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Abstract
MicroRNAs (miRNAs) are 20−24 nucleotide RNA molecules that play essential roles in
posttranscriptional regulation of target genes. In animals, miRNAs bind to target mRNA through
imperfect complementary sequences that are usually located at the 3’ untranslated regions (UTRs),
leading to translational repression or transcript degradation. In plants, miRNAs predominately
mediate degradation of target mRNAs via perfect or near-perfect complementary sequences.
MicroRNA targets include a large number of transcription factors, suggesting a role of miRNAs in
the control of regulatory networks and cellular growth and development. Many miRNAs and their
targets are conserved among plants or animals, whereas some are specific to a few plant or animal
lineages. Conserved miRNAs do not necessarily exhibit the same expression levels or patterns in
different species or at different stages within a species. Therefore, sequence and expression
divergence in miRNAs between species may affect miRNA accumulation and target regulation in
interspecific hybrids and allopolyploids that contain two or more divergent genomes, leading to
developmental changes and phenotypic variation in the new species.
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Introduction
MicroRNAs (miRNAs) are a class of small RNAs that serve as post-transcriptional negative
regulators of gene expression in plants and animals [1-7]. The 20−24 nucleotide single-stranded
miRNAs repress the target genes by mRNA degradation or translational repression [8-11].
MIRNA genes are transcribed by RNA polymerase II [12,13] from intergenic and/or coding
sequences that are independent of their target genes, generating primary miRNA (pri-miRNA)
that is processed by nuclear RNaseIII-like enzymes [14], such as Dicer and Drosha in animals
[14] and DICER-LIKE proteins (e.g., DCL1) in plants [15]. The resulting pre-miRNA contain
miRNA:miRNA* intermediate duplex formed by self-complementary foldback structure.
HEN1 methylates the 2’ hydorxy of the 3’ terminal nucleotide of plant miRNAs [16], which
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protects the 3’ end from uridylation and degradation [17]. The pre-miRNAs are transported
into cytoplasm by HASTY (HST) [18], a homolog of Exportin-5 that is involved in transport
of pre-miRNAs [19,20] and tRNAs [21] in animals. HYL1, a double-stranded RNA binding
protein, is also required for miRNA accumulation [22,23]. The double-stranded miRNA that
is unwound by a helicase-like enzyme, and the miRNA strand whose 5’-end is less tightly
paired [9,24] is usually incorporated into the effector RNA-induced silencing complex (RISC)
[2,25]. One or more ARGONAUTE proteins such as AGO1 in the active miRNA-containing
RISC complex help guide the targets by complementary sequences [26,27]. As a result, most
plant miRNAs function as negative regulators to guide miRNAs to mRNA targets for
degradation [2,28]. Furthermore, some miRNAs may play a role in chromatin modifications
and gene transcription. The genes encoding two Arabidopsis miRNA targets (PHABULOSA
and PHAVOLUTA) are heavily methylated downstream of the miRNA complementary sites,
and the methylation is reduced in phb-1d and phv-1d mutants [29]. Although the cause of
reduced DNA methylation is unknown, the data suggest a link between miRNAs and
transcriptional regulation.

Plants produce many short-interfering RNAs (siRNAs) that are often generated from
endogenous loci and repeats or by exogenous agents such as virus [5,28,30]. These siRNAs
are different from miRNA loci because siRNAs are derived from aberrant double-stranded
RNAs and require the activity of RNA-dependent RNA polymerases (RDRs) [31]. Biogenesis
of siRNAs requires the functions of DCL2, DCL3, DCL4, RDR2, RDR6, and RNA polymerase
IV [32-34]. In some cases, endogenous siRNAs trigger epigenetic effects on target loci and are
associated with RNA-directed DNA methylation and chromatin remodeling [30,35-38]. RDR6
plays a role in silencing of transgenes, some viruses, and specific endogenous mRNAs that are
targets of trans-acting siRNAs (ta-siRNAs) [39,40]. ta-siRNAs are formed by miRNA-guided
cleavage within pre-ta-siRNA transcripts (phasing) and through DICER-LIKE processing of
dsRNA that is dependent on RDR6/SDS3 activity [39-41]. The phased ta-siRNAs direct the
degradation of target mRNAs as do plant miRNAs [28].

After the first miRNA (lin-4) was discovered in Caenorhabditis elegans [42], and since then,
thousands of miRNAs have been identified in plants and animals [43]. Estimates indicate that
1−5% of the transcribed genes in animals contain miRNAs, making them one of most abundant
and dynamic classes of genetic regulators [44]. The collection of miRNAs is growing in the
miRNA Registry (http://microrna.sanger.ac.uk/sequences/). Release 10.1 (December 2007)
listed 5,395 miRNA locus entries, including 564 in human, 461 in mouse, 193 in zebra fish,
137 in nematode, 147 in fruit fly, 199 in Arabidopsis, 215 in poplar, 243 in rice, 96 in maize,
263 in moss, and 72 in alga [43]. In plants many of miRNAs have relatively few targets because
target recognition requires near-perfect complementarity, whereas target recognition for the
animal miRNAs requires a relatively low level of sequence complementarity [2,3,45].

Complementarity to the core region (positions 1−10) of miRNA is often sufficient for effective
regulation in animals. Therefore, one miRNA can affect transcript and protein levels of
hundreds of targets in animals [46]. Consequently, these miRNAs control a wide range of
physiological and developmental processes in animals and in plants as well. In plants, miRNAs
mediate leaf development [11,47-49] including radial patterning in shoots [50], organ identity
and flowering [8,51-55], phytohormone signaling [56-59], and responses to biotic and abiotic
stresses [59-62] that are also mediated by natural cis-antisense siRNAs (nat-siRNA)[63] and
30−40 nt small RNAs [64]. ta-siRNAs affect temporal regulation of leaf and trichome
development [40,65].

Although the role of miRNAs in animal and plant development has been extensively studied,
little is known about how miRNAs are conserved between species, how the conserved miRNAs
play similar or different roles in distinct and related species, how spatial and temporal
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regulations of conserved miRNAs change among the related species, and whether the
expression patterns of miRNAs and their targets in the progenitors are also maintained in the
interspecific hybrids and new allopolyploid species that are derived from two ore more
divergent species [66-69]. There is evidence for sequence variation and expression divergence
of miRNAs between species as well as co-evolution of miRNA loci and their targets within
species [70-72]. In this brief review, we analyzed and reported computational and experimental
data documented in the last decade, and presented some hypotheses on miRNA regulation
between related species and in interspecific hybrids and allopolyploids.

Conservation and diversity of miRNAs between species
The sequences of mature miRNAs are generally conserved in animal or plant kingdom [2,5,
45], and a few are even conserved between animal and plant kingdom [73]. In animals, many
miRNAs, including let-7 and mir-1, appear at a branch from basal metazoan to the common
ancestors of invertebrates, vertebrates, and mammals [71,74]. These conserved microRNAs
often have similar functions in the different animal lineages. For example, mir-1 displays
muscle-specific expression in nematode, fruit fly, and human, suggesting an essential role of
mir-1 in muscle development throughout the animal kingdom [75-77].

Major miRNA renovations occurred at the emergence of vertebrates and placental mammals
[71]. Many miRNAs, such as miR-126 and miR-206, are expressed in vertebrate-specific organs
[78]. Moreover, ∼42% of the 800 primate miRNAs are primate-specific and are absent in other
mammals [79]. Using the massively parallel signature sequencing (MPSS) technique,
Berezikov et al. (2006) identified 477 new miRNA genes in the brains of humans and
chimpanzee [80]. Among all small RNAs cloned, 75% were known human and primate
miRNAs, 14% were conserved in vertebrates, 10% were primate-specific, and 1% were human-
specific. The data suggest that miRNA evolution is an on-going process. Some miRNAs are
species-specific, and others are expanded in a species through duplication events as observed
in plants [81,82].

Like animal miRNAs, the majority of plant miRNAs are conserved. Among the first set of 16
miRNAs identified in Arabidopsis, eight match orthologous loci in rice (Oryza sativa L. ssp
indica) [83]. These miRNAs and stem-loop precursor structures are evolutionarily conserved
between a monocot and an eudicot. The mature miRNA sequences are almost invariable, and
the high level of sequence conservation extends to the stem-loop precursor duplex. However,
the sequences outside the mature miRNAs are highly variable. The data suggest an important
role of secondary precursor structure in miRNA processing and biogenesis [28,81].

Since miRNA precursors are transcribed by RNA polymerase II and polyadenylated [12,13],
some miRNAs should be present in a plethora of expressed sequence tags (ESTs). Indeed, by
analyzing ∼6 million ESTs, Zhang et al. (2006) identified 481 miRNAs that belong to 37
miRNA families in 79 plant species, and many of them are conserved across major plant
lineages from mosses and gymnosperms to monocots and eudicots [72]. Among 41 miRNA
families further examined, nine (miR156/157, 172, 170/171, 165/166, 159/319, 396, 168, 160,
and 390) are highly conserved and present in 10 or more plant species and families.
miR156/157, miR172, and 170/171 are found in 45, 24, and 22 different plant species
corresponding to 21,12, and 12 plant families, respectively. Ten (miR394, 164, 169, 167, 162,
398, 414, 393, 397, and 163) are moderately conserved and present in 5−9 plant families,
sixteen (miR95, 408, 399, 158, 403, 161, 406, 173, 419, 415, 413, 416, 417, 418, 420, and 426)
are lowly conserved and found in 2−4 plant families, and only six (miR400, 401, 402, 404,
405, and 407) are specific to one plant species (Arabidopsis). Note that some non-conserved
miRNAs may be present in many other species after additional ESTs and genomic sequences
become available. For example, miR163 and 158 are thought to be specific to Arabidopsis
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[2]. However, recent studies suggest that they are present in five and four different plant species,
respectively [72].

In spite of a high level of sequence conservation of miRNAs in plants [43,72], many miRNAs
are not conserved in different plant species [72,84], and several major renovations of miRNAs
occurred during plant evolution from unicellular alga to vascular and seed plants [43] as shown
in the abbreviated phylogeny [85] (Figure 1 and Supplementary Table 1). There are 310 miRNA
families and 1271 miRNA loci identified in 1 unicellular and 10 multicellular plants.
Chlamydomonas reinhardtii (green alga) contains 47 unique miRNA families in 72 loci [86,
87], and 86 families in 201 miRNA loci are found only in Physcomitrella patens (moss)
[88-90], suggesting an explosion of miRNAs in the multicellular mosses relative to the
unicellular algae. In contrast, the expansion of miRNAs from gymnosperms (pine, Pinus
taeda) [91] to angiosperms (flowering plants) is relatively small (only 16 new miRNA families)
probably because of relatively under-sequenced genomes in some species such as pine. Major
renovations of miRNAs occur within the eudicots and monocots, respectively. For example,
73 miRNA families (97 loci) are specific to Arabidopsis [61,83,92-97], and 8 new miRNA
families (39 loci) are found in poplar (Populus trichocarpa) [62,98]. Among 48 non-conserved
miRNA loci in Arabidopsis, many are encoded by single-copy genes [94]. Sequence similarity
analyses of miRNA precursor foldback arms revealed evidence for recent evolutionary origin
of 16 MIRNA loci through inverted duplication events from protein-coding gene sequences
[81,82,94]. A small number of microRNAs identified in soybean [99] and Medicago [100] is
probably due to a low coverage of genomic sequences in these species. In monocots, rice and
wheat have 23 and 29 specific miRNA families, respectively [101-104].

These data suggest that miRNA evolution is an on-going process through a “death and birth”
pathway [94]. Consistent with this idea, except for a few young miRNA loci in Arabidopsis,
miRNA loci in higher plants are more mature than those in mosses and the unicellular
Chlamydomonas [81,86,88,89]. Indeed, the miRNA loci in Arabidopsis and higher plants are
predominately short hairpin loci. In contrast, the majority of miRNA loci in Chlamydomonas
and mosses are long hairpin loci with the characteristics of an early stage in miRNA evolution
[86,88]. Moreover, many miRNA loci in Chlamydomonas and mosses are derived from
protein-coding regions [86,88,90], while many others are arranged in closely linked clusters
of two or more miRNA stem loops as observed occasionally in Arabidopsis [105] and maize
[106]. The data suggest that miRNA loci undergo rapid changes in plant evolution.

Expression variation of miRNAs among different species
Although sequence conservation of miRNAs and target genes may suggest conservation of
expression patterns and functions, this assumption does not hold true for many conserved
miRNAs. By comparing expression patterns of ∼100 miRNAs that are conserved in sequences
in fish, chicken, and mouse, Ason et al. (2006) indicated that the timing and location of miRNA
expression is not strictly conserved [107]. Several conserved miRNAs such as miR-454a,
miR-145, and miR-205 clearly displayed spatial expression differences between two closely
related species, medaka and zebrafish. It is conceivable that the spatial and temporal regulation
of conserved miRNAs may also play an important role in shaping developmental and
physiological changes during animal evolution [71].

In plants, many conserved miRNAs are expressed in diverse species. In a study using miRNA
microarrays and RNA blot analysis, Axtell et al. (2005) found that out of 23 miRNAs examined,
19 were expressed in A. thaliana rosette leaves, 13 were expressed in tobacco leaves, 12 were
expressed in wheat germ lysate, 13 accumulated in rice seedlings, 13 accumulated in magnolia
leaves, 11 accumulated in pine leaves, eight were detected in fern leaves and stems, three were
expressed in lycopod leaves and stems, and two were expressed in moss leaf gametophytes
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[108]. Even the most conserved miRNAs, such as miR160 and miR390, exhibited expression
differences between species. Expression of miR390 was not detected in lycopod, pine, or
tobacco, but it was expressed in moss. These expression variations may suggest that miR390
expression was lost in some lineages during evolution. Alternatively, expression levels of
miR390 could be below the detection level in some species. The expression variation of
conserved miRNAs in plants and animals may be underestimated because of several reasons.
RNA blot analysis and miRNA microarrays using pooled tissues may not detect real-time
changes in cell types, tissues, or organs. Moreover, developmental variation may exist among
different species. Alternative techniques such as miRNA in situ hybridization may reveal subtle
changes in spatial and temporal expression among different organs and between different
species.

Given that the miRNA regulatory systems mediate gene expression important to biological
pathways and developmental variation, many target genes may be under evolutionary pressure
to maintain or avoid miRNA complementary target sites [109]. In animals, the majority of
target sequences of miRNAs are found in their 3’ untranslated regions (UTRs) [110,111].
Computational analyses have shown that only ∼10% of predicted target sites are conserved
across species, whereas the majority (∼90%) is not conserved [112,113]. Microarray analyses
further demonstrated tissue-specific regulation of conserved and non-conserved targets. The
genes with non-conserved targeting sites tend to be expressed in tissues and organs in which
the miRNAs are not expressed, whereas the genes with conserved targeting sites are often
expressed in the same tissues or organs but the miRNAs are expressed prior to or after the
expression of the targets [46]. This suggests evolutionary constraints for the genes with
conserved targeting sites and neutral fitness for the genes with non-conserved targeting sites,
leading to tissue-specific and developmental dependent regulation of miRNAs and their targets
during evolution.

Target prediction in plants is relatively simpler than that in animals because plant miRNA
targets have near-perfect miRNA binding sites [83,114,115]. For example, not only are the
mature miR166 and 165 conserved between Arabidopsis and gold club moss (Selaginella
kraussiana), but also are the binding sites of their targets that encode for the class-III
homeodomain-leucine zipper (HD–Zip) gene family conserved in all lineages of land plants,
including mosses, ferns, and seed plants [116]. Outside the miRNA binding site, the sequence
conservation is much lower, and only 8% of the third bases in the condon are identical. The
high level of sequence conservation between miRNAs and their target binding sites may
underestimate sequence variation of target genes across different plant species. In the flowering
plants, the miR159/319 family is highly conserved and targets members of MYB and TCP
transcription factor gene families [47,115]. In moss, none of the predicted targets using the
published method is homologous to the MYB or TCP genes [88]. One of the predicted targets
is a gene with a cyclin domain in moss. The cleavage sites of the predicted target were validated
by the RNA ligase-mediated rapid amplification of 5’-cDNA ends (RLM 5’-RACE) method.
By reducing the stringency of search for miR319 targets in moss, Axtrell et al. (2007) identified
two additional genes that are homologous to MYB transcription factor genes in flowering
plants. RLM 5’RACE also confirmed that these two genes are cleaved by miR319 in moss as
in flowering plants [88]. Therefore, accurately identifying miRNA targets in distantly related
species may require modifying computational parameters and performing additional
experiments.

MicroRNAs and interspecific variation of gene expression in allopolyploids
Although the regulatory mechanisms for miRNAs and their target recognition are highly
conserved between species, expression variation of miRNAs and their targets exists among
different species and even closely related species. This may reflect divergence of miRNA
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regulatory networks between species. Transcription of miRNA precursors is mediated by RNA
polymerase II [12,13], suggesting a role of cis- and trans-acting factors and chromatin
modifications in the transcription of miRNA producing loci. Moreover, processing factors such
as Drosha in animals and DCL1 in plants and effector complex such as Argonaute proteins
directly affect maturation of miRNAs and efficiency of regulation on target genes [2,28].

Differences in miRNA accumulation and target recognition between species may be caused
by several possible reasons. First, the recently evolved miRNA loci underwent frequent “death
and birth” [94], and these genes may have a distinct evolutionary path. Some non-conserved
miRNAs may have drifted from parental gene families and have no interactions with the
original gene transcripts, whereas some young MIRNA loci clearly originated from one gene
family but form miRNAs that target transcripts in another family. Duplicate miRNA loci may
lead to an expansion of miRNA families across different species and differential expression of
miRNA members in the same family [52,82,105]. Only a subset is stably maintained in similar
regulatory networks across species. Second, both non-conserved and conserved MIRNA loci
may exhibit spatial and temporal expression patterns due to changes in cis-regulatory elements,
trans-acting factors, and/or chromatin modifications. This may result in tissue-specific
expression patterns of miRNAs and possibly their targets as well [107]. For example, miRNAs
from miR56/157 family are upregulated in seedlings and siliques and down-regulated in
inflorescences and stems, whereas miR172 has opposite expression patterns. miR163, miR398,
and miR396 accumulate at higher levels in leaves and roots than that in stems and
inflorescences [108]. Third, non-conserved targeting and targeting avoidance may increase
expression variation of the targets across species, even though coevolution of miRNAs and
their targets is thought to constrain inter-species expression variation by reducing stochastic
noise and buffering expression variation [70]. Indeed, the expression patterns of the majority
of miRNA targets are generally negatively correlated with those of their corresponding
miRNAs. However, some components of miRNA machinery are part of feedback regulation
by miRNA accumulation. DCL1 mRNA is subjected to negative feedback regulation through
the activity of miR162 [117], and AGO1 expression is negatively regulated by miR168 in a
feedback loop [27].

In comparison with miRNA genes from 12 Drosophila species Stark et al. (2007) suggested
constraints on evolution of the foldback structure of miRNA loci [118]. This is probably related
to relative homogenous size (∼80-bp) of animal miRNA foldbacks. As a result, over 30 newly
discovered miRNAs in 12 Drosophila species appear to target an overall similar gene set of
known miRNAs. Plant miRNA foldback sequences are highly variable and may contribute to
the specificity of miRNA targeting.

An evolutionary role of miRNA sequence divergence and target selection has been
demonstrated in Arabidopsis [119]. The miR159 and miR319 families share sequence identity
in 17 of 21nucleotides but affect different developmental processes through distinct targets.
MiR159 regulates 8 genes encoding MYB transcription factors, whereas miR319
predominantly target the six TCP transcription factor genes. The effects of miR319 on MYB
targets are relatively minor. In contrast, miR159 has no effect on TCP targets. This targeting
specificity is determined by sequence variation in miR159 and miR319. Mutations in the
miR319 nucleotide sites that differ between miR519 and miR319 alter the specificity of
targeting MYB genes but retain the ability of targeting TCP genes, while sequence
modifications in miR159 do not show any changes in targeting specificity. Moreover,
suppressor screen identified mutants defective in nucleotide positions relevant for miRNA
activity, some of which may partially affect miRNA-guided target cleavage. Thus, functional
specialization of miRNAs is achieved through changes in sequences and expression.
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In a recent study of the MIR319a locus in Arabidopsis and its related species, Warthmann et
al. (2008) found that this miRNA locus is relatively conserved among A. thaliana, A. lyrata,
A. halleri, and Capsella rubella but is highly divergent between A. thaliana and Brassica
oleracea. Interestingly, overexpression of miR319a foldback sequence derived from A.
thaliana and A. lyrata, and Sibara virginica in A. thaliana induces cotyledon epinasty, crinkled
leaves and siliques, probably because of miR319-guided degradation of mRNAs encoding a
series of related TCP transcription factor genes [47,119], whereas overexpression of B.
oleracea miR319, a divergent ortholog, has no effects on leaf and flower development [120].
RNA blot analysis indicated that B. oleracea miR319 was not detectable in the transgenic
plants. This suggests that the B. oleracea miR319 transgene is silenced or expressed at low
levels. Alternatively, the B. oleracea miR319 primary transcripts and precursors may be poorly
processed in A. thaliana.

It is reasonable to speculate that expression variation of miRNAs and their targets must be
modulated in the cell nuclei of interspecific hybrids and allopolyploids that contain two or
more sets of genomes from divergent species. Polyploidy is a major evolutionary feature of
many plants and some animals [121,122]. Both allopolyploids and autopolyploids (duplication
of a single genome) are prevalent in nature [69,123-126]. Recent work has shown that polyploid
genomes undergo rapid changes in genome structure and function via genetic and epigenetic
changes [66,68], including chromosomal rearrangements (e.g., translocation, deletion, and
transposition), DNA sequence elimination and mutations, and chromatin and RNA-mediated
changes that give rise to gene expression changes that are not associated with changes in DNA
sequence.

Genome-wide expression analyses in plant allopolyploids [127-129] and hybrids between
inbred lines [130] have indicated that many genes are expressed nonadditively (differently
from the mid-parent value), which is consistent with nonadditive variation in phenotypes (e.g.,
dominance and novel variation) in allopolyploids and hybrids. Interestingly, over 50% miRNA
targets are among the nonadditively expressed genes in the allopolyploids (M. Ha and Z. J.
Chen, unpublished data), suggesting a link between differential expression of miRNA targets
and accumulation of corresponding miRNAs in the interspecific hybrids and allopolyploids.
Interspecies differences in growth and development may be mediated by miRNA pathways
because many miRNA targets encode transcription factors or proteins that are important to
growth and development in animals and plants [2,11,47,83]. In Arabidopsis, 199 miRNA loci
have been identified and grouped into 105 different miRNA families [43,92,94-96,115]. As of
December 2007, 51 miRNA families derived from 118 loci have known targets [43]. Among
them, at least 21 families from 70 loci have been shown to target genes that encode transcription
factors, suggesting an important role for miRNAs in the control of regulatory networks.

RNA interference (RNAi) works in allopolyploids as in diploids and is an effective method
for down-regulating redundant genes in polyploids [131,132]. Overexpessing double-stranded
RNAs induces dominant negative effects on the target genes in Arabidopsis suecica, a natural
allotetraploid derived from A. thaliana and A. arenosa [133,134]. Chen et al. (2008) reported
that RNAi of met1, a gene encoding DNA methyltransferase, reduced DNA methylation and
altered the expression of ∼200 genes, many of which encode transposons, predicted proteins,
and centromeric and heterochromatic RNAs [135]. Derepression of transposons,
heterochromatic repeats, and centromeric small RNAs was primarily derived from A.
thaliana genome. A high level of A. thaliana centromeric small RNA accumulation was
correlated with hypermethylation of A. thaliana centromeres. The greater effects of reduced
DNA methylation on transposons and centromeric repeats in A. thaliana than in A. arenosa
are consistent with the repression of many genes that are expressed at higher levels in A.
thaliana than in A. arenosa in the resynthesized allotetraploids. The data suggest differential
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siRNA accumulation and DNA methylation between closely related species, which may trigger
homoeologous-specific RNA-mediated DNA methylation in the allopolyploids.

We propose a model to explain nonadditive expression of target genes and phenotypic variation
in interspecific hybrids and allopolyploids (Figure 2). MicroRNA loci in different species
inherited from ancestral species may diverge in sequence and expression patterns (e.g., tissue-
specificity), gain new expression patterns, or undergo gene loss, as a consequence of genetic
and epigenetic changes during evolution [66,68,136,137]. Over time, the expression
differences are fixed such that the regulatory networks are finely tuned in each species.
Combination of two miRNA loci with similar or differential expression patterns will perturb
the regulatory balance of miRNAs and their targets in the interspecific hybrids and new
allopolyploids. As a result, the accumulation levels of miRNAs may be additive or nonadditive
[66,127]. The latter includes several probable states of gene expression such as dominance,
recessive, repression, and activation or overdominance.

If the miRNAs originating from related species have similar target binding sites, the miRNA
expression variation in the allopolyploids will lead to dosage-dependent negative effects on
target genes and their downstream pathways in the allopolyploids. The miRNA-mediated
pathways may, on the other hand, give rise to phenotypic outcomes such as intermediate
between the progenitors, novel, or similar to one species or another. If the miRNA sequences
diverge or target specificities change over time, the expression variation may be caused by one
or many factors in combination. But the phenotypic outcomes may still fall in these categories.
Some novel phenotypes may depend on intrinsic interactions between miRNAs and divergent
and/or new targets, leading to target preference or avoidance [71]. Non-conserved targeting
and targeting avoidance may increase expression variation of the targets across species.
Changes in target preference or avoidance of homoeologous loci may lead to species-specific
expression, morphological, and developmental variation. Furthermore, miRNAs and
expression of targets tend to be co-regulated [70], which suggests that miRNA biogenesis
proteins such as DCLs, AGOs, and RDRs have concerted regulation within species and
diversified modifications between species. There is evidence for rapid evolution of the genes
related to antiviral RNAi function (DCR2, R2D2, and AGO2), and they evolve significantly
faster than paralogous genes that mediate “housekeeping” functions [138]. Regulatory
interactions between divergent miRNAs and their targets, as well as sequence divergence and
expression changes in the genes encoding miRNA biogenesis proteins between different
species, may reprogram miRNA-mediated biological pathways in the interspecific hybrids and
new allopolyploids and thus, shape the growth and development during allopolyploid
evolution.

In addition to miRNAs, other small RNAs may also be produced in the polyploids as a general
response to the “genomic shock” [139]. Recently, 24- to 30-nt PIWI-interacting RNAs
(piRNAs), also known as repeat-associated siRNAs (rasiRNAs), are identified in animal
germline cells [140-145]. Biogenesis of piRNAs is Dicer-independent but requires three piwi
members (MIWI, MILI/PIWIL2, and MIWI2/PIWIL4) and are crucial to germline
development and male fertility [145-147]. The piRNA pathway provides an adaptive defense
against transposons and genome invaders [148]. Similarly, 30−40-nt RNAs in Arabidopsis are
induced by bacterial pathogens and silence genes encoding protein factors involved in disease
resistance [64].

In Drosophila virilis, endogenous siRNAs are derived from the transposon Penelope in both
males and females but only maternally loaded in embryos, which may suggest maternal
transmission of Penelope siRNA in the repression of transposition [149]. The genome-wide
repression of A. thaliana homoeologous loci [127] and accumulation of A. thaliana-
centromeric siRNAs associated with changes in DNA methylation [135] may be similar to the
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maternal repression of transposons because A. thaliana is used as a maternal parent in
production of allotetraploids [132,150]. We failed to produce interspecific hybrids or
allotetraploids using A. arenosa as the maternal parent, which is reminiscent of hybrid
dysgenesis in Drosophila [151-153] and Peromyscus [154]. It is reasonable to speculate that
RNA-mediated pathways involving miRNAs, siRNAs, nat-siRNAs, and piwiRNAs play
important roles in hybrid performance such as dysgenesis, sterility, and vigor. In plants,
interspecific hybrids and allopolyploids generally display growth vigor. It will be interesting
to investigate why and how similar small RNAs in the same allotetraploid cells would cause
homoeologous specific changes in gene expression, leading to interspecies variation in growth
and development.

Future perspectives
MicroRNAs play an essential role in the evolution of regulatory networks and biological
pathways in plants and animals. Although miRNAs are generally conserved and share similar
functions in target gene regulation, many miRNAs are not conserved between distantly related
species or even closely related species. The notion is supported by the increasing number of
miRNAs that have been cloned and sequenced and/or predicted from a rapid expansion of
genomic and EST sequences that are available across different species and in many ecological
strains within a species. Moreover, the conserved miRNAs are found not to have the same
expression patterns among different species or at different developmental stages. Expression
variation of miRNAs and sequence divergence between non-conserved miRNA loci may
accelerate evolutionary rates of miRNA-mediated pathways. On one hand, miRNAs and their
targets coevolve and are co-regulated, leading to the constraints on interspecies expression
variation of miRNA targets; on the other hand, non-conserved or duplicate (multiple) miRNA
loci diverge under selection, creating new target sites and/or avoiding old ones between species
and in different developmental stages within a species. Non-conserved targeting and targeting
avoidance may produce a major source of expression variation in miRNA-mediated pathways
across species. Finally, cis- and trans-acting factors, chromatin components, Dicer proteins
and processing cofactors, and Argonaute proteins, which evolve independently among
distantly related species, may also modulate interspecies variation in the transcription of
miRNA loci, miRNA processing and maturation, and target regulation. Using the stable
allopolyploids as a novel model system, we can monitor how divergent miRNA-mediated
pathways originating from different species function in the same cells and how these pathways
shape physiological and morphological evolution of the interspecific hybrids and new
allopolyploid species.
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Figure 1.
Evolution of miRNAs in plants. An abbreviated phylogeny is adapted from a previous study
[85] using the miRNA Registry (http://microrna.sanger.ac.uk/sequences/) (Release 10.1,
December 2007) [43]. Thick lines indicate the species with plant phyla that have undergone
major miRNA renovations. A major miRNA renovation (a) gives rise to 47 miRNA families
(72 loci) that are uniquely present in the unicellular Chlamydomonas reinhardtii. Four miRNA
families (b) are present in all multicellular land plants including mosses that show the second
renovation, giving rise to additional 86 miRNA families and a total of 201 loci in land plants.
The next renovation of miRNAs (c) is associated with seed plants that have resulted in 7 (10
loci) and 16 miRNA families in gymnosperms and angiosperms, respectively, and is then
followed by renovations in eudicots (d) and monocots (e). There are a couple of major miRNA
renovations within each lineage, although only a few miRNAs are common in each lineage
(miR403 and miR472 in eudicots and miR444 in wheat and rice). The number of miRNA loci
is shown in parenthesis next to the number of miRNAs or miRNA families. The numbers of
miRNA families and loci identified in unicellular Chlamydomonas, moss, and various plant
species [43] and used for constructing the phylogenetic tree are shown in Supplementary Table
1.
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Figure 2.
A model for mediating interspecies variation of miRNAs and target gene regulation. The
miRNA locus is represented by an arrow between coding sequences (pink, blue, and pale blue
boxes). The circled cross represents a genetic cross between the two species, resulting in an
interspecific hybrid or allotetraploid (arrow heads). Pale green arrows along with numbers (1
−8) indicate possible changes. MicorRNA loci may diverge between species A and B or
undergo mutation or loss in one species and/or exhibit expression changes (1). If both loci are
present, they may express differently due to genetic and epigenetic mechanisms (2) [66]. Thick
and thin arrows in the interspecific hybrid or allotetraploid indicate high and low levels of
miRNA accumulation, respectively. Changes in homoeologous chromosomes in the
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allotetraploid may also induce miRNA locus loss or sequence changes (3). Sequence and
expression changes in miRNA loci (4) may lead to expression variations of miRNAs between
species and in the interspcific hybrid or allotetraploid. The possible miRNA accumulation
levels in an interspecific hybrid or alloteraploid are shown as additive (5a) and nonadditive
(5b, dominance, recessive, repression, and activation or overdominance) in histograms.
Relative expression levels of miRNAs are shown in red (species A), blue (species B), yellow
(mid-parent value, equivalent to an equal mixture of parental RNAs), and green (interspecific
hybrid or allotetraploid), respectively. MiRNA sequence divergence or loss may also facilitate
target avoidance or preference of one homoeologous locus over another in the interspecific
hybrid and allotetraploid (6), which may also induce expression variation of the target genes
(7). Expression variation of miRNAs affects regulation of targets and associated regulatory
pathways (8) that may result in different outcomes of phenotypic variation (parental types,
intermediate to the parents, and novel, see text for discussion).
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