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ABSTRACT

One mechanism for the origin of new plant microRNAs (miRNAs) is from inverted duplications of transcribed genes. However,
even though many young MIRNA genes have recently been identified in Arabidopsis thaliana, only a subset shows evidence for
having evolved by this route. We propose that the hundreds of thousands of partially self-complementary foldback sequences
found in a typical plant genome provide an alternative path for miRNA evolution. Our genome-wide analyses of young MIRNA
genes suggest that some arose from DNA that either has self-complementarity by chance or that represents a highly eroded
inverted duplication. These observations are compatible with the idea that, following capture of transcriptional regulatory
sequences, random foldbacks can occasionally spawn new miRNAs. Subsequent stabilization through coevolution with initially
fortuitous targets may lead to fixation of a small subset of these proto-miRNA genes.
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INTRODUCTION

Similar to their animal counterparts, plant miRNAs are
produced from endogenous transcripts that contain self-
complementary foldbacks. These precursors are processed
by DICER-LIKE1 (DCL1), generating the mature miRNAs
that are incorporated into RISC, a protein complex that
uses miRNAs as specificity components to regulate target
genes (for reviews, see Jones-Rhoades et al. 2006; Chapman
and Carrington 2007).

While the biogenesis and the mechanisms of action of
miRNAs are increasingly well understood, less is known
about the evolutionary origins of individual MIRNA genes.
Allen and colleagues (2004) showed that in plants, miRNAs
genes could arise from inverted duplication of what will
then become a target of the miRNA. More elaborate
scenarios for an inverted duplication origin have been
described (Rajagopalan et al. 2006; Fahlgren et al. 2007),
but common to all of them is that the origin of the new
MIRNA is dependent on duplication and inversion events.

However, these scenarios do not seem to account for
the appearance of all new miRNAs. Recently, ultradeep
sequencing of Arabidopsis thaliana small RNA (sRNA)
populations (Rajagopalan et al. 2006; Fahlgren et al.
2007) showed that several recently evolved miRNAs could
not be explained by the inverted duplication hypothesis.
Searching for MIRNA gene candidates, Jones-Rhoades and
Bartel (2004) had previously found 138,864 imperfect
inverted repeats in the genome of A. thaliana. We specu-
lated that such genomic regions with the potential to
generate hairpin-like RNAs could be the source of new
miRNAs, as proposed recently also by Axtell (2008). We
report that analysis of miRNAs that are unique to A.
thaliana (i.e., not found in A. lyrata, poplar, or rice)
suggests that some of these miRNAs arose from sequences
that either have self-complementarity by chance or that
represent highly degenerate inverted duplications. We
propose that miRNAs can evolve spontaneously from
foldback sequences after these have come under the control
of transcriptional regulatory sequences.

RECENTLY EVOLVED MIRNA GENES IN A. THALIANA

One of the premises for studying the evolutionary origin of
individual miRNAs is the identification of young MIRNA
genes, i.e., ones that are species specific, and hence more
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likely to have evolved recently. These young MIRNA genes
are expected to retain some sequence similarity to the
region from which they have originated, making it possible
to track their evolutionary history. On the other hand,
miRNAs deeply conserved across species must have orig-
inated a long time ago, and the accumulated mutations will
obscure their origin. In A. thaliana, several recently evolved
MIRNA genes have high similarity to their locus of origin,
indicating that MIRNAs can arise by inverted duplication
of such sequences (Allen et al. 2004; Rajagopalan et al.
2006; Fahlgren et al. 2007).

Recently, the results for several exhaustive small RNA
sequencing efforts have been reported for A. thaliana (Lu
et al. 2006; Rajagopalan et al. 2006; Fahlgren et al. 2007).
Among the miRNAs newly discovered in these studies,
several were not found in the monocot species rice, Oryza
sativa, or even in the more closely related poplar, Populus
trichocarpa. These miRNAs include four new miRNA
candidates that we had identified before the results of deep
sequencing efforts had been published, using a newly
developed functional assay (see Supplemental Figs. 1,2;
Supplemental Tables 1–4). We used this set of miRNAs
with limited conservation in subsequent analyses.

EVOLUTIONARY ORIGIN OF MIRNA GENES

According to the inverted duplication hypothesis (Allen
et al. 2004), a recently evolved MIRNA gene should have
long stretches of sequence similarity to the gene that gave
origin to it, allowing the identification
of the founder gene. The same is true
for new MIRNA genes that originated
by related mechanisms involving dupli-
cation (Rajagopalan et al. 2006).

To test the additional hypothesis that
random foldbacks could lead to new
miRNAs, we selected 29 A. thaliana
specific miRNAs, which were not
detectable in a preliminary assembly of
the A. lyrata genome using micro-
HARVESTER (Supplemental Table 5;
Dezulian et al. 2006). We first divided
the MIRNA foldbacks into miRNA and
miRNA* containing arms and aligned
the arms to the set of all annotated
cDNAs (from now on called ‘‘tran-
scriptome’’) and the reference genome
sequence of A. thaliana. Based on these
results, two groups of MIRNA genes
were distinguished (Fig. 1).

The first group contains MIRNA
foldbacks with at least one arm that
has significant similarity to some other
genomic region (E VALUE # 0.05).
This group includes MIRNA genes that

apparently arose through an inverted duplication (miR163,
miR447, miR778, miR824, miR842, miR843, miR856, and
miR866) (Fahlgren et al. 2007), and one of our candidates
that has not yet been confirmed by other studies, mpss05
(see Supplemental Materials). Among these, the best
alignment of miR842 was between the miRNA* arm and
At1g52130, a gene encoding a jacalin lectin and belonging
to the same family as two validated targets (Supplemental
Fig. 2, At5g38550 and At1g60130). These results suggest
that the origin of miR842 is likely through duplication
from a gene related to its target. Both arms of the mpss05
candidate had high similarity to two separate regions of
the A. thaliana genome (chromosome 3: 16,815,951–
16,816,018, and chromosome 4: 6009,736–6,009,804). In
silico folding of the chromosome 3 region indicates a self-
complementary structure that is related to the MIRNA
foldback (Supplemental Fig. 3). Thus, mpss05 could have
originated by direct duplication/transposition of a genomic
region that contained a foldback structure by chance.

The second group of MIRNA genes included those for
which no statistically significant alignment with another
region of the genome could be found. To evaluate align-
ments with scores above the significance threshold, we
randomly shuffled the sequence of both arms 1000 times
and again aligned against the transcriptome and genome.
We define rank as the number of alignments of permuted
sequences that had higher alignment scores than the
original sequence. Scores with low rank indicate that the
original alignment, while highly degenerate, was statistically

FIGURE 1. Detection of MIRNA related sequences in the A. thaliana transcriptome (blue) and
genome (red). MIRNA foldbacks of A. thaliana specific miRNAs were divided into miRNA
containing arm (top), and miRNA* containing arm (bottom). Each arm was aligned using
FASTA, and the best four hits are reported. Group I contains MIRNAs with significant
similarity to some other genomic/transcriptomic region (E value # 0.05). MIRNA genes for
which no significant similarity could be found are indicated in Group II.
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significant (Table 1). This exercise showed that the simi-
larity between MIR858 and a genomic region on chromosome
4 (10,406,453–10,406,508), as well as between MIR774a and
At3g19890, a validated target (Supplemental Fig. 2; Lu et al.
2006), is significant. For the other MIRNA genes, any
similarity to other regions of the genome is apparently
fortuitous.

Finally, for each of the A. thaliana MIRNA genes without
significant alignment scores, we examined their ortholo-
gous regions in the genome of A. lyrata, which diverged
from A. thaliana about 5 million years ago (Koch et al.
2000). First, we identified orthologs for the protein-coding
genes flanking each of the new MIRNA genes. In seven
cases the syntenic relationships of the orthologous genes
were conserved in A. lyrata, allowing the comparison of the
MIRNA-containing regions between the protein coding
genes with their respective counterparts in A. lyrata. In
none of the cases was the entire foldback including the
miRNA substantially conserved, confirming the micro-
HARVESTER results, which had indicated that no homo-
logs were present in A. lyrata (Fig. 2). The exception is
miR823, which seems to be conserved in A. lyrata. Both,
miRNA and foldback can be easily recognized in the
homologous region of A. lyrata, but the fragment that
can be aligned to the foldback contains two insertions. This
causes a drastic change of the predicted secondary struc-
ture, although this alternative structure could still be
subject to DCL1-dependent processing (Fig. 3). In four
other cases, there was partial sequence conservation with
the possibility of a foldback (Fig. 3), but the miRNA and
miRNA* sequences themselves were not conserved. In the
remaining three cases, the flanking genes were on different
contigs in the A. lyrata genome sequence or the MIRNA
foldback could not be meaningfully aligned to the A. lyrata
intergenic region.

In addition, we examined in detail the genomes of Carica
papaya and P. trichocarpa, the two closest Arabidopsis
relatives for which advanced drafts of genome sequences
are available (Tuskan et al. 2006; Ming et al. 2008). The
synteny-based strategy applied to A. lyrata failed, because
we could not detect homologs of the MIRNA flanking
genes in these two species. However, this does not exclude
the possibility that MIRNA homologous sequences are
located in different regions of the genome. For this reason,
we also performed a whole-genome search against P.
trichocarpa and C. papaya using Blast and blat (Altschul
et al. 1990; Kent 2002). None of the MIRNAs had sig-
nificant conserved counterparts in the other two genomes.
These observations corroborate the idea of new miRNAs
being spawned by random sequences that have appeared
only recently in evolution.

CONCLUSIONS

The only hypotheses that have so far explicitly been
advanced for the origin of A. thaliana miRNAs rely on
the duplication of genic regions that subsequently will
become the target of the new miRNA (Allen et al. 2004;
Rajagopalan et al. 2006; Fahlgren et al. 2007). In some
cases, such a newly evolved miRNA could also target an-
other gene that is unrelated to the founder locus (Fahlgren
et al. 2007). Alternatively, as suggested by Rajagopalan and
colleagues (2006), a new MIRNA gene could arise from the
duplication/transposition of a gene that has been the
subject of a prior duplication event. Finally, Axtell (2008)
has speculated that spurious transcription of random fold-
backs could be a first step in the evolution of new miRNAs
in plants.

In support of the hypothesis of a random origin of some
A. thaliana MIRNA genes, we have found that some
evolutionarily young A. thaliana MIRNA genes have no
similarity to other regions of the A. thaliana genome, which
suggests that they have evolved directly from a sequence
that fortuitously contained certain features of MIRNA
genes, such as the ability to produce an RNA with a
hairpin-like structure. Indeed, in silico folding of the A.
thaliana reference genome has shown that it has the
potential to form hundreds of thousands of imperfect
foldbacks (Jones-Rhoades and Bartel 2004). It is conceiv-
able that acquisition of promoters could lead to transcrip-
tion of such foldbacks, which in turn could become
substrates for DCL1 processing. Svoboda and Di Cara
(2006) had speculated that animal miRNAs could originate
from random sequences, emphasizing that a random match
between miRNA and target would be much more likely in
animals, because of the much lower sequence complemen-
tarity required for animal miRNA targeting. Based on a
comparison of three Drosophila species, a random origin,
accompanied by high birth and death rates, has been
proposed for the majority of miRNAs in this genus

TABLE 1. Rank values for MIRNA arms aligned to the A. thaliana
genome/transcriptome, with respect to alignments of 1000
permuted sequences

miRNA arm rank miRNA* arm rank

Genome Transcriptome Genome Transcriptome

miRNA774 356 17y 678 NA
miRNA775 NA NA 537 NA
miRNA776 NA NA 380 NA
miRNA779 NA NA 355 NA
miRNA823 481 NA 211 201
miRNA830 474 NA 372 NA
miRNA858 30y NA 123 248
miRNA864 474 NA 575 NA
miRNA865 NA NA NA NA
miRNA870 675 NA 286 NA

Rank value 1 refers to the alignment with the highest score. Only
the top 5% (indicated by ‘‘y’’) were considered to be significant.
NA indicates sequences without sensible alignments.
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(Lu et al. 2008). Among the evolutionarily young MIRNA
genes, none appeared to have formed by inverted duplica-
tion, and only a few shared a common origin with other
MIRNA loci. Therefore, Lu and colleagues (2008) suggested
that such MIRNAs originated from non-miRNA sequences
after accumulation of mutations.

Our analysis of orthologous regions between A. lyrata
and A. thaliana revealed limited sequence conservation for
several A. thaliana MIRNA genes. Although we cannot
exclude that the MIRNA genes have degenerated in A.

lyrata, the fact that these MIRNA genes are also not
conserved in C. papaya and P. trichocarpa (nor in the more
distantly related O. sativa) indicates that they all arose after
the split between A. thaliana and its nearest relative 5
million years ago. This observation suggests that these
regions were not under strong selective pressure and
therefore available for mutations that eventually led to
the origin of new MIRNA genes. If in any of these cases a
newly evolved miRNA fortuitously guides cleavage of an
mRNA, this interaction could become the subject of either

FIGURE 2. Alignments of MIRNA-foldback regions and surrounding sequences from A. thaliana with their orthologous counterparts in
A. lyrata. Nucleotides involved in the MIRNA foldback are represented in green and the mature miRNA in red. Numbers next to the alignments
indicate the position within the respective intergenic region.
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negative selection (if the interaction is deleterious for the
organism) or positive selection (if the interaction is advan-
tageous). This potential route of miRNA/target coevolution
would be similar to what has been suggested for transcrip-
tion factor binding sites, which are often surprisingly
transient, with considerable turnover rates (Dermitzakis
and Clark 2002).

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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FIGURE 3. Secondary structure of A. thaliana miRNA foldbacks
(left) compared to predicted secondary structure of the orthologous
sequences from A. lyrata (right). The red line indicates the mature
A. thaliana miRNA sequence, while the blue line refers to the
corresponding A. lyrata sequence.
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