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Abstract

MicroRNAs (miRs) are noncoding RNAs that regulate gene expression at the post-transcriptional level. In animals, the target
sites of a miR are generally located in the 3’ untranslated regions (UTRs) of messenger RNAs. However, how the target sites
change during evolution is largely unknown. MiR-iab-4 and miR-iab-4as are known to regulate the expression of two Hox
genes, Abd-A and Ubx, in Drosophila melanogaster. We have therefore studied the evolutionary changes of these two miR
genes and their target sites of the Hox genes in Drosophila, other insect species, and Daphnia. Our homology search
identified a single copy of each miR gene located in the same genomic position of the Hox gene cluster in all species
examined. The seed nucleotide sequence was also the same for all species. Searching for the target sites in all Hox genes, we
found several target sites of miR-iab-4 and miR-iab-4as in Antp in addition to Abd-A and Ubx in most insect species
examined. Our phylogenetic analysis of target sites in Abd-A, Ubx, and Antp showed that the old target sites, which existed
before the divergence of the 12 Drosophila species, have been well maintained in most species under purifying selection. By
contrast, new target sites, which were generated during Drosophila evolution, were often lost in some species and mostly
located in unalignable regions of the 3’ UTRs. These results indicate that these regions can be a potential source of
generating new target sites, which results in multiple target genes for each miR in animals.
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D. melanogaster, and Caenorhabditis elegans share ~20
miR genes in their genomes. However, bioinformatic anal-
ysis suggested that only five miR genes share the target
genes among these species (Chen and Rajewsky 2006). This
finding indicates that most miRs have experienced gains and
losses of their target genes during evolution. It would there-
fore be interesting to study the evolutionary changes of miR
genes and their target genes.

Hox genes control the body segmentation of metazoan
embryos. The expression of Hox genes is generally regu-
lated by other Hox genes during the development (Carroll
et al. 2005). In addition, in D. melanogaster, the miR
genes, MIR-iab-4 and MIR-iab-4as, are known to regulate
the expression levels of Hox genes, Abd-A and Ubx
(Ronshaugen et al. 2005; Stark et al. 2008; Tyler et al.

Introduction

In animals, microRNAs (miRs) consist of ~22 nucleotides (nt)
and regulate expression of protein-coding genes at the post-
transcriptional level (Bartel 2004; Kim and Nam 2006). The
seed sequence at the 5’ end of a miR usually binds to the
target sites of 3’ untranslated regions (UTRs) of messenger
RNA (mRNA) transcripts and represses the expression of the
target genes (Bartel 2009; Schnall-Levin et al. 2010). In
Drosophila melanogaster, 176 miR genes have been identi-
fied so far (Griffiths-Jones et al. 2008) but only ~15 miRs
have been studied about their target genes (Smibert and
Lai 2008). Although experimental studies of target genes
are quite limited, a bioinformatic study has suggested that
the expression of thousands (at least 15%) of protein-
coding genes in the genome may be regulated by miR genes

(Grunetal. 2005). Therefore, a single miR appears to control
many protein-coding genes (Enright et al. 2003; Lim et al.
2005). Hertel et al. (2006) recently reported that human,

2008). The two miR genes share a locus, where MIR-
iab-4as is encoded by the antisense strand of MIR-iab-4
(supplementary fig. S1, Supplementary Material online).
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Fic. 1.—Structures of Hox gene clusters and locations of MIR-iab-4/4as and MIR-10. Rectangles above and below the chromosomes represent Hox
genes located on the different strands. The numbers in rectangles correspond to Hox genes, which is given in the right margin. Filled rectangles indicate
the experimentally determined target genes (i.e., Abd-A and Ubx) of miR-iab-4 and miR-iab-4as. The filled circles and triangles indicate MIR-iab-4/4as
and MIR-10, respectively. Note that MIR-iab-4as is located on the antisense strand of MIR-iab-4. The distance between Ubx and Antp in Drosophila
melanogaster is ~10 Mb. The ancestral Hox gene cluster of insects and Daphnia is shown at the bottom (Lemons and McGinnis 2006). The divergence
times of the species (Hedges et al. 2006) are given at the left side. Abbreviations are as follows: mel, D. melanogaster; sim, D. simulans; yak, D. yakuba;
ere, D. erecta; ana, D. ananassae; pse, D. pseudoobscura; per, D. persimilis; wil, D. willistoni; vir, D. virilis; moj, D. mojavensis; gri, D. grimshawi; beetle,

red flour beetle; wasp, jewel wasp.

These miR genes are located in the Hox gene cluster with
another miR gene, MIR-10, in D. melanogaster, mosquito,
and honeybee (Tanzer et al. 2005; fig. 1). However, it is
unclear whether other insect species and Daphnia contain
the miR genes at the same genomic locations and how
long their target sites have been maintained during evo-
lution. Since the genomic structures of the Hox gene clus-
ter have been studied in many different species (Von
Allmen et al. 1996; Negre et al. 2003; Yasukochi et al.
2004; Negre and Ruiz 2007; Chai et al. 2008), it is possible
to examine the evolutionary relationships between the
miR genes and Hox genes.

In this study, we first examined the locations of the three
miR genes (MIR-iab-4, MIR-iab-4as, and MIR-10) within the
Hox gene cluster and studied their evolutionary changes.
We then identified the putative target sites of the three
miR genes and examined the gains and losses of the target
sites of miR-iab-4 and miR-iab-4as in Hox genes in the Dro-
sophila species.

Materials and Methods

Identification of the miR and Hox Genes

In this study, we studied the genomes of 12 Drosophila spe-
cies, six other insect species, and Daphnia, which are listed in
figure 1. The genome sequence of D. melanogaster (Release
5) was obtained from the Berkeley Drosophila Genome Pro-
ject (http://www.fruitfly.org/), and the sequences of the
other 11 Drosophila species (CAF1) were obtained from
AAA Wiki (http://rana.lbl.gov/drosophila/). The genome se-
guences of mosquito (Anopheles gambiae) (AgamP3.3), red
flour beetle (Tribolium castaneum) (Build 2), and honeybee
(Apis mellifera) (Build 4) were obtained from NCBI (http:/
www.ncbi.nlm.nih.gov/). The genome sequences of jewel
wasp (Nasonia vitripennis) (Nvit 2.0) and pea aphid (Acyr-
thosiphon pisum) (Acyr 1.0) were downloaded from the Hu-
man Genome Sequencing Center at the Baylor College of
Medicine (http://www.hgsc.bcm.tmc.edu/). The genome se-
guence of silkkworm (Bombyx mori) (version 2.0) was
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downloaded from the Silkworm Genome Database (http://
silkworm.genomics.org.cn/) and that of Daphnia (Daphnia
pulex) (release 1) was from the wFleaBase (http://wfleabase.
org/).

To identify MIR-iab-4, MIR-iab-4as, and MIR-10 in these
genomes, the nucleotide sequences of the miR genes in
D. melanogaster were downloaded from the miRBase (re-
lease 15) (Griffiths-Jones et al. 2008). Using these sequences
as the queries, we conducted a BlastN search (Altschul et al.
1997) against each genome sequence with the cut-off e
value of 10~%. The hit sequences were extracted and aligned
with the D. melanogaster sequences by using ClustalW
(Thompson et al. 1994). We used the following criteria
for miR genes: 1) the sequence shows >70% sequence
identity with the D. melanogaster sequences at the mature
region; 2) the free energy of the hairpin structure predicted
by the software, mfold (version 3.2) (Mathews et al. 1999;
Zuker 2003) is less than or equal to =15 kcal/mol following
the previous studies (Lu et al. 2008; Nozawa et al. 2010); 3)
the mature sequence is derived from one arm of the hairpin
structure; and 4) the number of paired sites between the
mature and star (the sequence which form a duplex struc-
ture with mature sequence) sequences is >15 following the
previous study (Ambros et al. 2003).

To identify the Hox genes, the protein sequences of eight
Hox genes (Abd-B, Abd-A, Ubx, Antp, Scr, Dfd, Pb, and Lab)
in D. melanogaster were downloaded from NCBI (accession
no. NP_996220.1, NP_476693.1, NP_996219.1,
NP_996172.1, NP_996164.1, NP_477201.1, NP_996162.1,
and NP_476613.1, respectively). Using the sequences as
the queries, we conducted a TBlastN search against each ge-
nome sequence. The genomic region with the lowest e value
was considered as a locus of each Hox gene. It should be
mentioned that Hox genes of 11 Drosophila species were
sometimes located on different scaffolds. In this case, we
used the chromosomal assemblies constructed by Schaeffer
et al. (2008).

Identification of Target Sites in Hox Genes

The target sites of animal miRs are generally located in the 3’
UTRs of the target transcripts. However, 3’ UTRs of Hox
genes have not been experimentally determined in any of
the species used here except in D. melanogaster. Because
polyadenylation signals were unclear, we aligned the 3’
downstream sequences of the protein-coding regions
with the 3’ UTRs from D. melanogaster (accession no.
NM_206498.1, NM_169733.2, NM_206497.1,
NM_206453.1, NM_206442.1, NM_057853.2,
NM_057321.4, and NM_057265.3). In most Hox genes,
the 3’ downstream regions were well aligned among Dro-
sophila species, and therefore we predicted 3’ UTRs based
on the sequence similarity (for the example alignments of
the potential 3’ UTRs, see supplementary fig. S2,

Seed
MiR-iab-4 87654321
AGUCCUAUGUAAGUCAUAUGCA-5
T
3 UTR 8mer[GUAUACGU}3
7-mer|- UAUACG U
7-mer|/G UA UACG .
6-mer|- UAUACG
Seed
MiR-iab-4as 87 654321
GUCAUAUGGAAGUCAUAUGCAUU-Y
T
3'UTR 8mer[A UAC G UA AF3
7-mer{, UACGUAA
7-merlA UACGUA.
6-mer|- UACGUA
Seed
MiR-10 87654321
UUGUUUAAGCCUAGAUGUCCCA-S
LT
3'UTR 8-merUACAGGGU-3
7-mer|, ACAGGG U
7-merflU ACAGGG .
6-mer|. ACAGGG .

Fic. 2.—Possible target sites of miR-iab-4, miR-iab-4as, and miR-
10. Vertical lines indicate Watson-Crick pairings. A 6-mer site pairs with
from second nucleotide to seventh nucleotide from the 5’ of the miR,
a 7-mer site pairs with from first to seventh nucleotide or from second
to eighth, and an 8-mer site pairs with from first to eighth of the miR.
Dots can be any nucleotide.

Supplementary Material online). For non-Drosophila species
and Drosophila species in which the 3’ downstream region
of the gene was not similar to the D. melanogaster 3’ UTR
sequence, we assumed that the lengths of 3’ UTRs are es-
sentially the same as those of D. melanogaster. Because the
3’ UTRs of the Hox genes in D. melanogaster consist of
2,179 nt (Abd-B), 2,065 nt (Abd-A), 2,396 nt (Ubx),
2,035 nt (Antp), 2,262 nt (Scr), 412 nt (Pb), 492 nt (Dfd),
and 650 nt (Lab), we regarded 2,200 nt (Abd-B), 2,100
nt (Abd-A), 2,400 nt (Ubx), 2,100 nt (Antp), 2,300 nt
(Scr), 500 nt (Pb), 500 nt (Dfd), and 700 nt (Lab), respec-
tively, from the stop codon as the approximate 3’ UTRs.
The target sites of miR-iab-4, miR-iab-4as, and miR-10
were inferred in these potential 3" UTR sequences. The se-
guences that were complementary to the seed sequence
(bases 2—7 of a miR) were regarded as 6-mer target sites
(fig. 2). In addition, the sites complementary for bases 2—
8, 1-7, and 1-8 of a miR were regarded as 7/8-mer target
sites following the previous definition (Bartel 2009). The nu-
cleotide sequences of the target sites are listed in figure 2.
We also determined the orthologous relationships of the
target sites based on the alignment of 3’ UTRs of Drosophila
Abd-A, Ubx, and Antp. We first extracted the target site se-
guences (or corresponding sequences in the alignment if the
target site is absent) as well as 10 nt upstream and down-
stream sequences including gaps. The sequence identity for
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Fic. 3.—Alignment of nucleotide sequences of MIR-iab-4, MIR-iab-4as, and MIR-10 of Drosophila melanogaster (mel), mosquito, silkworm, red
flour beetle (beetle), honeybee, jewel wasp (wasp), pea aphid (aphid), and Daphnia. The mature and star regions are shown with lines on the top of the
sequences. Regions that can pair with 6-mer target sites (seed sequences) are represented by boxes. Dots denote the nucleotides that are the same as
the nucleotide of D. melanogaster, and hyphens represent nucleotide gaps.

all pairs of sequences in the same locations of the alignment
was then computed. If at least two of three (upstream, tar-
get site [or corresponding site], and downstream) regions
showed the sequence identity of >60%, the sequences
compared were regarded to be orthologous (e.g., supple-
mentary fig. S3, Supplementary Material online). After de-
termining orthologous target sites, we classified the target
sites into functional and nonfunctional. Functional target
sites are the sites that are perfectly complementary with
the seed sequence (i.e., 6-mer and 7/8-mer target sites as
defined above), whereas nonfunctional target sites are
the sites that contain some mismatches with the seed se-
guence. Note that because the 3’ downstream sequences
of Abd-A, Ubx, and Antp in non-Drosophila species were
unalignable with the D. melanogaster 3’ UTRs as mentioned
above, we did not determine the orthologous target sites of
these genes in non-Drosophila species.

Results

MiR Genes in Hox Gene Clusters

We reconstructed the Hox gene clusters in all the species
examined (fig. 1). As in the cases of previous studies (Von
Allmen et al. 1996; Negre et al. 2003; Yasukochi et al.
2004; Lemons and McGinnis 2006; Negre and Ruiz 2007,
Chai et al. 2008), our results showed several rearrange-
ments of Hox gene clusters during insect evolution (fig. 1).
We also determined the numbers and locations of the

miR genes, MIR-iab-4, MIR-iab-4as, and MIR-10 in the insect
and Daphnia genomes. These miR genes were shown to ex-
ist only in the Hox gene clusters (fig. 1). The expression of the
three miR genes was previously detected in 12 Drosophila
species and other species used here (Aravin et al. 2003;
Tanzer et al. 2005; Ruby et al. 2007; Weaver et al. 2007,
Shippy et al. 2008; Singh and Nagaraju 2008; Yu et al.
2008; Ganesh and Ramachandra 2009; Wheeler et al.
2009; Werren et al. 2010), and this indicates that these
miR genes are all functional. In addition, the locations of
the miR genes are conserved in all the species used, that
is, MIR-iab-4/MIR-iab-4as is located between Abd-B and
Abd-A and MIR-10 is between Scr and Dfd. Note that we
previously reported three potential MIR-10s in D. yakuba
but two of them were regarded as non-miR genes if we used
more stringent criteria (Nozawa et al. 2010). Therefore, the
number and the arrangement of the miR genes appear to
have been perfectly conserved during insect and Daphnia
evolution for ~470 million years (My) (Hedges et al. 2006).

We also compared the nucleotide sequences of the miR
genes among the species. The results showed that many
substitutions have occurred in the loop region (middle por-
tion of the alignment in fig. 3) and extended stem regions
(left and right ends in fig. 3). By contrast, the mature
sequence and star sequence, which composes a duplex
structure with the mature sequence, have been perfectly
conserved except for a single nucleotide change in miR-
iab-4 and miR-iab-4as, respectively. Moreover, the seed
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Table 1
Numbers of Predicted Target Sites of miR-iab-4, miR-iab-4as, and miR-10 in Hox Genes
4°/4as® 4/4as/10¢

Species Abd-B Abd-A Ubx Antp Scr

Drosophila
D. melanogaster 0/1(1) 1/4* 2*/5% (2)/12* 0/0/0
D. simulans 0/1(1) 1/4* 2*/5* (1)/2* 0/0/0
D. sechellia 0/1(1) 1/4* 2*/4* (1)y/2* 0/0/0
D. yakuba 0/1(1) 1/4* 2%/6* (1)/2* 0/0/0
D. erecta 0/1(1) 1/4* 3(1)*/6* (1)/2* 0/0/0
D. ananassae 0/0 1/4* 4(1)*/6* 1(1)/3* 0/0/0
D. pseudoobscura 0/0 1/5% 3(1)*/5* 1/3* 0/0/0
D. persimilis 0/0 1/5* 3(1)*/5* 1/3* 0/0/0
D. willstoni 0/0 1/4(1)* 4(1)*/7* 0/3* (1)1/(1)
D. mojavensis 112" 1/6(1)* 4*[7* 101)/4* 1/1/1)
D. virilis 0/0 1/3* 4*/8* 1Q2)*/4* 1/1/1)
D. grimshawi 0/0 1/4* 3*/9(1)* (2)/4* 0/0/(1)

Non-Drosophila
Mosquito 01 o)1 0@)/1 01 0/1/1
Silkworm - 3*/4* 0/2(1)* 4%/3* (NN
Red flour beetle 1/0 2*/3(1)* 0/0 0/(1) 0/0/1
Honeybee - 0(1)/0(2) 1/0 0/0 0/2(1)*/0
Jewel wasp - 1/5(1)* 1(1)/0 2*/1(1) 4(1)*/1/0
Pea aphid ) 2*/1 3(4)*/1 - -
Daphnia 0/0 1/3* 2*/2* 1/2* 0/0/0

The numbers in parentheses are the numbers of 6-mer target sites. Dfd, Pb, and Lab mostly do not have target sites of miR-iab-4, miR-iab-4as, or miR-10. All Hox genes except for
Scr generally do not have target sites of miR-10. Hyphens indicate that the sequences of potential 3" UTRs include undetermined regions.

@ The number of target sites of miR-iab-4. The numbers include the number of target sites for both miR-iab-4 and miR-iab-4as.

® The number of target sites of miR-iab-4as. The numbers include the number of target sites for both miR-iab-4 and miR-iab-4as.

€ The number of target sites of miR-10.

" The probability to have the number of target sites by chance is less than 0.05. The probability was calculated by the binomial test (see supplementary method, Supplementary

Material online).

sequence was the same for all species examined (for the 12
Drosophila species, see supplementary fig. S4, Supplemen-
tary Material online). This perfect conservation of the seed
sequence implies that the identical nucleotide sequence has
been used as their target sites in all the species, if we assume
that only the seed sequence is necessary for the target rec-
ognition and the target sequence is perfectly complemen-
tary to the seed sequence.

Number of Target Sites for miR-iab-4, miR-iab-4as,
and miR-10

We predicted target sites of miR-iab-4, miR-iab-4as, and
miR-10 in Hox genes of the 12 Drosophila species (table
1). We then found that in addition to Abd-A and Ubx, Antp
has target sites of miR-iab-4 and miR-iab-4as in most Dro-
sophila species. In fact, Antp has been predicted as a target
gene in 12 Drosophila species (Stark et al. 2008), although
there is no experimental confirmation. Abd-B also has target
sites for miR-iab-4as in six Drosophila species. In the case of
miR-10, Scr has been predicted as a target gene in D. mel-
anogaster and D. pseudoobscura (Enright et al. 2003). Our
method also predicted one 6-mer target site for miR-10 in
four Drosophila species but not in D. melanogaster and
D. pseudoobscura.

Among the Drosophila species, the numbers of target
sites of miR-iab-4 and miR-iab-4as in Abd-A, Ubx, and Antp
are nearly the same (table 1), although some differences ex-
ist (e.g., the number of target sites for miR-iab-4as in Ubx of
D. grimshawi is 10, which is greater than those [four to
eight] of other species). With some exceptions in Antp, most
of these target sites were 7/8-mer, which are known to be
more efficient to be regulated by miRs than 6-mer sites
(Brennecke et al. 2005; Nielsen et al. 2007).

We conducted the binomial test (see supplementary
method, Supplementary Material online) to examine
whether the observed number of target sites can be ex-
pected by chance. The results showed that the observed
number of target sites for miR-iab-4as is significantly greater
than the expected by chance in Abd-A, Ubx, and Antp
(table 1), whereas the observed number for miR-iab-4
can be explained by chance except for Ubx. Note that
due to the sequence similarity between miR-iab-4 and
miR-iab-4as (Stark et al. 2008; Tyler et al. 2008), the target
site for miR-iab-4as can also be a target site for miR-iab-4, if
the site is perfectly complementary to bases 2-9 of miR-iab-
4as (supplementary fig. S1, Supplementary Material online).
In this study, we regarded these overlapping sites as the tar-
get sites for both miR-iab-4 and miR-iab-4as. Although the

Genome Biol. Evol. 3:129-139. doi:10.1093/gbe/evgq088 Advance Access publication December 27, 2010 133


http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq088/DC1

Miura et al.

GBE

observed number of target sites for miR-iab-4 is significantly
greater than the expected by chance in Ubx, most target
sites for miR-iab-4 also appear to be the target sites for
miR-iab-4as (supplementary table S1, Supplementary Mate-
rial online). All target sites for miR-iab-4 in Abd-A were over-
lapping ones except for D. virilis. Considering the fact that in
D. melanogaster miR-iab-4as represses the expression of
both Abd-A and Ubx efficiently, whereas miR-iab-4 only
weakly represses Ubx and has no effect on Abd-A (Tyler
et al. 2008), the overlapping target sites may be mainly
for miR-iab-4as.

Target sites for miR-iab-4 and miR-iab-4as were also
found in Abd-A, Ubx, and Antp of many non-Drosophila
species examined. Yet, the numbers of target sites of
miR-iab-4 and miR-iab-4as in these Hox genes vary with
the species (table 1). In addition, the numbers of target sites
for miR-iab-4as in Abd-A and Ubx are not always greater
than those for miR-iab4. This is in contrast to the situation
in Drosophila species. As extreme cases, red flour beetle
does not have any target sites for the miRs in Ubx. Of course,
we cannot completely rule out the possibility that actual 3
UTRs in non-Drosophila species are longer than the putative
3’ UTRs defined in this study and therefore we could not
find all the target sites. However, even when we analyzed
the 3 kb downstream regions after the stop codon rather
than 2.4 kb, there is no target site in Ubx of red flour beetle.
In addition to these three genes, mosquito, red flour beetle,
and pea aphid also have the target sites in Abd-B, but the
observed numbers of the target sites are expected by
chance. Honeybee and jewel wasp also have at least three
target sites of miR-iab-4 and miR-iab-4as in Scr, respectively.

Note that other Hox genes (Dfd, Pb, and Lab) do not have
target sites for miR-iab-4 and miR-iab-4as in most species
examined. It should also be noted that there was no target
site for miR-10 in most insect Hox genes examined except
for Scr. In Abd-A, Ubx, and Antp, by contrast, the target sites
for miR-iab-4 and miR-iab-4as exist in the most insect spe-
cies examined and Daphnia. Therefore, it appears that these
three genes have been target genes of miR-iab-4 and miR-
iab-4as before the divergence of the insect species and
Daphnia, and some species have gained and lost their target
sites during the evolution.

Gains and Losses of Target Sites during the
Evolution of 12 Drosophila Species

To understand the evolutionary changes of the target sites in
more details, we determined the orthologous relationships
of the target genes (for details, see Materials and Methods).
Because only Abd-A, Ubx, and Antp had target sites of miR-
iab-4 or miR-iab-4as in all the Drosophila species, we studied
the target sites for miR-iab-4 and miR-iab-4as in these three
Hox genes. Our analysis identified 9, 20, and 15 groups of
target sites at different locations in Abd-A, Ubx, and Antp,

Table 2
Orthologous Relationship of Target Sites for miR-iab-4 and miR-iab-4as
in Abd-A and their potential functionality in 12 Drosophila species

Position of Target Sites

Species 1/A® 2/A 3/A 4/A 5/A  6/A 7/SA 8/A 9/SA

mel F N - N F FFF N NN
sim F N - N F FFF N NN
sec F N - N F FFF N NN
yak F N - N F F O FF N NN
ere F N - N F FFF N NN
ana F N - N F FFF N NN
pse F F - N F FFF N NN
per F F - N F FFF N NN
wil F - ®m - F F FF N NN
moj F - - F F FFF () NF
vir F - - N F F NN N FN
gri F - - N F FOFF N -

£ 383 188 - 104 383 383 383 - 37
c 383* 66 - 43 383* 383 364* - 37

The 6-mer functional target sites are shown in parentheses. F, functional target
site; N, nonfunctional target site; -, no orthologous site.

@ Target site name in number. Underlined target sites are the sites that were
generated before the divergence of 12 Drosophila species.

® MiR that binds to the target site: S, miR-iab-4; A, miR-iab-4as; SA, both miR-iab-
4 and miR-iab-4as.

€ E, evolutionary time which is the summation of all the branches of the species
tree after the gain of a target site; C, conserved time which is the total time of the
conservation of a target site; -, a species-specific target site.

" The probability of conservation by chance is less than 0.05.

respectively (table 2, supplementary tables S2A and S28B,
Supplementary Material online). Among them, three func-
tional target sites in Abd-A and Ubx are conserved in all 12
Drosophila species, whereas Antp have only one conserved
site in the species. These target sites are all 7/8-mer target
sites for miR-iab-4as or for both miR-iab-4 and miR-iab-4as.
All remaining target sites have been affected by gains and/or
losses in some lineages. Therefore, birth-and-death evolu-
tion has certainly occurred in the target sites for these
miR genes.

To obtain more accurate picture of the birth-and-death
evolution of target sites, we reconstructed the ancestral se-
guence of each target site by using the maximum likelihood
method (Yang et al. 1995) and estimated the numbers of
potential target sites in ancestral species and gains and los-
ses of the target sites. The timing of each gain was assigned
to the lineage in which the sequence became a potentially
functional target site, and the timing of loss was assigned to
the lineage in which the 6-mer region experienced at least
one substitution or one indel. A predicted target site that
only exists in a particular species was assumed to be gained
during the evolution of the species. The results show that
the ancestor of 12 Drosophila species had four target sites
in Abd-A and Antp and six sites in Ubx (fig. 4). Although the
number of target sites has been roughly constant during the
evolution, several lineage or species-specific gains and losses
were observed. For an extreme example, Ubx of
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Fic. 4.—The numbers of target sites for miR-iab-4 and miR-iab-4as
in Abd-A (A), Ubx (B), and Antp (C) and the numbers of gains and losses
of the target sites during the evolution of 12 Drosophila species. The
numbers of target sites in extant and ancestral species are represented
in boxes. The numbers at the branch are the numbers of gains (+) and
losses (-) of target sites. Divergence times shown below the trees are
from Tamura et al. (2004).

D. grimshawi has acquired five target sites after the diver-
gence of 12 Drosophila species. Four of them have been
generated after the divergence from D. mojavensis and
D. virilis around 43 million years ago (Tamura et al. 2004).

We next examined how nucleotide substitutions and in-
dels have affected the gains and losses of the target sites in
Abd-A, Ubx, and Antp (table 3). The results show that 27
target sites of 30 sites have been gained by substitution
or both substitutions and indels. It should be mentioned that
a target site was regarded to be gained by both substitutions
and indels if the ancestral sequence before it became a tar-
get site could not be estimated due to the absence of orthol-
ogous target sites (irrespective of functional or
nonfunctional) in the outgroup Drosophila species; more

Table 3
Numbers of Gains and Losses of Target Sites by Nucleotide
Substitutions and/or Indels

Gain Loss

Target Substitution Indel Both Substitution Indel Both

Abd-A 2 1 2 1 0 2
Ubx 3 1 10 5 1 0
Antp 5 1 5 6 1 8
Total 10 3 17 12 2 10

than half of gains grouped as “both” were classified in this
category. Similarly, 22 of 24 losses of target sites have oc-
curred by substitutions or both substitutions and indels.

In the previous section, we found that a large number of
target sites for miR-iab-4as in Abd-A, Ubx, and Antp are
likely under functional constraints in Drosophila species.
Here, to examine whether each orthologous target site
has been under functional constraints, we computed the ex-
pected time of conservation of a target site under neutral
evolution. We first estimated the substitution rate in 3" UTRs
of Abd-A, Ubx, and Antp for each pair of 12 Drosophila spe-
cies. The average substitution rate was ~0.002 per site per
My for all Abd-A, Ubx, and Antp. The probability that a 6-
mer target site is conserved for T My by chance is therefore
calculated as (1 — 0.0027°. Similarly, the probabilities of
conservation of 7-mer and 8-mer sites by chance are
(1 — 0.0027)” and (1 — 0.0027)%, respectively. Therefore,
the probabilities become less than 5% after ~160,
~180, and ~200 My for 8-mer, 7-mer, and 6-mer target
sites, respectively (fig. 5). For example, suppose that there
is a 7-mer orthologous target site conserved in two species
whose divergence time is 100 My. Since the evolution occurs
independently in the two species after the divergence, the
total conserved time of the target site should be at least 200
My (100 + 100 My). The conserved time (200 My) is greater
than 180 My, which is the maximum conserved time by
chance for 7-mer at the 5% significance level. Therefore,

Probability of conservation by chance

0 50 100 150 200 250
Evolutionary time (MY)

Fic. 5.—Probabilities of conservations of target sites by chance.
A dashed line is the probability of 0.05.
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the conservation of the target site is unlikely to be expected
under neutral evolution but seems to be due to functional
constraints. Note that this analysis is based on the assump-
tion that the substitution rate is the same across the 3" UTRs
in all evolutionary lineages, which is probably unrealistic.
Nevertheless, this rough estimation would still be useful
to obtain a general idea about functional constraints on
each orthologous target site.

We applied this calculation to the actual data. Among 29
groups of target sites identified in Abd-A and Ubx (table 2
and supplementary table S2A, Supplementary Material on-
line), all ten target sites that existed before the divergence of
12 Drosophila species (old target sites, see fig. 4) are 7/8-
mer and conserved more than 200 My. Of course, it is also
possible that these old target sites were located in regions
that have other functions and are under purifying selection
for reasons other than for miR regulation. However, six tar-
get sites of ten conserved old sites are shared in all the spe-
cies, and it is quite unlikely that all the six sites overlap with
the sites for other functions. In the case of Antp, however,
two of four old target sites have not been conserved more
than expected by chance (supplementary table S2B, Supple-
mentary Material online). Yet, note that these two noncon-
served target sites are 6-mers at the ancestor of 12
Drosophila species so that the recognition by the miRs
may not be efficient, and consequently, the functional con-
straints on these sites may not be stringent.

All the remaining target sites (new target sites) in the
three Hox genes that were generated during the evolution
of Drosophila species show the conserved times of less than
160 My. Note that most new target sites were generated
very recently, and the evolutionary time, which is the sum
of all the branch lengths after the gain of a target site
are still less than 160 My (table 2 and supplementary table
S2, Supplementary Material online). Therefore, we cannot
determine whether these sites are under functional con-
straints or not. Nevertheless, two target sites (no. 2 in
Abd-A and no. 5 in Ubx, see table 2 and supplementary ta-
ble S2A, Supplementary Material online, respectively)
showed evolutionary times of more than 160 My and con-
served times of less than 160 My. Therefore, these two new
target sites may be under less functional constraints com-
pared with most old target sites.

Discussion

In this study, we have examined the evolution of miR genes
and their target sites in the insect and Daphnia Hox gene
clusters. We found that the miR genes, MIR-iab-4, MIR-
iab-4as, and MIR-10, are highly conserved with respect to
the copy numbers and nucleotide sequences. The identical
seed sequences among the species examined indicate that
same sequence motifs have been used for the target sites of
these miRs during insect and Daphnia evolution. Yet, the

number of target sites in Abd-A, Ubx, and Antp seems to
vary considerably among insect species and Daphnia. We
have also found that the observed number of target sites
for miR-iab-4as in these three Hox genes appears to have
been maintained by functional constraints in all the Dro-
sophila species. However, this does not necessarily mean
that all target sites are equivalent for regulation by the miRs.
We found that the old target sites that existed before the
divergence of 12 Drosophila species tend to have been
highly conserved and under purifying selection, whereas
some new target sites may not. It is therefore possible that
the old target sites may be more efficient than others.

It has been suggested that the location of the target sites
in the secondary structures of 3’ UTRs affects the repression
efficiency by miRs (Robins et al. 2005). More specifically, if
the target sites are located at the loop region of the second-
ary structures of 3’ UTRs, the target genes may be repressed
more efficiently. We therefore examined whether the old
target sites tend to be located in the loop region of the
3’ UTRs compared with the new target sites in the D. mel-
anogaster Abd-A, Ubx, and Antp. For this analysis, we used
the secondary structures of 3’ UTRs with the lowest free en-
ergy predicted by the software, RNAfold (Gruber et al.
2008). The results showed that the proportions of the target
sites in the loop region were not significantly different be-
tween old and new target sites (3/10 = 30% and 1/3 =
33%, respectively). However, the number of target sites an-
alyzed was small. In addition, several different structures of
3’ UTRs with similar free energies were predicted, so that it
is very difficult to determine the real structure. Moreover, if
we used entire mMRNA for the prediction, secondary struc-
tures of the 3’ UTR portion became quite different. In fact,
two target sites in Abd-A were predicted to be located in the
loop regions when only 3’ UTR was used for the prediction,
but the locations of these sites changed to the stem regions
when entire mMRNA was considered (supplementary table
S3, Supplementary Material online). Therefore, at present
our conclusion about the different efficiencies between
old and new target sites is tentative. It is important to verify
the functionality of these putative target sites experimen-
tally and examine whether there are any functional differ-
ences between the old and new target sites in the future.

We found that several new target sites that have been
generated during Drosophila evolution are located in un-
alignable regions of 3’ UTRs. These regions have accumu-
lated more mutations than other regions and therefore
appear to have a potential to generate target sites of miRs.
Also, we found several losses of target sites. Target sites in
animals generally range from only 6 to 8 nt long and seem
easy to be generated or lost by mutations. Therefore, exis-
tence of the 3’ UTRs with frequent mutations may explain
why animal miRs tend to have many target genes than plant
miRs and why target genes for each miR are often different
among species (Chen and Rajewsky 2006).
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In this study, we have primarily focused on the target sites
of miR-iab-4, miR-iab-4as, and miR-10 in the Hox genes.
However, it is possible that these miRs also regulate the
expression of other protein-coding genes. Therefore, we ex-
amined the number of 6-mer putative target sites of miR-
iab-4, miR-iab-4as, and miR-10 in each of the 3’ UTRs of
12,079 D. melanogaster genes (data from the FlyBase;
http:/flybase.org/). The results showed that quite a few
3’ UTRs (1,030/12,079 = 8.5% for miR-iab-4 and miR-
iab-4as; 294/12,079 = 2.4% for miR-10) have at least
one putative target sites (supplementary table S4, Supple-
mentary Material online). Among them, Ubx and Abd-A
are the genes with the largest numbers of target sites (five
and four, respectively) for miR-iab-4as. By contrast, the
numbers of target sites for miR-iab-4 in Ubx and Abd-A
are only two and one, respectively, and many genes have
the same or larger numbers of target sites for miR-iab-4 than
Ubx or Abd-A. There is no target sites for miR-10 in Ubx and
Abd-A, although this miR is known to regulate several Hox
genes (HoxA1, HoxA3, and HoxD10) in vertebrates (Lund
2010). Nevertheless, there are nearly 300 genes that have
at least one target site for miR-10, and in the most extreme
case, the gene, Vmat, has as many as nine target sites for
miR-10. Taken together, it is quite possible that these miRs
also regulate non-Hox genes.

In vertebrates, there are usually four Hox gene clusters
(HoxA, HoxB, HoxC, and HoxD). These gene clusters except
for HoxD encode MIR-196 at the same positions as that of
MiIR-iab4/4as in insects and Daphnia, although there is no
sequence similarity between them (Tanzer et al. 2005). In
addition, it is known that its target genes, HoxA7, HoxB8,
HoxC8, and HoxD8, are orthologs of Ubx, which is a target
gene of miR-iab-4/4as in insects and Daphnia (Mansfield
et al. 2004, Yekta et al. 2004; Hornstein et al. 2005). Many
predicted target sites for miR-196 existed before the diver-
gence of mammals (Yekta et al. 2008), indicating that these
target sites for miR-196 have apparently been under purify-
ing selection. Therefore, the miR-based regulation of the
Hox genes appears to be shared between vertebrates and
invertebrates.

Recent experimental studies have demonstrated that
regulatory elements such as cis-regulatory elements have
played pivotal roles in morphological evolution (Stern
1998; Liubicich et al. 2009; Pavlopoulos et al. 2009). MiRs
are also regulatory elements and indeed involved in many
developmental processes, including cell proliferation, ap-
optosis, organ growth, and cell differentiation (Jaubert
et al. 2007). In animals, the expression patterns of the
Hox genes are particularly important in the developmen-
tal process. Therefore, if the changes of the number of
target sites have affected the expression pattern of the
Hox genes, evolution of the target sites for miR-iab-4
and miR-iab-4as may have caused morphological evolu-
tion. Of course, a gene is generally regulated by multiple

systems (Hobert 2004; Chen and Rajewsky 2007), and ac-
tually, the expression of Ubx is also downregulated by
transcription factors, Abd-A, in addition to miR-iab-4
and miR-iab-4as in D. melanogaster (Bender 2008).
Therefore, it is also possible that the effect on expression
patterns by the evolution of target sites may be compen-
sated by other regulatory systems. Yet, note that in rice,
the differences in height, tiller number, and panicle mor-
phology between japonica and indica are indeed caused
by a single nucleotide substitution in the target site of
miR-156 (Jiao et al. 2010; Miura et al. 2010).

In this study, we have made full use of bioinformatic tech-
niques to investigate the evolution of target sites for miRs.
However, there are some caveats about our analysis. First,
we assumed that lengths of 3’ UTRs in Drosophila and
non-Drosophila species are essentially the same, but this as-
sumption may be unrealistic. Therefore, the number of tar-
get sites in non-Drosophila species may not be so reliable.
However, our analysis is mostly based on Drosophila species,
in which potential 3" UTRs are well aligned. Therefore, the
ambiguity of the number of target sites in the non-Drosoph-
ila Hox genes should not affect our conclusion. Second, the
target sites predicted in this study were detected only based
on the perfect complementarity to the seed sequences as
mentioned above, and it is necessary to confirm the func-
tionality of these target sites experimentally. In fact, some
potential target sites that are perfectly complimentary to
the seed sequences of miRs are actually suggested to be
nonfunctional (Didiano and Hobert 2006, 2008). Also, some
functional target sites do not have a complete complemen-
tarity to the seed sequences of miRs (Slack et al. 2000), al-
though this situation seems to be very rare (only 1% of
mammalian conserved target sites) (Bartel 2009). For exam-
ple, a target site in mouse HoxB8 lacks perfect complemen-
tarity to the seed sequence of miR-196 (Yekta et al. 2004,
Hornstein et al. 2005; Yekta et al. 2008). In addition, some
researchers have considered wobble pairings between the
seed sequences and 3’ UTRs in predicting target sites
(Enright et al. 2003; Stark et al. 2003). Therefore, we esti-
mated the target sites by allowing one wobble pairing with
seed sequences. However, the number of predicted target
sites for the miRs in the Drosophila Hox genes increased by
at most two in most cases (supplementary table S5, Supple-
mentary Material online, see also table 1). In addition, the
number of target sites for miR-iab-4as remained greater
than the number for miR-iab-4. Note also that the target
sites including wobble pairs are much less effective to re-
press gene expression of the target genes (Brennecke
et al. 2005). Indeed, our results based on the perfect
complementarity between seed sequence and targets are
consistent with the experimental study in D. melanogaster
(Tyler et al. 2008). Therefore, our conclusion appears to be
robust even though some atypical target sites exist in the
Hox genes.
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Supplementary Material

Supplementary tables S1-S5, figures S1-54, and supple-
mentary method are available at Genome Biology and Evo-
lution online (http:/gbe.oxfordjournals.org/).
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