have been suggested
to derive from the same transcript in Arabidopsis (He et al.
2014). Additionally, rice miR7695 is likely evolved from a
duplication of its target gene, due to the high similarity to its
target and DCL4—instead of the canonical DCL1—process-
ing during its biogenesis (Campo et al. 2013). Once a miRNA
gene is evolved, tandem or segmental duplications are respon-
sible for the expansion of miRNA gene families.

Transposable elements (TEs) are another major source of
miRNA formation in plants. TEs further contribute to miRNA
gene family expansions through tandem and segmental dupli-
cations. Plant miRNAs originating from TEs, also called TE-
MIRs, have been well-documented, although converging
miRNA and siRNA pathways obscure the identification of
bona fide miRNAs among them (Li et al. 2011b; Kurtoglu
et al. 2014). Interestingly, TE-MIRs may be promoted in some
plant species, where they make up the majority of the overall
miRNA content. Sun and her colleagues observed that, among
four well-studied species, TE-derived miRNAs were highly
abundant in Populus trichocarpa and Oryza sativa compared
to Sorghum bicolor and Arabidopsis; whether this apparent
bias in TE-MIRs has evolutionary implications remains un-
clear at this time (Sun et al. 2012). In the formation of young
miRNAs, the nonautonomous miniature inverted-repeat trans-
posable elements (MITEs) are of particular importance due to
their palindromic structures (Cuperus et al. 2011; Sun et al.

Fig. 2 A generalized scheme of
high-throughput miRNA
identification and subsequent
analyses. Precursors and
corresponding miRNAs can be
identified from either genome or
transcriptome-wide or
chromosome-specific sequence
data that may or may not be
masked against repeat elements,
as a fraction of miRNAs are
encoded by the repetitive regions.
The identification of isomiRs,
sequence variants of mature
miRNAs, and miRNA targets are
now common downstream
applications to elucidate the
structures and functions of
miRNAs of interest. EST
expressed sequence tag, RACE
rapid amplification of cDNA
ends, RNA-Seq RNA-sequencing

Funct Integr Genomics (2015) 15:523–531 527



2012). A MITE element inserted within the promoter region
of an important vernalization gene, VrnA1a, contained the
sequence of TamiR1123 in wheat, whose expression correlat-
ed with the vernalization gene (Yu et al. 2014). TE-MIRs were
observed to frequently associate with intragenic regions in
monocots among four test species. As MITEs preferentially
insert into genic regions, monocots may contain a higher pro-
portion of MITE-related miRNAs compared to eudicots (Sun
et al. 2012).

Occasionally, plant miRNAs arise from random unstruc-
tured sequences (de Felippes et al. 2008). While this route is
common for new miRNAs to emerge in animals where they
can Bcreep^ into the regulatory system, plant miRNAs arising
from random hairpins are prone to be lost quickly due to the
lack of fortuitous targets. Due to high-sequence complemen-
tarity necessary to target a gene, plant miRNAs from random
sequences rarely acquire targets that would stably integrate
them into the miRNA regulatory network (Axtell et al.
2011). In Arabidopsis, miR447 and miR856 had validated
targets that were distinct from the fold back sequences they
were processed from, representing the rare subclass of
miRNAs originating from random unstructured sequences
(Fahlgren et al. 2007).

The spliced-out introns of protein-coding genes are
increasingly recognized to spawn miRNAs, the so-
called mirtrons, in plants, as they do in animals.
Interestingly, mirtrons identified in Arabidopsis and rice

revealed a bias for 24-nt long species, beginning with
5′-G (guanine) and 5′-A (adenosine), in contrast to the
21-nt long canonical miRNAs that generally begins with
5′-U (uridine) (Meng and Shao 2012). These features
point out to noncanonical processing of mitrons.
Curiously, some of the mirtrons identified in this study
were found to reside in TE genes (Meng and Shao
2012). Mirtrons are an emerging issue in plants; further
studies should contribute to our understanding of
miRNA origins and evolution.

The origins of miRNAs are mostly traced back through
young miRNAs that, unlike the ancient miRNAs conserved
across many species, retain considerable similarity to their loci
of origin. As these young miRNAs are likely evolved relative-
ly recently, most of them are species-specific and are sug-
gested to be gained and lost at high frequencies.
Additionally, these young miRNAs often have low expression
levels and exhibit improper processing, which may indicate a
transition state before complete integration into the regulatory
system (Cuperus et al. 2011). However, besides a few model
species, miRNA research is still in infancy for most species,
and serious concerns are increasingly raised for spurious
miRNAs deposited in public databases. As another intriguing
aspect of youngmiRNAs, the integration of newmiRNAs into
the canonical miRNA network appears to happen through
miRNAome expansions at distinct evolutionary episodes,
which in theory may coincide with phenotypic evolution in

Table 1 MiRNA gene family features in selected species according to miRBase miRNA registry (http://www.mirbase.org/, Release 21)

Species No. of families No. of genes Average no. of
genes/family

Largest miRNA family No. of members of the
largest family

Chlamydomonas 47 50 1.06 miR1144, miR1151, miR1161 2, 2, 2

Physcomitrella patens 108 229 2.12 miR166 13

Dicots

Arabidopsis thaliana 214 325 1.52 miR169 14

Brassica rapa 63 96 1.52 miR156 7

Medicago truncatula 263 672 2.56 miR2592 66

Populus trichocarpa 133 352 2.65 miR169 33

Glycine max 265 573 2.16 miR156 28

Phaseolus vulgaris 8 8 1.00 - -

Gossypium raimondii 183 296 1.62 miR7484 13

Vitis vinifera 48 163 3.40 miR169 25

Monocots

Brachypodium distachyon 184 317 1.72 miR395 16

Oryza sativa 334 592 1.77 miR395 25

Sorghum bicolor 63 205 3.25 miR437 23

Hordeum vulgare 57 69 1.21 miR5049 6

Triticum aestivum 93 116 1.25 miR167, miR1120, miR1122,
miR9657, miR9666

3, 3, 3, 3

Zea mays 29 172 5.93 miR169 18
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plants (Taylor et al. 2014). Thus, our views on the Byoung^
miRNAs may change, thereby changing our view on miRNA
evolution.

Evolution of plant miRNAs

The emergence of gene silencing through complementary
RNA molecules is considered as an evolutionarily ancient
event, which was lost in certain eukaryotic lineages, such as
yeast, along the way. In fact, two miRNAs, miR854 and
miR855, are common to both animal and plant kingdoms,
although there is controversy on the authenticity of these
miRNAs (Arteaga-Vázquez et al. 2006; Cuperus et al. 2011;
Pashkovskiy and Ryazansky 2013). However, evolutionary
conclusions regarding conserved and nonconserved miRNA
families should be drawn cautiously, because other than a few
model species, miRNAs are not extensively characterized in
many plants and several of which reported so far still require
additional evidence for verification. To demonstrate this prob-
lem, Taylor and his colleagues analyzed a total of 6172
miRNA genes deposited in v20 of miRBase in detail, and
almost one third of these miRNAs lacked enough evidence
to be annotated as genuine miRNAs. Additionally, as the same
study points out, there are large evolutionary gaps between
species for which miRNA content information is available.
For instance, Physcomitrella patens is the only representative
in miRBase from the moss lineage (Taylor et al. 2014).
Consequently, our understanding of the evolutionarily con-
served and nonconserved miRNA families across evolution-
ary lineages is prone to change as the miRNA catalogues of
more species are unlocked.

Nevertheless, eight miRNA families, namely, miR156,
miR159/319, miR160, miR166, miR171, miR408, miR390/
391, and miR395, were found to be conserved across the
ancestral Embryophyta (Cuperus et al. 2011). Of these,
miR156 and miR166 are concluded as conserved miRNAs
across the plant kingdom that have roles in flower develop-
ment (Luo et al. 2013). Additionally, miR396 family was
found in all vascular plants, and miR397 and miR398 families
were present in all seed plants. Among the angiosperms,
miR403, miR828, and miR2111 families are so far known as
eudicot-specific (Cuperus et al. 2011). Interestingly, targets of
miR403 family include AGO2 and AGO3 proteins, indicating
a feedback look in miRNA biogenesis (Jagtap and
Shivaprasad 2014).

While the lists of conserved and nonconserved miRNA
families may change depending on new findings, syntenic
relationships may corroborate that miRNAs conserved across
two or more species are in fact representative of a true evolu-
tionary conservation event. For instance, miR1133 and
miR167 identified from the short arm of chromosome 5D of
bread wheat, Triticum aestivum, have their homologs on the

syntenic Brachypodium distachyon chromosome 4, strongly
indicating that these miRNAs are likely conserved between
these species (Kurtoglu et al. 2013). In conclusion, evolution-
ary patterns of miRNA conservation can be misleading at
times, unless the miRNAs themselves or the relationship be-
tween the species is supported by additional lines of evidence.
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