














Figure 5. MiRNA clusters in E. siliculosus genome. (A) Three clusters were predicted, on three different super-contigs (sctg_XX). (B) Two of the
predicted miRNAs composing the second cluster share extensive sequence similarity.

Figure 4. Pre-miR detection by RT-qPCR amplification. (A) Example of primer design for PCR assay. Oligonucleotides used for the RT-qPCR are
shown as arrows, and the predicted miRNA sequence is shaded in gray. To ensure a high specificity, one of the oligonucleotides was designed, when
possible, in the terminal loop. (B) Visualization of assay results. For each predicted precursor, the PCR assay was conducted from H2O, gDNA
(2.3 ng), total RNAs (40 ng) and cDNAs (40 ng equivalent of total RNAs) and run on a 4% agarose gel. Their predicted size in base pairs is indicated
in the right side of the figure. Leftovers of primers or primer dimers are visible in the bottom part of each photography.
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between Metazoa and Viridiplantae was 15. Again, the
differences between these values corresponded to an
expected bias, as bigger sets have a higher probability to
contain at least one highly divergent sequence. Noticeably,
the edition distances were high compared with the length
of the sequences considered, showing that in each of these
sets, there was at least one sequence displaying a high level
of divergence with any miRNA in the other sets with
which the comparison was being performed. To
summarize, these data showed that the distance between
the predicted E. siliculosus miRNAs and known miRNAs
in Metazoa or Viridiplantae were similar to the distance
between the miRNAs of Viridiplantae versus Metazoa.

Biological function of miRNAs in E. siliculosus

To propose biological functions for E. siliculosus
miRNAs, we first examined their target mRNAs. We
searched for protein motifs, which were overrepresented
in the set of predicted targets. The most significant results
are shown in Table 3 (a complete set of results is
provided as Supplementary Table S5). We grouped the
15 overrepresented patterns into seven classes, according
to their cellular function. The most represented classes

were related to kinesin molecular motors and to
tetratricopeptide repeats involved in nuclear protein
import and mitotic spindle, suggesting altogether a role
in nucleus organization and dynamics (42,43).
Interestingly, proteins displaying an LNR domain (44)
were also overrepresented, suggesting that cell differenti-
ation processes could be subject to a control by miRNAs.
As a second step, we searched for conditions able to

induce or repress the expression of the pre-miRs, as well
as the corresponding miRNAs and their target genes. In
parallel, we studied the expression of AGO1 and DCL1.
Because E. siliculosus is a marine macro-alga, we tested
two salt stress conditions on the sporophyte organism:
hyper- and hypo-osmotic stresses. In addition, a morpho-
logically different phase of the E. siliculosus life cycle, the
gametophyte organism, was tested. The transcript level of
AGO1 and DCL1 was significantly higher (Student t-test,
a=0.05) in response to hyper-salt stress conditions. In
contrast, both the hypo-osmotic stress and the gameto-
phytic stage did not modify their expression (Figure 7A).
The expression profile of four pre-miRs was affected by
growth conditions (Figure 7B). A differential expression
level was statistically validated for two miRNAs: one for a
hyper- and one for a hypo-saline stress. In contrast, the
difference of expression between the gametophytes and the
sporophytes appeared to be lower. The changes in miRNA
expression were not statistically supported (not shown).
We also quantified the transcript level of the target
genes, by using oligonucleotides downstream from the
predicted miRNA recognition site. In these experimental
conditions, we noticed that variations in expression were
not statistically higher than interindividual variations
between the biological replicates (not shown).

DISCUSSION

This study presents the first genome-wide scale list of
candidate miRNAs for an organism of the heterokont
phylum. Our in silico search for new miRNA candidates
in E. siliculosus was based on structural considerations,
without any a priori on the sequence conservation or on
the expression level of mature and/or precursor RNAs.
Many features that are usually used to identify miRNA
precursors in plants or animals had to be discarded
because they were specific to one of these two kingdoms
(45). The initial search step, however, was performed using
findmiRNA, a software designed to detect a nearly perfect
complementarity between the miRNA candidates and
their target(s), as it is usual in plants. The rationale
behind this choice is that a less-constrained search
would have allowed to detect one or more target(s) for
nearly any oligonucleotide with a length in the range
expected for an miRNA (data not shown). Nevertheless,
the higher expression level of the candidates, compared
with sequences of the same origin (intergenic or
intronic), constituted an emerging property of the pre-
dicted set of miRNAs. Our experimental confirmation
suggested that the selection based on structural features
of the precursors was efficient in reducing the ratio of false
positives. This work also illustrated the fact that a large-

Figure 6. Comparison between miRNA candidates and miRBase. Each
chart shows the distribution of the Leveshtein distance for each
sequence to the closest entry in a subset of miRBase. (A) Distance
for Viridiplantae and E. siliculosus to Metazoa; (B) Distance for
Metazoa and E. siliculosus to Viridiplantae.
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scale prediction of miRNAs requires the combined use of
computational and experimental analyses, whatever the
order in which they are used (46). In any case, the rele-
vance of the predictions relies on contextual information.
For instance, any identification of miRNAs requires a clear
distinction between coding (mRNAs) and noncoding
(‘intergenic’ and intronic) sequences. Its accuracy is there-
fore strongly dependent on the initial assignment of nucleo-
tides to these two sets. In particular, the annotation of
UTRs can be critical, as miRNA target sites are expected
to be found in UTRs (47,48). This is, however, one of the
most difficult tasks in the primary annotation of a newly
sequenced genome, and its output is not fully reliable. We
tried to overcome these impediments by re-assigning the
regions flanking the first and/or last exon to the mRNA
sequences, in the case where the mRNA was devoid of a
50UTR and/or a 30UTR. Although this procedure lies on
the reasonable hypothesis that the structure of the
unknown UTRs is similar to that of the experimentally
observed ones, it might nevertheless add some errors
(both false positive and false negative) to the analysis. In
these conditions, and after experimentally validating by
RT-qPCR a subset of 72 miRNA candidates, we could ex-
trapolate our prediction to a conservative number of 252
valid miRNAs. This number is likely under-estimated, as,
in contrast to the in silico approach, the experimental de-
tection of miRNAs is highly specific but suffers from a lack
of sensitivity. Hence, many undetected candidates might be
false negatives (15). In any case, the validation of each can-
didate and its implication in a given process would require a
complex combination of ad hoc experiments.
The miRNAs identified in E. siliculosus display several

specificities. First, they do not share significant sequence
similarities with miRNAs already known in other species.
Indeed, many miRNAs are species- or lineage-specific, and
E. siliculosus is the first heterokont in which miRNAs are
known. More precisely, the predicted miRNAs of
E. siliculosus are as different from their closest animal

miRNAs as plant miRNAs are, and as different from
their closest plant miRNAs as animal miRNAs are. This
is supported by the position of brown algae in the tree of
life, distant from both the ‘opisthokonta’ and the
‘archaeplastida’. Secondly, their position within the
genome was peculiar. While in the metazoan species
studied to date pre-miR clustering is frequent (49), and
examples are also known in plants [see for instance
(50,51)], in E. siliculosus we found only three miRNA
gene clusters, each comprising three genes. Interestingly,
this low prevalence of miRNA gene clusters can be
related to the low frequency of tandem repeats in the
genome of E. siliculosus (13). In addition, only one of
these clusters contained two pre-miRs sharing extensive
similarity, whereas metazoan miRNA clusters are often
made up of genes of the same family. From this criterion,
the E. siliculosus miRNAs seem to be closer to plant
miRNAs than to animal miRNAs. Conversely, about
one-third of the predicted miRNA precursors were located
in introns of protein-coding genes, a feature shared with
human miRNAs, which are intronic in 25–40% of the
cases (52), in contrast to plant miRNAs (53). Finally,
several pre-miRs were detected, suggesting that these mol-
ecules have a sufficiently long lifetime, like most animal pre-
miRs have, but usually not plant pre-miRs (54). Therefore,
the genomic organization and biogenesis of E. siliculosus
miRNAs share features with either animals or plants,
again illustrating its original evolutionary history.

In previously studied cases, the mechanisms by which
miRNAs inhibit their target mRNA can be divided into
two main classes: mRNA cleavage or translation repres-
sion. The AGO protein in the RISC complex is able to
conduct mRNA cleavage if it contains a nucleolytic triad
made of three conserved residues: Asp(760), Asp(846) and
Asp/His(986) (numbering of Arabidopsis thaliana AGO1)
(55). The AGO protein of E. siliculosus does contain these
three residues, namely Asp (703), Asp (775) and His (912).
It is thus expected to perform the endonucleolytic

Table 3. Overrepresentation of functional motifs in the predicted targets

Bank Name Proteome Targets Overrepresentation P-value Function

Panther PTHR19959:SF16 59 22 4.00 5.62E-09 Kinesin
Fprint PR00381 38 17 4.80 1.20E-08 Kinesin light chain
Panther PTHR19959 80 23 3.08 6.27E-07 Structural constituent of

cytoskeleton
Pfam PF00931 31 12 4.15 1.09E-05 NB-ARC domain
superfamily SSF48452 231 41 1.90 4.23E-05 TPR-like superfamily
Pfam PF07721 21 9 4.59 5.43E-05 Tetratricopeptide repeat
Smart SM00028 124 26 2.25 6.43E-05 Tetratricopeptide repeats
Prosite PS50293 166 31 2.00 1.35E-04 TPR repeat region
Pfam PF00515 61 14 2.46 1.21E-03 Tetratricopeptide repeat
Gene3D G3DSA:1.25.40.10 326 45 1.48 4.94E-03 TPR-like_helical
Pfam PF08241 49 12 2.63 1.46E-03 Methyltransferase
Panther PTHR10108 33 9 2.92 2.55E-03 Methyltransferase
Pfam PF00066 31 9 3.11 1.58E-03 LNR domain
Prosite PS00120 13 5 4.12 4.76E-03 Lipases, serine active site
Gene3D G3DSA:2.160.20.10 98 17 1.86 8.82E-03 Pectin lyase-like

Motifs were grouped by similar function, and groups were sorted by ascending best P-value. ‘Proteome’ and ‘Targets’ show the number of proteins
containing at least one instance of the motif in the whole genome and in the set of targets that we predicted in silico, respectively. The
‘Overrepresentation’ is the ratio of the two previous columns, each normalized to its respective total number of proteins in the set. The P-value
is computed using the hypergeometric probability law.
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cleavage of the target mRNA. Despite numerous attempts
(RACE-PCR on the target mRNA candidates), cleavage
of the predicted target genes by miRNAs could not be
demonstrated (data not shown). These negative results
do not allow to rule out the possibility that miRNAs in
E. siliculosus direct the cleavage of their target. However,
future work should consider the hypothesis that, although
the required residues are present in AGO, the mechanism
by which miRNAs regulate their targets in E. siliculosus
might rely on translation inhibition rather than on mRNA
cleavage. A similar situation has been shown to occur in
human (56). The actual mechanism of this effect remains
to be demonstrated.

Expression studies performed by RT-qPCR revealed a
possible involvement of the miRNA machinery in

physiological processes. The four operating levels of this
machinery corresponding to (i) the RISC RNAse
Argonaute and the RNAse DICER, (ii) the pre-miR,
(iii) the miRNA and (iv) the miRNA targets, were
investigated using this approach. Both Argonaute
(AGO1) and DICER (DCL1) genes and some of the pre-
miRs tested were induced in response to a modification in
salt concentration. These changes in AGO1 and DCL1
expression on stress distinguish E. siliculosus from other
organisms. In animals, various stress conditions result in a
decrease in DCL1 expression (57). In plants, the expres-
sion pattern of miRNA-related proteins is often complex,
as it involves multi-copy genes, with divergent expression
patterns within each family (58). For instance, in
A. thaliana, all four DCL transcript levels are depleted
on a salt stress, but each gene exhibits a distinct time
course and intensity for this regulation (59). In Oryza
sativa, only one AGO gene among 19 is induced in stress
conditions, while none of the eight DCL genes is affected
(60). Although a systematic study in a broad range of
animals and plants remains to be conducted, the induction
of DCL by a salt stress seems to be an exception, and
might be a distinctive feature of this marine brown alga,
along with the existence of one single instance of AGO1
and DCL1 genes. This can be related to the particular
environmental conditions macro-algae have to face.
These organisms are living attached to rocks or to other
algae, and hence are subject to salt concentration vari-
ations during the day depending on tides and evaporation.
We could not validate any differential expression of the
corresponding target mRNAs. Therefore, if an miRNA-
regulated process is involved in response to salt stress, we
propose that its mechanism should rely on translational
repression rather than cleavage and degradation of the
target. In addition to a role in salt stress, miRNA-
mediated gene expression regulation could also be
involved in developmental processes. The target prediction
by findmiRNA allows for substantial mismatches in
miRNA-mRNA base pairing. This is in agreement with
the addressing of the RISC complex to its target.
However, this loose constraint might generate many
false-positive targets. For this reason, we cannot analyze
individual targets in the whole set of predictions, most of
which have not been experimentally validated. However,
unless there are reasons to suspect a coincidental specific
bias toward a given class of proteins, the overrepresenta-
tion of a process among the predicted target can point to
possible roles for miRNAs in cell processes. The predicted
targets of E. siliculosus miRNAs represent a wide variety
of functions and protein families, notably involved in
nucleus dynamics, cell polarity and differentiation. These
molecular functions, extensively conserved through the
tree of life have been shown to be regulated by miRNAs
in other organisms: kinesins are regulated by miRNAs in
human (61), like the NB-ARC containing protein APAF1
(62). Similarly, expressed proteins containing kinesin and
NB-ARC domains have been predicted to be regulated by
miRNAs in A. thaliana and O. sativa (63). MiRNAs also
regulate methyl-transferases (64) and Notch-related
proteins (65). Interestingly, the recent characterization of
the E. siliculosus morphogenetic mutant ‘étoile’ supported

Figure 7. Transcript levels of miRNA processing proteins, pre-miRs,
miRNAs and target genes measured by RT-qPCR in different algal
materials. (A) AGO1 and DCL1 cDNAs. (B) Pre-miRs detected in
Figure 4. The data are expressed as fold changes relative to the
control. ‘Control’: sporophytes grown in normal culture conditions,
used to set the reference value at 1; ‘Gametophyte’: gametophytes
grown in normal culture conditions; ‘Hypo-saline’ and ‘Hyper-saline’:
sporophytes subjected to corresponding osmotic stress conditions.
Conditions for which the distribution of replicates values significantly
differs from the control distribution (Student t-test, a=0.05) are
denoted by an asterisk.
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a role of Notch-related proteins in cell differentiation,
with a mechanism, which remains to be identified (66).
In addition, we predicted that miRNAs could be able to
regulate some of the functional families identified as stress
responsive by a transcriptomic study in E. siliculosus (67).
Finally, in contrast to the already known miRNAs in
E. siliculosus (13), we did not identify any bias toward
the proteins containing Leucine-rich repeats.
In summary, the list of E. siliculosus miRNAs proposed

in this study is a solid starting point for further investiga-
tions aiming at deciphering in detail their biological roles,
as well as the molecular mechanisms by which they
operate. In this perspective, brown algae represent a
source of novelty because of their extraneous phylogenetic
position.

ACCESSION NUMBERS

The validated pre-miRs were deposited in miRBase under the
following accession numbers (see also Supplementary Table
S1D): pre95_0213a=esi-MIR8618b; pre95_0055a=esi-
MIR8619; pre95_0064a=esi-MIR8620; pre95_0207a=esi-
MIR8622b; pre90_0829a=esi-MIR8623b; pre90_0257a=
esi-MIR8623d; pre95_0365a=esi-MIR8624a; pre95_04
00a=esi-MIR8625.
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Supplementary Data are available at NAR Online.
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