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Abstract

Background: MicroRNAs (miRNAs) are a class of endogenous small non-coding RNAs of 20-25 nucleotides that play a key
role in diverse biological processes. Japanese flounder undergo dramatic metamorphosis in their early development. The
metamorphosis is characterized by morphological transformation from a bilaterally symmetrical to an asymmetrical body
shape concomitant with extensive morphological and physiological remodeling of organs. So far, only a few miRNAs have
been identified in fish and there are very few reports about the Japanese flounder miRNA.

Methodology/Principal Findings: Solexa sequencing technology was used to perform high throughput sequencing of the
small RNA library from the metamorphic period of Japanese flounder. Subsequently, aligning these sequencing data with
metazoan known miRNAs, we characterized 140 conserved miRNAs and 57 miRNA: miRNA* pairs from the small RNA library.
Among these 57 miRNA: miRNA* pairs, twenty flounder miRNA precursors were amplified from genomic DNA. We also
demonstrated evolutionary conservation of Japanese flounder miRNAs and miRNA* in the animal evolution process. Using
miRNA microarrays, we identified 66 differentially expressed miRNAs at two metamorphic stages (17 and 29 days post
hatching) of Japanese flounder. The results show that miRNAs might play a key role in regulating gene expression during
Japanese flounder metamorphosis.

Conclusions/Significance: We identified a large number of miRNAs during flounder metamorphosis, some of which are
differentially expressed at two different metamorphic stages. The study provides an opportunity for further understanding
of miRNA function in the regulation of flounder metamorphosis and gives us clues for further studies of the mechanisms of
metamorphosis in Japanese flounder.
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comprise 1% to 5% of animal genes and collectively regulate up to
30% of genes, making them key regulators [14].

Most of conserved miRINAs have been discovered by traditional
identification method. However, species/family non-conserved
miRNAs are seldom identified by the traditional method, because

Introduction

MicroRNAs (miRNAs) are endogenous, ~22 nucleotides (nt),
small non-coding RNA molecules that regulate gene expression by
complementary binding to the 3’ untranslated region (UTR) of

target messenger RNAs (mRNAs) and causing mRNA cleavage or
translation blockage [1]. MiRNAs play a key role in diverse
biological processes such as organ development, cell proliferation,
tumorigenesis, fat metabolism, behavior and embryogenesis [1-6].
Furthermore, abnormal expression of miRNA may result in
disease, dramatic phenotype variation, or death [7]. Recent studies
have suggested that miRNA may be an inducible factor to increase
organismal complexity through their function in regulating gene
expression [8-11]. The first characterized endogenous miRNAs
were lin-4 and let-7, both of which were found to act in the
pathway controlling the timing of larval development in C. elegans
[12-13]. Since then, a number of miRNAs have been discovered
in different animal species. MiRNAs are currently estimated to
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they are often expressed at a lower level than conserved miRNAs
[15]. With widespread application of high-throughput sequencing
technologies, both conserved and non-conserved miRNAs have been
identified from diverse organism such as amphioxus (Branchiostoma
lanceolatum), locust (Locusta mugratoria), silkworm (Bombyx mori), red alga
(Porphyra yezoensis) and barrel medic (Medicago truncatula) [15-19].
Japanese flounder (Paralichthys olwaceus) is one of the most
important marine economic fish. It undergoes metamorphosis by
changing its body from larval to juvenile forms. The metamor-
phosis is prominently characterized by morphological transforma-
tion from a bilaterally symmetrical to an asymmetrical body shape
and accompanied by extensive morphological and physiological
remodeling of tissues/organs [20-21]. These structural and
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functional changes are linked to transcriptional or post transcrip-
tional regulation of gene expression. Previous studies showed
that some miRNAs identified in metamorphic species play an
important role in regulating the biological process of metamor-
phosis [17-18,22-24]. Given that miRNAs play key roles in
regulating gene expression during animal development, studies of
miRNAs during Japanese flounder metamorphosis are peculiarly
useful. Fish represent approximately half of all vertebrate species,
and previous researches have indicated that many fish miRNAs
are identified from rainbow trout (Oncorhynchus mykiss), zebrafish
(Danio rerio), fugu (Takifugu rubripes), green pufferfish (Tetraodon
nigroviridis) and medakafish (Oryzias latipes), whose genome sequence
data are available [25-28]. Though we are currently short of
substantial genome sequence data of Japanese flounder, it is
feasible to identify miRNAs by means of alighment with miRbase
13.0 and expressed sequence tags (ESTs).

Previously, Xie et al. identified 23 conserved miRNAs at the
metamorphic stage of Japanese flounder by traditional cloning
method, indicating that miRNAs play an important role in larva-
to-juvenile metamorphosis [29]. In our study, we used a high-
throughput Solexa sequencing method (Illumina Genome Ana-
lyzer) to further identify Japanese flounder miRNAs. We obtained
140 conserved miRNAs and 57 miRNA*s during Japanese
flounder metamorphosis. Subsequently, we examined expression
patterns of these miRNAs at two metamorphic stages by miRNA
microarray and identified 66 differentially expressed miRNAs
between two metamorphic stages. These findings are conducive to
better understanding of miRNA roles in regulating diverse
biological processes during metamorphosis.

Results

Solexa sequencing of small RNAs

To identify flounder miRNAs during metamorphosis, a small
cDNA library that was generated from a mixture of total RNAs
from nine metamorphic stages was subjected to high-throughput
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sequencing by the Illumina platform. After the raw sequences were
subjected to Illumina Pipeline filter provided by vendor (Solexa
0.3), a total of 3108333 reads, representing 931491 unique
sequences, were obtained from the small ¢cDNA library and
uploaded to Gene Expression Omnibus [GEO:GSE25995]. We
analyzed the length distribution of small RNAs (14-28 nt long)
sequenced by Solexa sequencing (Figure 1). After discarding
1567405 reads of sample sequences, junk sequences, simple
sequences, sequences longer than 26 nt and shorter than 15 nt
and sequences with fewer than 3 copies, 1540928 reads remained
for analysis. After comparing the small RNA sequences with
Japanese flounder mRNAs, RFam and Repbase, 431953 reads
from mRNA, rRNA, tRNA and snoRNA were removed, as well as
repeat sequences. The remaining 1108975 reads were retained for
miRNA analysis.

Conserved miRNAs and miRNA*s

To identify the known miRNAs in Japanese flounder, we
compared our dataset to known metazoan miRNAs (miRNA
precursors and mature miRNAs) in miRBase 13.0 (http://www.
mirbase.org/) by miRAlign. MiRAlign is a computational method
that is capable of detecting new miRNAs based on both sequences
and structure alignment [30]. Among the screened 1108975 reads,
588793 reads that represent 2859 unique sequences were mapped
to known metazoan miRNAs in miRBase 13.0. Allowing one
mismatch between sequences, we then identified 140 conserved
miRNAs from 394842 reads, 133 belonging to 84 families and 7
not belonging to any family (Table S2). These miRNAs share the
same ‘seed’ regions (the two to eight bases of the 5’ region
important for target recognition) [31] in Japanese flounder as
other metazoan. Furthermore, from the 2859 unique sequences,
we obtained 57 duplex-like miRNA: miRNA* pairs in which the
mature miRNAs and miRNA*s respectively aligned to the 5’ end
or 3’ end region, of known miRNA precursors in the library. In
other words, 57 miRNA* candidates were found from 9734 reads
during flounder metamorphosis. We compared the 57 miRNA*
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Figure 1. Size distribution of sequenced small RNAs. The redundant represents the number of all sequences, and the unique represents the

number of unique sequences. nt, nucleotides.
doi:10.1371/journal.pone.0022957.g001
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candidates with conserved mature miRNA*s in miRBase and
identified 47 miRNA* allowing three mismatches. Another 10
miRNA*s that have much more mismatches between sequences
need to be further validated (Table S3). Such results show that
miRNA*s are less stable than miRNAs during species evolution
[32]. Among the 140 conserved miRNAs and 57 miRNA*s, nine
miRNAs (mir-1, -206a, -192, -203, -22a, -122, -92a, let-7a, and
let-7d) had more than ten thousand reads, indicating they are
highly expressed during flounder metamorphosis (Figure S1 and
Figure S2). We also found that 10 members of the let-7 family
(including let-7a, -7b, -7c, -7d, -7e, -7, -7g, -7h, -71 and -7j) were
expressed, implying that the let-7 family might play an important
role in regulating Japanese flounder metamorphosis.

We used a PCR-based method to verify the relationship
between a miRNA and its miRNA*. If miRNA and its miRNA*
came from the same precursors, a 5570 nt should be amplified
from the genomic DNA [17]. We amplified 55-70 nt products of
twenty miRNAs that were at random selected from 57 miRNA:
miRNA* species (Figure 2A). Although there are faint bands and
multiple bands in some of the lanes, which are potentially
nonspecific amplification products and primer dimer, we thought
that these bands have little effect on the target fragment of 55—
70 nt, so we purified and sequenced the 55-70 nt PCR fragment.
These sequencing results confirmed the matches between mature
miRNAs and miRNA*s (Table 1). Subsequently, we predicted the
secondary structures of these amplified sequences by mfold [33],
and found that all 20 sequences could be properly folded into the
typical hairpin structure (Figure S3). The results indicated that
these 20 miRNA: miRNA* pairs respectively came from the same
precursor. The data also demonstrated that, in addition to
conservation of mature miRNAs, some flounder miRNA*s may
be highly conserved in different species (Figure 2B).

To identify non-conserved miRNAs in the Japanese flounder,
we compared the sequencing data with pleuronectoidei ESTs (see
Materials and methods) and obtained three miRNA candidates
mapped to pleuronectoidei ESTs. Subsequently, expression of the
three candidates wasn’t detected at the metamorphic stage of
Japanese flounder by Northern hybridization and Quantitative
real-time PCR.

Validation of Japanese flounder miRNAs expression

To validate the newly identified Japanese flounder miRNAs, we
conducted stem-loop Quantitative real-time PCR assays [34-35]
from the same RNA preparation used for the Solexa sequencing.
Among 140 conserved miRNAs, we randomly selected four
miRNAs (mir-7, -10d, -10c and -22a, with 1635, 192, 2453 and
26871 reads, respectively) and examined their expression patterns
by Quantitative real-time PCR in a total RNA pool from nine
metamorphic stages of Japanese flounder. The results showed that
the expression levels of these miRINAs were concordant with their
relative reads of Solexa sequencing (Figure 3A). We also examined
their expression at four different developmental stages (13, 21, 29,
42 dph) and found that they were differentially expressed
(Figure 3B). In addition, Using Northern hybridization, we
randomly examined expression levels of eight miRNAs (mir-1, -
22a, -203, -26b, -133a, -122, -92a, and -27b) from the newly
identified Japanese flounder miRNAs at the metamorphic stage
(Figure 3C). These results showed that the above-mentioned
miRNAs are authentic miRNAs and that some miRNAs are
differentially expressed at different developmental stages of
Japanese flounder.

Moreover, we detected the expression of the newly identified
miRNAs in two metamorphic stages (17 and 29 dph) of Japanese
flounder by miRINA microarray and have uploaded the raw data
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to Gene Expression Omnibus [GEO:GSE27986]. The results
showed that 102 conserved miRNAs are identified by microarray
(Figure S4). Nearly 61% of the miRNAs (86 out of 140) and 23%
of the miRNA*s (16 out of 57) could be detected by microarray,
and most undetected miRNAs and miRNA*s had low expression
levels. The results further confirmed the authenticity of the
miRNAs identified by Solexa sequencing in Japanese flounder.

Differential expression of miRNAs in the two stages

Clarification of the molecular mechanism of Japanese flounder
metamorphosis is of great importance for the cultivation of
Japanese flounder. Thus, it is interesting to uncover the differential
expression profile of Japanese flounder miRNAs by miRNA
microarrays. Among these 102 miRNAs identified by microarray,
66 flounder miRNAs were differentially expressed by comparing
with miRNA expression patterns at two metamorphic stages (17
and 29 dph), as shown by microarray analysis (Table S4),
including 26 conserved miRNAs (p<<0.01 and Signal >500,
Figure 4A and Figure 4B) and 40 conserved miRNAs (p<<0.01 and
Signal <500, Figure 4A), which suggested miRNAs may play an
important role in regulating diverse biological processes during
flounder metamorphosis. For example, expression levels of mir-1
and mir-206b at 17 dph were significantly lower than those at
29 dph, while expression levels of mir-10d and mir-22a at 17 dph
were significantly higher than those at 29 dph. These results
indicated that miRNAs might be involved in the regulation of
Japanese flounder metamorphosis.

To confirm the microarray results, we randomly selected six
miRNAs (mir-1, -133a, -206b, -10d, -10b and -22a) from 66
differentially expressed miRNAs and performed Quantitative real-
time PCR analysis (Figure 4C). Five miRNAs showed similar
expression patterns as those revealed by our microarray analysis.
For unknown reasons, the expression levels of mir-133a were
inconsistent with the microarray results.

The phylogenetic evolution of miRNAs

The 84 conserved miRNA families and 7 miRNAs (mir-459, -
462, -722, -724, -726, -727, and -731) identified in the Japanese
flounder were sorted into 5 groups based on their phylogenetic
distributions (Figure 5A). The 5 families (mir-1, -34, -9, -124 and
let-7) are present in mammals, birds, amphibians, fish, insects and
nematodes; 13 families are present in mammals, birds, amphib-
ians, fish and insects, but not nematodes; 6 families are only
present in mammals, birds, amphibians and fish; the seven
miRNAs (mir-459, -462, -722, -724, -726, -727, and -731) are only
identified in fish; and the remaining miRNA families are
vertebrate-specific but three families (mir-456, -460, and -458)
are absent in human (Homo sapiens) and mouse (Mus musculus) and 8
miRNAs are restricted to fish. The 3 miRNAs families (mir-147, -
449, and -150) were first detected in fish. Although the 84 flounder
miRNA families are highly conserved throughout different animal
taxa, there are pedigree specific sequence substitutions in most of
these families. In spite of the short sequences of mature miRNAs,
the major clades are well divided due to substitutions. Fish and
other vertebrates can be easily separated according to sequence
differences in their miR-21, which showed the different sequence
features of conserved miRNAs in different clades (Figure 5B).
Scanning miRNA families, we found a family, mir-29a, by which
Japanese flounder could be separated from other fish (Figure 5C).
The results indicated that miRINAs might play an important role
in species evolution, and nucleotide substitutions in mature
miRNAs might cause diversity of miRNA regulating gene
expression in animal developmental processes.
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mmu UUAAAUGUCCAUACAAUUAAGGCACGCGGUGAAUGCCAA
xtr UUAA-UGUC-AUACAAUUAAGGCACGCGGUGAAUGCCAA
hsa UUAAAUGUCCAUACAAUUAAGGCACGCGGUGAAUGCCAA
gga U ANUUUAA-UGUC-AUACAAUUAAGGCACGCGGUGAAUGCCAA
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Figure 2. Conservation of miRNAs in the Japanese flounder. (A) Electrophoretic analysis of PCR products amplified from flounder genomic
DNA by the primer pairs designed on the basis of miRNA-5p and miRNA-3p based on similarity to miRNA stem-loop sequences in metazoon. For each
miRNA, the left lane is the test sample and the right lane is the negative control. (B) Sequence alignment analysis of two miRNA precursors that have
both conserved star and mature sequences. The alignment of mir-22a and mir-124 in different species shows high conservation of their mature
miRNA and miRNA*. The green nt represent miRNA* sequence and the red represent mature miRNA sequence. The asterisks indicate the conserved
sites among these species. dre, Danio rerio; fru, Takifugu rubripes; gga, Gallus gallus; xtr, Xenopus tropicalis; has, Homo sapiens; mmu, Mus musculus;
pol, Paralichthys olivaceus; tni, Tetraodon nigroviridis; bp, base pairs; nt, nucleotides.

doi:10.1371/journal.pone.0022957.g002
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Table 1. Mature and precursor sequences of conserved miRNA in Japanese flounder.

miRNA name

Sequences of the precursors (5'-3)

pol-mir-1
pol-let-7b
pol-let-7¢
pol-let-7d
pol-mir-9
pol-mir-10d
pol-mir-21
pol-mir-22a
pol-mir-122
pol-mir-124
pol-mir-133b
pol-mir-140
pol-mir-144
pol-mir-182
pol-mir-199-1
pol-mir-199-2
pol-mir-203
pol-mir-206a
pol-mir-219
pol-mir-221

ACAUACUUCUUUAUAUGCCCAUAUGAACAAGAGCAACUAUGGAAUGUAAAGAAGUAUGUAU
UGAGGUAGUAGGUUGUGUGGUUUCAGGGUUGUGAUUUUACCCCAUCAGGAGCUAACUAUACAACCUACUGCCUUCC
UGAGGUAGUAGGUUGUAUGGUUUGUGGGAUGGAGUAAAUCCUACUCAGGGGAUAACUAUACAACCUACUGCCUUCC
UGAGGUAGUUGGUUGUAUGGUUUCGCAUAAUAAACAGCACGGAGAUAACUGUACAACCUUCUAGCUUUCC
UCUUUGGUUAUCUAGCUGUAUGAGUUUUAAUUUCAUAAAGCUAGAGAACCGAAAGUA
UACCCUGUAGAACCGAAUGUGUGUGAUGCAACCACAGUCACAGAUUCGAUUCUAGGGGAGUAU
UAGCUUAUCAGACUGGUGUUGGCUGUUUAGAUUGCAAGGCGACAACAGUCUGAAGGCUGUC
CAGCAGUUCUUCACUGGCAAGCUUUAUGUCCUCAUGUAUCAACUAAAGCUGCCAGCUGAAGAACUGU
CUGUGGAGUGUGACAAUGGUGUUUGUGUCCUGUCUAUCAAACGCCAUUAUCACACUAUAUAGC
CGUGUUCACAGCGGACCUUGAUUUAAUGUCCAUACAAUUAAGGCACGCGGUGAAUGCCAA
GCUGGUCAAACGGAACCAAGUCAGGUGUUUCUGUGAGGUUUGGUCCCCUUCAACCAGCUA
CAGUGGUUUUACCCUAUGGUAGGUGACAUCAUGCUGUUCUACCACAGGGUAGAACCACGGAC
GCGGGGAUAUCAUCUUAUACUGUAAGUUUAUUAUAGAGACACUACAGUAUAGAUGAUGUACUAUCCCG
UUUGGCAAUGGUAGAACUCACACUGGUGAGGUAGAUGGAUCCGGUGGUUCUAGACUUGCCAACUA
CCCAGUGUUCAGACUACCUGUUCAUUGUCAUACUGGUGUACAGUAGUCUGCACAUUGGUUA
CCCAGUGUUCAGACUACCUGUUCAGGAAGUAGUGGUUGUACAGUAGUCUGCACAUUGGUUA
AGUGGUUCUCAACAGUUCAACAGUUCUUAGAGAAAAUUGUGAAAUGUUUAGGACCACUUG
ACAUGCUUCCUUAUAUCCCCAUAUUCAUACAGCACUUAUGGAAUGUAAGGAAGUGUGUGG
UGAUUGUCCAAACGCAAUUCUUGUAUCACUUGUCUGUAUCUAGGAGUUGUGGAUGGACAUCACG
UGAACCUGGCAUACAAUGUAGAUUUCUGUGUGUCAGUCUACAGCUACAUUGUCUGCUGGGUUUCA

doi:10.1371/journal.pone.0022957.t001

Discussion

Using a high-throughput Solexa sequencing approach, we
identified 140 conserved miRNAs and 57 miRNA*s and analysed
expression profiles of these miRNAs during metamorphosis of
Japanese flounder, a species without a completely sequenced
genome. The reads of these miRINAs sequences ranged from 4 to
76788, indicating that not only the high expression of miRNAs but
the low expression of miRNAs was identified by Solexa sequencing
at the flounder metamorphic stage (Figure S1 and Figure S2). So,
for studying small RNAs, Solexa sequencing is more accurate and
efficient approach than the traditional cloning method by which
23 miRNAs were identified at the metamorphic stage of flounder
[29]. In our studies, Japanese flounder miRINAs occupied nearly
half of fish miRNAs in miRBase 13.0 shared by other animals,
which will provide us with a better understanding of the evolution
of species. We found that there are a few species-specific
nucleotide substitutions in the ‘non-seed’ sequence regions in the
bulk conserved miRNAs families. For example, the mir-21
sequences in the mammals and birds are the same, but a different
mir-21 sequence in the fish species (Figure 5B). In general, these
conserved substitutions occur apart from the ‘seed’ sequence [31],
so some highly conserved miRNA families which exist only in
some special species can also be ‘species-specific’. The ‘seed’
sequence is important for mRNA target recognition. However, it
alone is not plenitudinous for miRNA-target interaction [17].
These findings will contribute to the understanding of the diversity
of miRNA regulating gene expression in different biological
processes.

A large amount of conserved miRNA*s were discovered in the
Japanese flounder. These miRNA*s had the very high sequence
similarity in animal species. Some of these miRNA*s were similar
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The bold letters represent the mature miRNAs squences, the italic ones represent its miRNA* sequences.

to the known miRINA*, others differed from the known miRNA*
by one to three nucleotides. The function of miRNA* have been
often neglected in previous studies because these sequences are
usually regarded as important primarily for maintaining precursor
secondary structure [1,36]. A recent study showed that the
inhibitory activity of miRNA* species is required in both cultured
cells and transgenic animals [36]. Our results indicated that
miRNA* could play a possible role in regulating gene expression
during Japanese flounder metamorphosis, which was previously
reported in flies [36].

Some miRNAs were comparatively conserved, not just in their
sequences but also in their function on regulating gene expression
in different animal species. In our studies, a number of key
miRNAs identified in the Japanese flounder were shared with
other vertebrates or invertebrates and might modulate diverse
cellular signal transduction pathway in complex tissues and organs.
The let-7 family, a heterochronic miRNA, is phylogenetically
conserved in diverse bilaterians but not in sponge or cnidarians,
and has a conserved function in heterochronic developmental
regulation [23,37-38]. MiR-183, miR-184 and miR-96, which are
characteristic of sensory organs in vertebrates, were also identified
in the Japanese flounder. Although the detailed function of these
miRNAs needs to be further explored, it is intriguing to speculate
that they contributed greatly to the evolution of complex animal
organs. Some miRNAs were highly expressed at metamorphic
stage of Japanese flounder, indicating that they might be necessary
for natural metamorphosis.

With ab initio predictive methods, many non-conserved or
species-specific miRNAs have been discovered and been experi-
mentally validated in viruses and human [39-40]. In our study,
using miPred with an ab mitio predictive approach for identifying
miRNA precursors, we did not discover novel flounder-specific
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Figure 3. Validation of miRNAs by Quantitative real-time PCR and Northern hybridization. (A) Lift side: Expression levels of four miRNAs
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Differential expression of 40 miRNAs at the two stages (p<<0.01 and signal <500). Red indicates that a gene is highly expressed at that stage, whereas
green indicates the opposite. The absolute signal intensity ranges from —1.5 to +1.5, with corresponding color changes from blue to green, yellow
and red. The signal of expression was detected by microarray with three probe repeats. (B) Relative detectable signals of 26 differentially expressed
miRNAs (p<<0.01 and signal >500) at two metamorphic stages (17 and 29 dph) by microarray. The signals are average (of three replicates) absolute
intensity. (C) Relative expression levels of six miRNAs (mir-1, -133a, -206b, -10d, -10b and -22a) at two metamorphic stages (17 and 29 dph) by
Quantitative real-time PCR. "p<<0.05 means a statistically significant difference between this miRNA levels at 17 and 29 dph.
doi:10.1371/journal.pone.0022957.g004
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Figure 5. Phylogenetic evolution of Japanese flounder conserved miRNA families. (A) Phylogenetic distribution of Japanese flounder
conserved miRNA families. A plus (+) symbol represents this miRNA family exists in the species named on the left, and a minus (—) symbol means it is
absent in that species. (B) A clade-specific conserved miRNA based on sequence substitutions. The green nucleotides indicate the positions that are
the same among the other vertebrates but different from fish, which are shown in red. (C) A flounder-specific conserved miRNA based on sequence
substitution. The red nucleotide shows a Japanese flounder-specific position that is different from any other fish. Asterisks indicate the conserved
sites among fish. bfl, Branchiostoma floridae; bmo, Bombyx mori; cel, Caenorhabditis elegans; dme, Drosophila melanogaster. has-miR-21, Homo sapiens
microRNA 21; mmu-miR-21, Mus musculus microRNA 21; gga-miR-21, Gallus gallus microRNA 21; dre-miR-21, Danio rerio microRNA 21; fru-miR-21,
Takifugu rubripes microRNA 21; tni-miR-21, Tetraodon nigroviridis microRNA 21; pol-miR-21, Paralichthys olivaceus microRNA 21.
doi:10.1371/journal.pone.0022957.9005

fied 66 miRNAs that were differentially expressed between 17 and
29 dph larvae (Table S4). Using Quantitative real-time PCR
assay, we also found that the miRNAs (mir-22a, -10d, -10c and -7)
were differentially expressed at four different developmental stages
(Figure 3C). The results indicated that these miRNAs might play
an important role in diverse biological processes of larval to
juvenile Japanese flounder. For example, mir-1, -133, and -206 are

miRNAs. In the absence of genome sequence data, it is difficult to
identify new species-specific miRNAs.

Using miRNA microarray, we examined expression patterns of
flounder miRNAs at two different metamorphic stages (17 and
29 dph), and obtained 102 conserved miRNAs that have been
identified by Solexa sequencing (Figure S4). This further validated
these miRNAs identified by Solexa sequencing. Then, we identi-
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muscle-specific miRNAs, which play a key role in regulating
differentiation and proliferation of myoblasts [41-42]. In this
study, they were differentially expressed between 17 and 29 dph
during metamorphosis, indicating that they might play an
important role in muscle development of metamorphic flounder,
because muscular structure and function dramatically change at
the metamorphic stage [21]. Previous studies have shown that mir-
25 regulates pigmentation by targeting the transcription factor mutf
in alpaca (Lama pacos) skin melanocytes [43]. Mir-203, a skin-
specific microRNA, is up-regulated in psoriasis and regulated
by keratinocyte differentiation [44]. At the present research, these
two miRNAs were differentially expressed in the two different
metamorphic stages of Japanese flounder, indicating that they
might regulate flounder skin development and chromogenesis,
because flounder skin pigment apparently changes during
metamorphosis [45—46]. Analysis of flounder miRNA expression
would be helpful for further understanding of the functions of
miRNAs in flounder metamorphic development, which could help
us further explain the complex genetic network that controls
processes of flounder metamorphosis and provid insight into
metamorphic changes.

In conclusion solexa sequencing provides an accurate and
efficient approach for studying small RNAs in the Japanese
flounder, as well as other species. We discovered a large number of
miRNAs during metamorphosis in the Japanese flounder. We
further analyzed the evolutionary path of the flounder
miRNAs, indicating the significance of miRNAs in animal
evolution. We found numerous differentially expressed miRNAs
at two metamorphic stages of Japanese flounder, which provides
the basis for future analysis of miRNA function in Japanese
flounder metamorphic development and gives us clues for further
studies of the mechanisms of Japanese flounder metamorphosis.

Materials and Methods

Experimental animal collection and RNA isolation

Japanese flounder larvae were provided by the Beidaihe Center
Experiment Station, Chinese Academy of Fishery Sciences, Hebei,
China. Larvae (13, 17, 19, 21, 23, 29, 31, 33, 36 and 42 days post
hatching (dph)) were collected and stored in RINAstore Reagent
(Tiangen, Beijing, CA, China). The metamorphic stages of
Japanese flounder were defined as described by Minami [47].
Under this definition, larvae of 17, 21, 29, 36, and 42 dph are
represented as stage D, Stage E, Stage G, Stage H, and Stage I of
Japanese flounder metamorphic development, respectively. Total
RNA was extracted separately from the whole body of above ten-
stage larvae (four larvae each stage) with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. RQ1 RNase-Free DNase (Promega, Madison, WI,
USA) was used to remove genomic DNA contamination. The
quality and integrity of RNAs were examined using an Agilent
2100 Bioanalyzer. Then, we respectively took equal amounts of
nine-stage total RNAs (17, 19, 21, 23, 29, 31, 33, 36 and 42 dph)
and pooled them together for Solexa sequencing. All animal
protocols were approved by the Review Committee for the Use of
Animal Subjects of Shanghai Ocean University.

Solexa sequencing of Japanese flounder small RNAs
Small RNA fragments (14-30 bases) were isolated from the total
RNA pool with a Novex 15% TBE-Urea gel (Invitrogen). The
purified small RNAs were then ligated with 5" adaptors (Illumina,
San Diego, CA, USA). To remove these unligated adaptors, the
ligation products (40-60 bases in length) were gel purified on a
Novex 15% TBE-Urea gel. Subsequently, a 3" adaptor (Illumina)
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was ligated to the 5" ligation products. After gel purification on a
Novex 10% TBE-Urea gel (Invitrogen), RNNA fragments with
adaptors at both ends (70-90 bases in length) were reversely
transcribed, and the resulting cDNAs were subjected to 15 PCR
cycles using the adaptor primers. The amplification products
(around 90 bases) were excised from a 6% TBE-Urea gel
(Invitrogen). The purified ¢cDNAs library was used directly for
cluster generation and sequencing analysis by an Illumina/Solexa
G1 sequencer.

Sequencing data analysis

Sequencing reads were extracted from the image files generated
by Ilumina Genome Analyzer and then processed to produce
digital-quality data. The subsequent procedures performed with
Solexa were summarizing data production, evaluating sequencing
quality, calculating length distribution of small RNA reads and
masking low quality reads and adaptor sequences. The remaining
reads were analyzed by BLAST against Japanese flounder
mRNAs, Rfam (ftp.sanger.ac.uk/pub/databases/Rfam) and Re-
pbase (http://www.girinst.org/) to discard mRNA, rRNA, tRNA,
snRNA, snoRNA and repeat sequences. By aligning to the Rfam
database, we could annotate a variety of annotations to each
sRNA sequence, such as rRNA,; tRNA, snRNA and snoRNA. By
aligning to the Repbase database, we could annotate repeat
sequences. Subsequently, 16-26 nt non-annotated sequences were
analyzed by BLAST against miRBase 13.0. Solexa sequences with
identical or related (one mismatch) sequences from metazoan
mature miRNAs were identified as conserved miRNAs. Then,
these Solexa sequences that can form duplex-like miRNA:
miRNA* pairs and map to the conserved miRNA precursors,
were considered as flounder miRNA*s.

Then, the remaining sequences were searched by BLAST
against pleuronectoidei ESTs (NCBI) to identify non-conserved
miRNAs. For each mappable sequence, hairpin folding was
evaluated by sequence analysis to identify the presence of a stem
loop with 18 or more base pairs, and the folding energy was
calculated by mfold [33]. The criteria used include: (1) the number
of base pairs in a stem was =18 nt; (2) the number of allowed
errors in one bulge was =18; (3) free energy (AG) was
=—15 kCal'-mol—1; (4) percentage of miRNA appearing in the
stem was =80%; (5) length of hairpin ( up and down stem +
terminal loop ) was =53 nts; and (6) length of the hairpin loop was
=22 nts. If one sequence satisfies these strict criteria, this sequence
is considered a candidate of the predicted miRNA precursor.

Amplification of the miRNA precursors

The assay to amplify miRNA precursors was conducted as
previously described [17]. Briefly, we extracted genomic DNA
from the larvae of metamorphosis according to the manufacture’s
protocol and designed primers for 20 of 57 duplex-like miRNA:
miRNA* pairs with Primer Premier 5.0 (Premier Biosoft
International, Palo Alto, CA, USA). Corresponding fragments
were amplified by PCR and the length of amplification products
was detected on 3% agarose gels. Fragments between 55 and 70 nt
in length were subcloned into pMD19-T vector (TaKaRa, Dalian,
CA, China) for sequencing analysis.

Quantitative real-time PCR assay

Expression levels of flounder miRNAs were confirmed as
previously described [34-35]. Using M-MLV Reverse Transcrip-
tase (Promega, Madison, WI, USA), four-stage RNAs (13, 21, 29,
and 42 dph) and the pool RNA used in the Solexa sequencing were
reverse transcribed by looped antisense primers containing random
primers, respectively. Quantitative real-time PCR was conducted
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on MyiQ5 Real-time PCR Detection System (Bio-Rad, Hercules,
CA, USA). All primers are listed in Table S1. Japanese flounder 5S
rRNA was used as a control. In each assay, 10 pl of SYBR® Premix
Ex Tag"™ (TaKaRa, Dalian, CA, China), 0.4 ul of 10 uM specific
forward primer, 0.4 pl of 10 pM specific reverse primer, 7.2 ul of
RNase-free HoO and 2 ul of cDNA were incubated at 95°C for
30 seconds and followed by 40 cycles of PCR (95°C for 10 seconds,
60°C for 30 seconds). All reactions were run in triplicate. After
reaction, we calculated the relative amounts of miRNAs by the
comparative threshold (Q_AACt) method [48]. Each Ct value used
for the calculation was the mean obtained from each cDNA in
triplicates. The data are presented as means = SE. Statistically
significant differences were examined by paired t-test. A value of
$<<0.05 was considered to be statistically significant.

Northern blot hybridization

Approximately 15 pg of total RNA pooled as described above
was loaded per lane, resolved on a 15% denaturing polyacryl-
amide gel, including labeled RNA oligonucleotides as size marker,
and transferred electrophoretically to Hybond-N* membranes
(Amersham Life Sciences, England). Membranes were UV cross-
linked and baked for 1 h at 80°C. DNA oligonucleotides reverse
complement to miRNA sequences were end-labeled with [y->2P]
ATP with T4 polynucleotide kinase (NEB, Beijing, CA, China).
Membranes were prehybridized at 40°C for 4 h in hybridization
buffer (0.36 M Na,HPOy, 0.14 M NaHoPO,, 7% SDS and 1 mg
of sheared, denatured, salmon sperm DNA) and hybridized at
40°C overnight with 20 pmole of a y-[**P]-ATP radiolabeled
probe. After hybridization, membranes were washed twice with
0.5xSSC, 0.1% SDS at 40°C for 10 minutes and once with
0.1xSSC, 0.1% SDS at 40°C for 5 minutes. Membranes were
briefly air-dried and wrapped with Saran Wrap. Images were
acquired with a Molecular Image FX machine (Bio-Rad).

MiIRNA microarray analysis

Total RNA (5.0 pg) from 17 dph and 29 dph larvae were size
fractionated with a YM-100 Microcon centrifugal filter (Millipore
Corp, Billerica, MA), and the isolated small RNAs (<300 nt) were
3'- extended with a poly (A) tail using poly (A) polymerase. An
oligonucleotide tag was then ligated to the poly (A) tail for later
fluorescent dye staining. Hybridization was performed overnight
on a pParaflo microfluidic chip (LC-Bio, Hangzhou, China) with a
micro-circulation pump (Atactic Technologies) [49-50]. On the
microfluidic chip, each detection probe consisted of a chemically
modified nucleotide coding segment reverse complementary to a
target miRNA (Japanese flounder conserved miRNAs and other
fish conserved miRNAs) and other RNAs (control and Japanese
flounder miRNA candidates). The hybridization melting temper-
atures were balanced by chemical modifications of the detection
probes. Hybridization was performed using 100 uL. 6 xSSPE
buffer (0.90 M NaCl, 60 mM Na,HPO,, 6 mM EDTA, pH 6.8)
containing 25% formamide at 34°C.. After hybridization, fluores-
cence labeling was detected using tag-specific Cyd dyes. Hybrid-
ization images were collected with a laser scanner (GenePix
4000B, Molecular Device) and digitized by Array-Pro image
analysis software (Media Cybernetics). Finally, hybridization
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morphic stages (17 and 29 dph) by hierarchical cluster-
ing. Red indicates that a gene is highly expressed at the stage,
whereas green indicates the opposite.

(TIF)

Table S1 Primers used in this study for RT-PCR and
Quantitative real-time PCR.
(XLS)

Table S2 Japanese flounder conserved miRNAs during
metamorphosis.

(XLS)

Table S3 Japanese flounder conserved miRNA*s during
metamorphosis. The red letters represent mismatched base,
the green labeled miRINA* indicate that they need further validate.
(XLS)

Table S4 Differential expression of Japanese flounder
conserved miRNAs between 17 and 29 dph.
(XLS)

Acknowledgments

LC-Bio (Hangzhou, China) carried out the Illumina sequencing of the
small RNA library of the flounder metamorphic stage. We thank Haijin
Liu for providing materials and technical support, and Fudan University
State Key Laboratory of Genetic Engineering for animal experimental
protocols. We thank Jun Zou for data analysis and Pengcheng Yang for
assistance in bioinformatics. We thank Qing Jing, Jizhou Yan and Hua
Long for the critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: ZS YF. Performed the
experiments: YF MW. Analyzed the data: YF MW JZ XC. Contributed
reagents/materials/analysis tools: YF LJ. Wrote the paper: YF ZS.

4. Xu P, Vernooy SY, Guo M, Hay BA (2003) The Drosophila microRNA Mir-14

suppresses cell death and is required for normal fat metabolism. Curr Biol 13:

790-795.

He L, He X, Lim LP, de Stanchina E, Xuan Z, et al. (2007) A microRNA

component of the p53 tumour suppressor network. Nature 447: 1130-1134.

6. Teleman AA, Maitra S, Cohen SM (2006) Drosophila lacking microRNA miR-
278 are defective in energy homeostasis. Genes Dev 20: 417-422.

o

July 2011 | Volume 6 | Issue 7 | e22957



22.

23.

24.

27.

28.

29.

. Kloosterman WP, Plasterk RH (2006) The diverse functions of microRNAs in

animal development and disease. Dev Cell 11: 441-450.

. Niwa R, Slack EJ (2007) The evolution of animal microRNA function. Curr

Opin Genet Dev 17: 145-150.

Sempere LF, Cole CN, McPeck MA, Peterson KJ (2006) The phylogenetic
distribution of metazoan microRNAs: insights into evolutionary complexity and
constraint. J Exp Zool B Mol Dev Evol 306: 575-588.

. Heimberg AM, Sempere LF, Moy VN, Donoghue PC, Peterson KJ (2008)

MicroRNAs and the advent of vertebrate morphological complexity. Proc Natl
Acad Sci U S A 105: 2946-2950.

. Hertel J, Lindemeyer M, Missal K, Fried C, Tanzer A, et al. (2006) The

expansion of the metazoan microRNA repertoire. BMC Genomics 7: 25.

. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, et al. (2000) The

21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis
elegans. Nature 403: 901-906.

. Wightman B, Ha I, Ruvkun G (1993) Posttranscriptional regulation of the

heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C.
elegans. Cell 75: 855-862.

. Berezikov E, Guryev V, van de Belt J, Wienholds E, Plasterk RH, et al. (2005)

Phylogenetic shadowing and computational identification of human microRNA
genes. Cell 120: 21-24.

Szittya G, Moxon S, Santos DM, Jing R, Fevereiro MP, et al. (2008) High-
throughput sequencing of Medicago truncatula short RNAs identifies eight new
miRNA families. BMC Genomics 9: 593.

. Chen X, Li Q, Wang J, Guo X, Jiang X, et al. (2009) Identification and

characterization of novel amphioxus microRNAs by Solexa sequencing.
Genome Biol 10: R78.

. Wei Y, Chen S, Yang P, Ma Z, Kang L (2009) Characterization and

comparative profiling of the small RNA transcriptomes in two phases of locust.

Genome Biol 10: R6.

. Zhang Y, Zhou X, Ge X, Jiang J, Li M, et al. (2009) Insect-Specific microRNA

Involved in the Development of the Silkworm Bombyx mori. PLoS One 4:
e4677.

. Liang C, Zhang X, Zou J, Xu D, Su F, et al. (2010) Identification of miRNA

from Porphyra yezoensis by high-throughput sequencing and bioinformatics
analysis. PLoS One 5: ¢10698.

Schreiber AM (2006) Asymmetric craniofacial remodeling and lateralized
behavior in larval flatfish. J Exp Biol 209: 610-621.

. Inui Y, Yamano K, Miwa S (1995) The role of thyroid hormone in tissue

development in metamorphosing flounder. Aquaculture 135: 87-98.
Gomez-Orte E, Belles X (2009) MicroRNA-dependent metamorphosis in
hemimetabolan insects. Proc Natl Acad Sci U S A 106: 21678-21682.

Caygill EE, Johnston LA (2008) Temporal regulation of metamorphic processes
in Drosophila by the let-7 and miR-125 heterochronic microRNAs. Curr Biol
18: 943-950.

Watanabe T, Takeda A, Mise K, Okuno T, Suzuki T, et al. (2005) Stage-specific
expression of microRNAs during Xenopus development. FEBS Lett 579:
318-324.

. Chen PY, Manninga H, Slanchev K, Chien M, Russo ]J, et al. (2005) The

developmental miRNA profiles of zebrafish as determined by small RNA
cloning. Genes Dev 19: 1288-1293.

Schyth BD (2008) RNAi-mediated gene silencing in fishes? Journal of Fish
Biology 72: 1890-1906.

Salem M, Xiao C, Womack J, Rexroad CE, 3rd, Yao J (2010) A microRNA
repertoire for functional genome research in rainbow trout (Oncorhynchus
mykiss). Mar Biotechnol (NY) 12: 410-429.

miRBase website. Available: http://www.mirbase.org/ cgi-bin/browse.pl. Ac-
cessed 2011 July 11.

Xie C, Xu S, Yang L, Ke Z, Xing J, et al. (2011) mRNA/microRNA Profile at
the Metamorphic Stage of Olive Flounder (Paralichthys olivaceus). Comp Funct
Genomics 2011: 256038.

@ PLoS ONE | www.plosone.org

1

30.

31.

32.

36.

37.

38.

40.

41.

42,

43.

44.

46.

47.

48.

49.

51.

MicroRNAs during Flounder Metamorphosis

Wang X, Zhang J, Li I, Gu J, He T, et al. (2005) MicroRNA identification based
on sequence and structure alignment. Bioinformatics 21: 3610-3614.
Brennecke J, Stark A, Russell RB, Cohen SM (2005) Principles of microRNA-
target recognition. PLoS Biol 3: 85.

Okamura K, Ishizuka A, Siomi H, Siomi MC (2004) Distinct roles for
Argonaute proteins in small RNA-directed RNA cleavage pathways. Genes Dev
18: 1655-1666.

. Zuker M (2003) Mfold web server for nucleic acid folding and hybridization

prediction. Nucleic Acids Res 31: 3406-3415.

. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, et al. (2005) Real-time

quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res 33:
el79.

. Tang F, Hajkova P, Barton SC, Lao K, Surani MA (2006) MicroRNA

expression profiling of single whole embryonic stem cells. Nucleic Acids Res 34:
e9.

Okamura K, Phillips MD, Tyler DM, Duan H, Chou YT, et al. (2008) The
regulatory activity of microRNA* species has substantial influence on
microRNA and 3" UTR evolution. Nat Struct Mol Biol 15: 354-363.
Pasquinelli AE, McCoy A, Jimenez E, Salo E, Ruvkun G, et al. (2003)
Expression of the 22 nucleotide let-7 heterochronic RNA throughout the
Metazoa: a role in life history evolution? Evol Dev 5: 372-378.

Pasquinelli AE, Reinhart BJ, Slack F, Martindale MQ), Kuroda MI, et al. (2000)
Conservation of the sequence and temporal expression of let-7 heterochronic
regulatory RNA. Nature 408: 86-89.

. Jiang P, Wu H, Wang W, Ma W, Sun X, et al. (2007) MiPred: classification of

real and pseudo microRNA precursors using random forest prediction model
with combined features. Nucleic Acids Res 35: W339-344.

Ng KL, Mishra SK (2007) De novo SVM classification of precursor microRNAs
from genomic pseudo hairpins using global and intrinsic folding measures.
Bioinformatics 23: 1321-1330.

Townley-Tilson WH, Callis TE, Wang D (2010) MicroRNAs 1, 133, and 206:
critical factors of skeletal and cardiac muscle development, function, and disease.
Int J Biochem Cell Biol 42: 1252-1255.

McCarthy JJ, Esser KA (2007) MicroRNA-1 and microRNA-133a expression
are decreased during skeletal muscle hypertrophy. J Appl Physiol 102: 306-313.
Zhu Z, He J, Jia X, Jiang J, Bai R, et al. (2010) MicroRNA-25 functions in
regulation of pigmentation by targeting the transcription factor MITF in Alpaca
(Lama pacos) skin melanocytes. Domest Anim Endocrinol 38: 200-209.
Sonkoly E, Wei T, Pavez Lorie E, Suzuki H, Kato M, et al. (2010) Protein kinase
C-dependent upregulation of miR-203 induces the differentiation of human
keratinocytes. J Invest Dermatol 130: 124-134.

. Mitsuo N, Tadahisa S, Masato A, Reiji M (2010) Dual appearance of

xanthophores, and ontogenetic changes in other pigment cells during early
development of Japanese flounder Paralichthys olivaceus. Fisheries Science
(Tokyo) 76: 243-250.

Zhu J, Zhang X, Gao T (2005) Histological study on the skin of Japanese
flounder Paralichthys olivaceus. Journal of Ocean University of China 4:
145-151.

Minami T (1982) The early life history of a flounder Paralichthys olivaceus.
Nippon Suisan Gakkaishi 48: 1581-1588.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(—Delta Delta C(T)) Method. Methods 25:
402-408.

Zhu Q, Hong A, Sheng N, Zhang X, Matejko A, et al. (2007) microParaflo
biochip for nucleic acid and protein analysis. Methods Mol Biol 382: 287-312.
Gao X, Gulari E, Zhou X (2004) In situ synthesis of oligonucleotide microarrays.
Biopolymers 73: 579-596.

Bolstad BM, Irizarry RA, Astrand M, Speed TP (2003) A comparison of
normalization methods for high density oligonucleotide array data based on
variance and bias. Bioinformatics 19: 185-193.

July 2011 | Volume 6 | Issue 7 | e22957



