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As one of the most successful groups of microalgae in the contemporary ocean, diatoms are of
ecological, biotechnological and evolutionary significance. Recent research has revealed for the first
time the presence of functional silencing machinery in diatoms. Nevertheless, no microRNAs (miRNAS)
participating in their gene regulation have been reported. Based on the principle of sequence
conservation, previous known plant miRNAs were blasted against the expressed sequence tag
databases of the marine diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana and
according to a series of filtering criteria, 6 conserved miRNAs were identified and 5 potential target
genes of them were subsequently predicted. Alignmental and phylogenetic analyses showed that the
miRNA precursor sequences were unexpectedly poorly conserved and distantly related to other family
members. Above all, the findings from this study will contribute not only to further research of miRNAs
features and regulatory mechanisms in diatoms, but also to their evolutionary research by virtue of new
molecular tools.
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INTRODUCTION

Diatoms are unicellular photoautotrophic eukaryotes that
play an important role in ecology by fixing large amounts
of carbondioxide (CO2) and generate most of the organic
matter that serves as food for life in the sea. They greatly
influence global climate, atmospheric carbon dioxide
concentration and marine ecosystem function (Armbrust,
2009). After about 100 million years of evolution, they
have become one of the most successful groups of
microalgae in the contemporary ocean and have a rather
unusual cell biology and genetic constitution (Kroth, 2007;
Vardi et al., 2008). They are also of biotech-nological
interest in carbon neutral synthesis of fuels,
pharmaceuticals, health food, biomolecules and materials
relevant to nanotechnology and so on (Bozarth et al.,
20009).

Considering the ecological and biotechnological signifi-
cance of diatoms as well as their potential in helping to
dissect the evolution of eukaryotes, efforts have been
made in many aspects to reveal the ecology, evolution
and metabolism secrets (Dagan et al., 2009; Maheswari
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et al.,, 2009; Nunn et al., 2009). And due to the lack of
tools for the study of diatomaceous gene function,
successful silencing in Phaeodactylum tricornutum by
expressing of antisense RNAs revealed for the first time
the presence of a functional silencing machinery in
diatoms and represented a major advance for under-
standing their biology and ecology (Riso et al., 2009).
However, the molecular basis for this machinery in
diatoms is not largely unknown, nor have regulatory
RNAs been reported.

MicroRNAs (miRNAs) are a class of endogenous,
small, non-coding, single-stranded RNAs that act as post-
transcriptional regulators in eukaryotes (Unver et al.,
2009). They have been reported to be located mostly
within noncoding regions of genomes and transcribed by
RNA polymerase |l (Baskerville et al., 2005; Reinhart et
al., 2002). The generation of mature mIRNA is a
complicated enzyme-catalyzed process, from the initial
transcript (pri-miRNA) to the precursor (pre-miRNA) with
a characteristic hairpin structure, then a miRNA duplex
(miRNA:miRNA*) (Bartel, 2004). In the end, it is
assembled to the RNA-induced silencing complex (RISC)
to direct its activity on a target mRNA, depending on the
degree of base-pairing between the miRNA and the
responsive element and results in either cleavage or



translational repression of the target mRNA. Perfect
complementarity generally results in cleavage, such as in
plants, whereas imperfect base-pairing leads to transla-
tional repression (Bartel, 2004; Carrington et al., 2003).

MIiRNA genes represent about 1 - 2% of the known
eukaryotic genomes and constitute an important class of
fine-tuning regulators that are involved in several
physiological or disease-associated cellular processes
(Barbato et al., 2009). In plants, miRNAs are involved in a
number of biological mechanisms including growth,
development and defense response against every sort of
stress (Rodriguez et al., 2010; Wang et al., 2009; Mathieu
et al., 2009; Ding et al., 2009; Fornara et al., 2009; Pothof
et al., 2009; Ruiz-Ferrer et al., 2009; Sunkar et al., 2007;
Ambros et al., 2007; Lu et al., 2005; Chen, 2004).
Considering the importance of mIRNAs in gene
regulation, two major categories of approaches have
been applied for miRNAs investigation (Unver et al.,
2009).

Compared to the experimental approaches, compu-
tation (bioinformatics) methods have been proved to be
faster, more affordable and more effective, contributing
mostly to today’s plentiful storage in miRBase (Unver et
al., 2009). Different computational miRNA finding stra-
tegies have been developed based on a core principle of
looking for conserved sequences between different
species that can fold into extended hairpins (Bonnet et
al., 2004). The biogenesis of miRNAs suggests that it is
possible to find mMiRNAs by searching expressed
sequence tags (ESTs) with known miRNAs. There have
been more and more reports about the identification of
miRNAs by mining the repository of available ESTs (Han
et al., 2009; Zhang et al., 2009; Song et al., 2009; He et
al., 2008; Sunkar et al., 2008; Yin et al., 2008; Xie et al.,
2007; Zhang et al., 2005). Furthermore, the pervasive
and crucial roles of miRNAs have drawn more and more
attentation in evolutionary researches (Kosik, 2009; Axtell
et al., 2008; Zhang et al., 2006). Till now, except for the
green algae Chlamydomonas reinhardtii, no miRNAs
have been found in other algae. In this study, based on
sequence conservation of known plant miRNAs, EST
databases of P. tricornutum and Thalassiosira
pseudonana were mined to find miRNAs. This work will
not only help to know more about the roles of miRNAs in
diatoms, but also provide potential molecular tools for
gene function and evolution analyses.

MATERIALS AND METHODS
Sequences and software

The known plant miRNA sequences from Arabidopsis, Brassica,
Glycine, Saccharum, Sorghum, Vitis, Solanum, Oryza, Triticum,
Chlamydomonas and other plant species were downloaded from
the miRNA database miRBase (http://www.mirbase.org) (Release
14th September, 2009). After removal of the repeated sequences,
2177 items were left as the reference set. The 133891 EST
sequences of P. tricornutum and 61920 EST sequences of T.

pseudonana were downloaded from GenBank (www.ncbi.nlm.nih.
gov/). Blast- 2.2.21-ia3 was downloaded from NCBI and set up
locally, RNA secondary structure and the free energy was calcu-
lated by mfold online (http://mfold.bioinfo.rpi.edu/) (Zuker, 2003).
The software MIRNA assist was applied to improve the analysis
efficiency (Xie et al., 2007).

Computational prediction of diatom miRNAs

The prediction procedure was shown in Figure 1. The sequences of
known plant miRNAs were used as query sequences for BLAST
search against the EST databases, with the BLASTN parameters
value being 1000 and word-match size between the query and data
base sequences being 7. Mature miRNA sequences should be no
less than 16 nt, and the mismatches should be less than 4.
Wherever available, precursor sequences of 400 nt were extracted
(200 nt upstream and 200 nt downstream to the BLAST hits) and
used for the hairpin structure prediction. If the length of a sequence
was less than 400 nt, the entire available sequence was used as a
miRNA precursor sequence. These precursor sequences were then
blasted online to remove the protein coding sequences (http://blast.
ncbi.nim.nih.gov/Blast.cgi). The retained precursor sequences
under went hairpin structure prediction through mfold online. Only
those meeting the following criteria were designated as miRNA
homologs: (1) the RNA sequence folding into an appropriate stem-
loop hairpin secondary structure, (2) a mature miRNA sequence
located in one arm of the hairpin structure, (3) predicted mature
miRNAs with no more than 3 nt substitutions as compared with the
known miRNAs, (4) miRNAs having less than 6 mismatches with the
opposite MiIRNA* sequence in the other arm, (5) no loop or break in
miRNA* sequences, (5) predicted secondary structures with higher
minimal folding free energy (MFE) and minimal folding free energy
index (MFEI), the MEFI usually being about 0.85 according to the
report (Zhang et al., 2006). Also, the AU content of pre-miRNA
within the scope of 30 and 70% was considered (Xie et al., 2007).

Computational prediction of miRNA targets

MiIRNA targets prediction was performed by aligning the predicted
miRNA sequences with the diatom mRNA sequences through the
BLAST program. The targets were screened according to these
criteria: the number of mismatches should be less than 4, the
minimal free energy of the pairing between miRNA and its target
mRNA was lower than -28.2 kcal/mol (Ambros et al., 2003). After
removal of the repeated sequences, the potential target genes were
BLASTXed against protein databases online to predict their function
(Identity > 25%), since there were no functional annotations for
MRNA sequences of P. tricornutum and T. pseudonana.

Phylogenetic analysis of the miRNA precursors

Considering the significance of miRNAs in evolution investigation,
the precursor sequences of the predicted diatom miRNAs and the
known miRNAs in the same family were aligned and phylogene-

tically analyzed by ClustalW online to investigate their evolutionary
relationships (http://www.clustal.org/).

RESULTS AND DISCUSSION
Identification of the diatom miRNAs

Sequence and structure homologies are the main theory
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Figure 1. Flowchart of the diatom miRNA prediction.

behind the computer-based approach for miRNAs
prediction. As described in materials and methods, after
BLASTIN searches, all blasted hits except coding
sequences were maintained for secondary structure
analysis; only those in line with the screening criteria
were selected as candidates. In the end, 5 potential P.
tricornutum miRNAs belonging to 5 miRNA families and 1
potential T. pseudonana miRNA were identified, all being
named according to Ambros et al. (2003). Information on
predicted diatom miRNAs was listed in Table 1. The
length of the 6 predicted miRNAs ranged from 20 to 21
nt, while the predicted precursor sequences ranged in
length from 45 to 57 nt, all forming into typical stem-loop
structures, with the mature miRNA either on the 5’ end or
the 3’ end (Figure 2). The MFEIls of these hairpin
structures were about 0.85, which was thought to be the
gold standard to differentiate miRNAs from other ones
(Zhang et al., 2006).

Computer-based miRNA identification is becoming
more and more important than experimental approaches
due to its advantages of low cost and high efficiency
(Unver et al., 2009). Considering the taxonomy of algae
and the conservation of miRNAs, it's reasonable to use
the sequences of known plant miRNAs as the query for
BLAST search against the EST databases of the diatoms.

According to Zhang et al. (2006), about 10000 ESTs
contained one miRNA, so about 20 miRNAs should be
predicted theoretically from the total of 195811 ESTSs.
Why only 6 were predicted in this work? In silico analysis
of the diatom genomes for known components of the
RNAi pathway has indicated that molecular players
involved in RNA silencing in other eukaryotes are only
poorly conserved in diatoms (Riso et al., 2009). So it is
concluded that there might be some different characte-
ristics for the diatom miRNAs. Understanding these
characteristics will be helpful for the improvement of this
method and that will rely on the finding of more miRNAs
from the diatoms.

Prediction of the diatom miRNA targets

Based on the homology between miRNAs and their target
genes in plants, the P. tricornutum and T. pseudonana EST
databases were searched for homology to the selected
miRNA sequences with the BLASTIN algorithm for the
discovery of miRNA targets. The miRNAs and their
candidate targets were listed in Table 2. Only 2 potential
targets were identified for the 5 P. tricornutum miRNAs and
3 potential targets for the T. pseudonana miRNA



Table 1. miRNAs identified in the diatoms by bioinformatics method.

mMiRNAs Gene ID Source miRNA sequence (5'to 3’) NM/nt LM/nt LP/nt Location A+U (%) MFEI
pha-MIR399d 186996709 EST UGCCAAGAAAGAUUUGCCCCU 3 21 52 3 0.5 0.83
pha-MIR837-5p 144671114 EST AUCAGUUUCUUGAUCGUUUCA 1 21 53 3 0.64 0.86
pha-MIR1886.2 187018652 EST UGGGAUGAAAUCUUUGAGUAG 3 21 57 5 0.59 0.85
pha-MIR 2106 144661892 EST CCGAGGUUUUCUUGAUUCUUU 3 21 56 5 0.48 0.85
pha-MIR 2911 186995880 EST GGCCGGGGGACUGGGUGGAA 3 20 55 3 0.35 0.84
tha-MIR414 162364940 EST UCAAUCUCAUCAUCAUCGUCC 2 21 45 5 0.62 1.06
NM: number of mismatch, LM: length of mature miRNAs, LP: length of precursor, MFEI: minimal folding free energy index.
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Figure 2. Secondary structures of the diatom pre-miRNAs. Mature miRNA sequences are red. A: pha-MIR399d precursor, B:
pha-MIR837-5p precursor, C: pha-MIR1886. 2 precursor, D: pha-MIR 2106 precursor, E: pha-MIR 2911 precursor, F: tha-
MIR414 precursor.



Table 2. The potential targets of newly identified miRNAs in the diatoms.

miRNA Targeted gene  Targeted protein Possible function

tha-MIR414 162379077 chromosome condensation protein-like protein  cell division
162368912 nifu-like protein transcription regulation
162396859 engrailed-b homeobox protein transcription regulation

pha-MIR1886.2 187020570 alpha/beta hydrolase fold protein metabolism

pha-MIR 2911 186995880 hypothetical protein unknown

Table 3. Comparisons of sequence similarity between the diatom miRNAs and

corresponding miRNA family members.

similarity
Index Family Count Mature (%) Pre-miRNA (%)
1 MIR399d 9 <80 <36
2 MIR837-5p 1 95 20
3 MIR1886.2 1 85 19
4 MIR 2106 1 85 17
5 MIR 2911 1 85 32
6 MIR414 3 <90 < 64

Family: the name of miRNA family, count: the number of miRNAs in other species in the same
miRNA family, similarity: the similarity between the sequences of the diatom miRNAs and the

sequences of other members of the same family.

were identified, too.

Target identification is an effective way to assess and
define the putative function for a miRNA in plant and EST
data base searching has played a vital role for the
discovery of miRNA targets in plants based on the
homology between miRNA and its target sequences
(Fahlgren et al., 2010). Our prediction of target mMRNAs
for the 6 miRNA candidates revealed that a broad range
of processes including transcription, metabolism and cell
division might be regulated by miRNAs (Table 2). The
reason why no targets were identified for 2 P. tricornutum
miRNAs might be related to the volume of the database.

Phylogenetic of the diatom miRNA

precursors

analysis

Though plant miRNAs are highly conserved among
distantly related plant species, both in terms of primary
and mature miRNAs (Zhang et al., 2006), variations in
pre-miRNA sequences provides the chance to investigate
their evolutionary relationships. Sequence comparisons
of the members in the same miRNA families showed that
the all the mature miRNAs of the diatoms had a high
degree of sequence similarity with the other members,
but most of the precursor sequences were on the con-
trary, with sequence similarities lower than 36% (Table
3). That is, the precursor sequences of the miRNAs from
the diatoms are poorly conserved, which is different from

other plant species, but consistent with the report of Riso
et al. (2009).

Based on the results of sequence comparisons, only
the precursor sequences of the members in MIR399d and
MIR414 families were phylogenetically analyzed, since
there existed just one member in the family of MIR837,
MIR1886, MIR2106 and MIR2911, respectively. It could
be seen from the phylogenetic trees that the evolutionary
relationship of the diatom was somewhat remotely related
to other plant species (Figure 3), which was consistent
with the studies from fossil, biological, genomic and
molecular aspects (Patricia et al., 2006). The finding of
miRNAs has provided another kind of genetic material for
the evolution investigation of diatoms.

Conclusions

By the bioinformatics method, 6 miRNAs were identified
from the EST databases of P. tricornutum and T.
pseudonana, which provided evidence for the first time
that miRNAs were just as effective in diatoms as in other
eukaryotes and their potential targets prediction indicated
their roles in transcription, metabolism and cell division.
Alignmental and phylogenetic analyses showed that the
miRNA precursor sequences of the diatoms were poorly
conserved and the evolutionary relationship was
somewhat remotely related to other plant species. Above
all, the findings from this study will contribute not only to
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Figure 3. Phylogenetic trees of MIR399d and MIR414 families, A: MIR399d family, B: MIR414 family.

further research of miRNAs features and regulatory
mechanisms in diatoms, but also to their evolutionary
research by virtue of new molecular tools.
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