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Abstract Understanding how animal complexity has aris-
en and identifying the key genetic components of this
process is a central goal of evolutionary developmental
biology. The discovery of microRNAs (miRNAs) as key
regulators of development has identified a new set of
candidates for this role. microRNAs are small noncoding
RNAs that regulate tissue-specific or temporal gene
expression through base pairing with target mRNAs. The
full extent of the evolutionary distribution of miRNAs is
being revealed as more genomes are scrutinized. To explore
the evolutionary origins of metazoan miRNAs, we searched
the genomes of diverse animals occupying key phyloge-
netic positions for homologs of experimentally verified
human, fly, and worm miRNAs. We identify 30 miRNAs
conserved across bilaterians, almost double the previous
estimate. We hypothesize that this larger than previously

realized core set of miRNAs was already present in the
ancestor of all Bilateria and likely had key roles in allowing
the evolution of diverse specialist cell types, tissues, and
complex morphology. In agreement with this hypothesis, we
found only three, conserved miRNA families in the genome
of the sea anemone Nematostella vectensis and no convinc-
ing family members in the genome of the demosponge
Reniera sp. The dramatic expansion of the miRNA
repertoire in bilaterians relative to sponges and cnidarians
suggests that increased miRNA-mediated gene regulation
accompanied the emergence of triploblastic organ-contain-
ing body plans.
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Introduction

MicroRNAs (miRNAs) play key roles in animal develop-
ment, particularly in the establishment, temporal control,
and maintenance of cell-, tissue-, and organ-specific
identity (Wienholds and Plasterk 2005). The growing
appreciation for the role of miRNAs and other noncoding
RNAs in regulating gene expression suggests they might be
key players in the evolution of developmental processes,
particularly in facilitating the establishment of more
complex transcriptional control mechanisms. To assess
their importance in the evolution of development across
animals, we would like an accurate picture of how many
miRNAs are conserved across different groups. In partic-
ular, we wanted to know the core set of miRNAs shared
among the Bilateria as this would provide an insight into
how many shared features of bilaterian development
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already involved miRNA regulation before the evolution of
the extant animal phyla. So far, invertebrate and vertebrate
model organisms have been experimentally searched for
miRNAs by sequencing from small RNA libraries and
confirming the presence of short 21–23mers by Northern
blot analyses (Wienholds and Plasterk 2005). It has then
been straightforward to search for these experimentally
verified miRNAs in other genomes (Hertel et al. 2006;
Sempere et al. 2006).

The developmental “toolkit” of protein-coding genes is
largely the same across animals (Technau et al. 2005), with
secondary losses in some animals occurring frequently
(Kortschak et al. 2003; Aboobaker and Blaxter 2003). This
means that increasing complexity and the number of
developmental genes are not necessarily correlated among
animal phyla. We therefore need alternate explanations for
the large increase in morphological complexity shared by
some protostome and deuterostome phyla in comparison to
nonbilaterians, such as cnidarians and sponges. miRNA-
mediated regulation represents one possible novel source
for increased complexity. For example, the conservation of
the founding miRNA, let-7, across bilaterians, but not in
nonbilaterian taxa, provides a single data point linking
miRNAs to the transition from early animals to the more
complex triploblastic bilaterians (Pasquinelli et al. 2003). If
the evolutionary distribution of let-7 is typical of other
conserved bilaterian miRNAs, this group of regulatory
genes would be implicated in the evolution of regulatory
complexity and, as a result, morphological complexity. To
test this hypothesis, we characterized the phylogenetic
distribution and conservation of miRNAs across diverse
metazoan genomes. We sample a wider distribution of
animal taxa than previously available and find a greater
number of miRNAs conserved across the Bilateria than
previously thought (Hertel et al. 2006). Our analysis is an
essential first step in understanding the role of miRNAs in
the diversification of bilaterians and assessing their role
in the evolution of complexity.

Materials and methods

Search algorithm

Five hundred forty-nine mature miRNA sequences for
cloned Homo sapiens, Caenorhabditis elegans, and Dro-
sophila melanogaster miRNAs (355, 114, and 80 se-
quences, respectively) were downloaded from miRBase
(Griffiths-Jones et al. 2006). Our search algorithm con-
sisted of running WU-blastn (9) with S=15, E=1,000, W=7,
M=1, N=−1, Q=3, and R=2 with each mature miRNA
sequence against genomes of Lottia gigantea (J. Chapman,
assembly of NCBI Trace Archive data, personal communi-

cation), Strongylocentrotus purpuratus (Baylor College of
Medicine Human Genome Sequencing Center; Spur 0.5,
15 April 2005 http://www.hgsc.bcm.tmc.edu/projects/
seaurchin/), Tribolium castaneum (Baylor College of Med-
icine Human Genome Sequencing Center v2, Tcas 20051011-
genome, http://www.hgsc.bcm.tmc.edu/projects/tribolium/),
Ciona intestinalis (JGI v2.0 unmasked, Oct 2002), Nem-
atostella vectensis (JGI draft assembly, Sept 30, 2005),
Reniera sp. (J. Chapman, assembly of NCBI Trace Archive
data, pers. comm.), Fugu rubripes (JGI v4.0 unmasked,
Oct 2004), with D. melanogaster (FlyBase assembly Release
4.0, http://flybase.net/), and C. elegans (WormBase assem-
blyWS100, May 10 2003 http://wormbase.org) providing
positive controls. Hits were discarded if the seed site of the
query (defined in this study as bases 1–6 or 2–7 of the
mature miRNA sequence) was not a perfect match or four or
more nucleotides (nt) shorter than the query. Remaining hits
were extended at least 10 and 50 nt and up to 20 and 80 nt at
each end within the genome sequence and folds predicted
with mfold 3.1 (Zuker 2003) with T=25, filtered for
dG<−25 kcal/mol (see below) and displayed on a website
(http://www.evodevoteam.org/mirna/basal_mirna). Hits
were manually inspected for structural statistics that
lie within the distribution of statistics predicted by
mfold for cloned miRNAs (data not shown) and
previously published requirements for miRNAs
(Ambros et al. 2003) including: dG<−25 kcal/mol,
fewer than 7 nt from the mature miRNA lying in even-
sided internal loops and fewer than 6 nt lying in uneven-
sided internal loops. Genomic coordinates for hits were
recorded allowing clustering of miRNA genes to be
trivially observed. miRNAs occurring in more than one
search genome (and therefore very unlikely to be false
positives, p<0.01) were counted as hits and grouped in
families with identical seed sites. Most miRNAs occurring
in only one search genome were within either the
vertebrate or insect lineages and are not presented, as
they are probably restricted to these groups. Other hits to
single genomes were all with human/vertebrate-specific
miRNAs. Where there structural statistics are acceptable,
they are included in the supplementary Table S1 but are
presented as conserved miRNAs as they are likely to be
false positives (see below).

Randomized control search

To assess the false positive rate of the algorithm, over 40
conserved miRNA sequences were each randomized ten
times and the search algorithm run as before. In the
resulting set of folding predictions, we found no cases of
miRNAs with acceptable structural statistics conserved in
more than one subject organism. The false positive rate was
hence calculated to be <1%.
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Results and discussion

To explore the evolution of the miRNA repertoire in
animals, we devised an algorithm for finding homologs of
known miRNAs. Our search method exploits conservation
of the 5′ seed site and 3′ sequence in mature ∼21 nucleotide
miRNAs (Brennecke et al. 2005) as well as conservation of
the hairpin structure formed by pre-miRNAs. We searched
for homology to all experimentally verified fly, nematode,
and human mature microRNAs (80, 114, and 355 miRNAs,
respectively) from the Sanger Institute miRBase (Griffiths-
Jones et al. 2006). We searched the genomes of the teleost
fish F. rubripes, beetle T. castaneum, limpet L. gigantea,
sea squirt C. intestinalis, sea urchin S. purpuratus, sea
anemone N. vectensis, and demosponge Reniera sp. We
estimate that the shotgun sequences for these genomes are
well over 90% complete, based on their content of
conserved eukaryotic proteins and ESTs from each animal
(data not shown). To improve confidence in our predic-
tions, and to focus on ancient families with correspondingly
broad phylogenetic distribution, we required miRNAs to be
detected in at least two search species. Matches were
extended and folded using the mfold program (Zuker
2003). We compared the resulting fold statistics including
free energy (dG, kcal/mol), and the number balanced and
unbalanced nucleotides in the miRNA to those of known
miRNAs and only accepted candidates that fell within this
distribution. Candidates at the upper limit of the distribution
were discounted as being false positives unless they also
showed very broad phylogenetic distribution and/or were
clustered with other conserved miRNAs (see Table S1).

Using these criteria, we found that at least 30 miRNA
families are conserved across the Bilateria and were there-
fore present in Urbilateria, the last common ancestor of all
living bilaterians (Fig. 1 and http://www.evodevoteam.org/
miRNA/basal_miRNA for full data set). Our search also
uncovered many examples of lineage specific expansions in
miRNA families and increased the number of miRNA gene
clusters that are likely to be ancient (Table S1 and Fig 1). In
some cases, clustering of miRNAs in the search species
provides additional evidence that miRNA candidates are
likely to be real, as well as insights into the evolutionary
origins of other lineage-restricted miRNAs. As miRNAs are
processed from large primary transcripts, miRNAs that are
clustered are cotranscribed (Aboobaker et al. 2005). It is
feasible that post-transcriptional regulation leads to unequal
activity of clustered miRNAs (Thomson et al. 2006).
Nonetheless, clustered miRNAs may be involved in
regulating the same pathways and possibly overlapping
sets of target mRNAs. This is especially likely to be the
case when miRNA clusters are populated by the members
of the same or a related miRNA family (see Table S1).
These miRNAs may have evolved by duplication of a

single ancestral miRNA rather then by de novo sequence
evolution. miRNA duplication may be a simple evolution-
ary mechanism for increasing miRNA dosage in cells.
Alternatively, the subtle changes in sequence of the mature
miRNA that are observed within miRNA families may have

Fig. 1 miRNA distribution across the Bilateria. The presence of an
experimentally verified (i.e., cloned) miRNA is represented by a solid
red box, and a miRNA predicted by this study is represented by a solid
green box. Numbers in boxes indicate the number of paralogs present
in a species. miRNA family members with divergent sequence are
indicated by partial white shading for cloned (red and white) and
predicted (green and white) miRNAs. In cases where conserved and
divergent family members are present, two smaller boxes are used.
Blue shading identifies miRNAs with structural statistics that are close
to the upper limit of the distribution of experimentally verified
miRNAs. We do not show miRNAs that were found only in
vertebrates or insects. The phylogenetic relationships between the
species are shown at the top of the table. hsaH. sapiens, fruF. rubripes,
cinC. intestinalis, spuS. purpuratus, dmeD. melanogaster, tcaT.
castaneum, celC. elegans, lgiL. gigantea, nveN. vectensis, renReniera
sp.; eumet. eumetazoan, deut. deuterostome
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allowed fine-tuning to particular target mRNAs or particular
target sites. An increase in the number of family members in
a cluster, along with differences in the mature sequence, may
increase the number of target sites that can be regulated.

We find that many more miRNAs than previously
realized (and by deduction their target sites, though not
necessarily their target mRNAs) are broadly conserved
across Bilateria (Hertel et al. 2006; Sempere et al. 2006).
The real number of conserved bilaterian miRNAs is
therefore considerably higher then previous estimates of
just 18 conserved families (Hertel et al. 2006; Sempere
et al. 2006). We recovered all 18 of the previously
described families, which were found either experimentally
or by sequence homology (Hertel et al. 2006). The in-
clusion of new animal genomes that had not previously
been searched for miRNAs, particularly a divergent
chordate (Ciona), a nonchordate deuterostome (S. purpura-
tus), and a member of the lophotrochozoa (L. gigantea),
was critical for observing the extent of miRNA conserva-
tion (Fig 1). Also, our approach of initially searching with
just the mature miRNA sequence appears to be a more
sensitive method than using the pre-miRNA hairpin
sequence. This may be because our method allows for
more sequence evolution of the opposite side of the hairpin
as well as length changes in pre-miRNA hairpin (Lai et al.
2003). Formal testing of this is problematic because it
requires exacting knowledge of the algorithms used by
other studies (Hertel et al. 2006; Sempere et al. 2006).

Our results support an important role for miRNAs in the
establishment of the bilaterian lineage. Considering the
expression patterns of the conserved miRNAs in vertebrates
(Wienholds et al. 2005) and flies (Aboobaker et al. 2005),
and their computationally predicted targets (Enright et al.
2003, Griffiths-Jones et al. 2006), it is likely that most
developmental pathways involved some level of miRNA-
mediated regulation in the ancestor of all bilaterians.

We also looked for conserved miRNAs in the genomes
of the nonbilaterian cnidarian and demosponge. Surpris-
ingly, we could confidently predict only four miRNAs
representing just three miRNA families (mir-99/100,
mir-10, and mir-33) in the cnidarian N. vectensis. In
addition to these found weak candidates for each of the
mir-2/13 and mir-281 pan-bilaterian miRNA families
(Fig 1), these candidates have free energy scores close to
the upper limit for cloned miRNAs and so we cannot be
confident that they are real miRNAs. In agreement with our
findings, another recent study (Sempere et al. 2006) also
detected the presence of mir-100 and mir-10 in cnidarians
by Northern blot analysis, although they were unable to
find mir-10 by informatic means. This may be due to their
search method being less sensitive than the one we use in
this study. They do not report the expression of either
mir-2/13 or mir-281 in a cnidarian, suggesting that these

weak candidates are not real miRNAs. We predicted no
miRNAs with confidence in the demosponge Reniera sp.
We conclude that the bilaterian/cnidarian ancestor probably
had orthologs of mir-99/100, mir-10, and mir-33. We find
homology between mir-99/100 and mir-10 miRNA fami-
lies, suggesting that they arose by duplication from a single
ancestral miRNA even earlier. The mir-100 family of
miRNAs was found clustered with the let-7 and mir-125
miRNAs. Our data suggest that mir-100 is the most ancient
of these and that both let-7 and mir-125 arose in the
bilaterian ancestor. Target predictions for mir-10 (Enright
et al. 2003) and its expression pattern in vertebrates
(Woltering and Durston 2006) and flies (Aboobaker et al.
2005) suggest that it is likely to regulate Hox gene mRNAs.
The presence of mir-10 in the cnidarian lineage suggests
that the involvement of miRNA-mediated regulation in
homeobox gene function was a feature of the eumetazoan
ancestor and not just of bilaterians. miRNA-mediated
regulation may therefore have played an important role in
the evolution of early axis specification mechanisms.
Further study of the role of mir-10 in the Cnidaria will
help to assess this.

From our analysis, it appears that the vast majority of
conserved bilaterian miRNAs emerged after the divergence
of bilaterians from the bilaterian/cnidarian ancestor. We
cannot rule out the possibility that the bilaterian/cnidarian
ancestor had a complex miRNA repertoire that was
secondarily simplified in modern cnidarians, but consider
this unlikely. Another possibility is that the miRNAs that
are conserved across Bilateria have diverged beyond our
levels of detection in cnidarians and/or sponges. If this
were true, however, they would also likely be binding
divergent target sites that would all have to have coevolved.
This seems less likely than the appearance of these
miRNAs after the bilaterian/cnidarian split. Our results
suggest that an increase in miRNA-mediated gene regula-
tion could have played an important role in the evolution of
increased regulatory complexity, cell type number, as well
as morphological complexity, observed in bilaterian ani-
mals. The emerging picture of miRNA function in model
animals, with some acting as developmental switches and
with many more possibly acting as tissue-specific monitors
of aberrant transcription (Brennecke et al. 2005; Bartel and
Chen 2004), supports this model.
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