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MicroRNAs (miRNAs), a class of small non-coding RNAs, are key regulators of gene expression at post-
transcriptional level and play essential roles in fundamental biological processes such as metabolism and
development. The particular developmental characteristics of cestode parasites highlight the importance
of studying miRNA gene regulation in these organisms. Here, we performed a comprehensive analysis of
miRNAs in two developmental stages of the model cestode Mesocestoides corti. Using a high-throughput
sequencing approach, we found transcriptional evidence of 42 miRNA loci in tetrathyridia larvae and stro-

ﬁi‘;‘xgg bilated worms. Tetrathyridium and strobilated worm-specific miRNAs were found, as well as differentialy
Strobilation expressed miRNAs between these developmental stages, suggesting miRNA regulation of stage-specific
Cestoda features. Moreover, it was shown that uridylation is a differential mechanism of post-transcriptional
SRNA-seq modification of M. corti miRNAs. The whole set of M. corti miRNAs represent 33 unique miRNA families,
Differential expression and confirm the remarkable loss of conserved miRNA families within platyhelminth parasites, reflecting
Platyhelminthes their relatively low morphological complexity and high adaptation to parasitism. Overall, the presented

results provide a valuable platform to studies aiming to identify and characterize novel miRNA-based
molecular mechanisms of post-transcriptional gene regulation in cestodes, necessary for the elucidation
of developmental aspects of the complex biology of these parasites.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Tapeworms (phylum Platyhelminthes, class Cestoda) are obli-
gate internal parasites of vertebrates that display a wide range of
body forms and host associations. These parasites have evolved
their own strategy for achieving enormous reproductive capability
by increased fecundity through the serial repetition of their repro-
ductive organs (proglottization). The strobilated condition, being
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strobilation the formation of strobila or segments [1], is believed to
have evolved through a stepwise pattern in which proglottization
and external segmentation were independent evolutionary events
[2,3].

Despite several studies in the field of cestode biology, little is
known about the molecular mechanisms underlying the develop-
mental processes of these organisms, including strobilation. An
increasing number of studies have been conducted to character-
ize genes and proteins involved in cestode development [4-7], but
the current knowledge is still limited to define molecular pathways
involved in the strobilation and other typical cestode developmen-
tal processes [8].

Mesocestoides corti is an endoparasitic platyhelminth used as
experimental model to study the class Cestoda [9]. It is easily cul-
tivated, is regarded as non-infective for humans, and lacks some of
the experimental limitations associated with the work with other
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cestode parasites, including those concerning the availability of
biological material and in vitro development capacity. The in vitro
M. corti culture system allows monitoring of the whole strobilation
process, from the larval metacestode stage (tetrathyridium) to the
adult segmented worm, under controlled experimental conditions
[10].

Small noncoding RNAs belonging to the microRNA (miRNA)
class have emerged as important regulators of metazoan gene
expression [11], being involved in many different biological pro-
cesses, including development [12]. miRNAs are endogenous ~23
nt-long RNAs that play their gene-regulatory roles by pairing to
target mRNAs to direct their post-transcriptional repression [13].
In the canonical biogenesis pathway, miRNAs are transcribed by
RNA polymerase Il into long primary miRNAs (pri-miRNAs) that are
processed in the nucleus by a ribonuclease Il (Drosha), generating
the characteristic small hairpin known as pre-miRNA or precursor
(~70 nt). In the cytoplasm, Dicer, another RNAse III protein, cleaves
the pre-miRNA producing a short duplex of ~21-22bp. In this
duplex, the mature sequence is the functional one, while the com-
plementary strand is called the miRNA star (miRNA*) strand [14].
This miRNA-miRNA* duplex is loaded into a RNA-induced silencing
complex (RISC), in which the core RNA-binding protein is a mem-
ber of the Argonaute family (AGO) [15]. Then, the star sequence
is degraded and the mature sequence guides the AGO proteins
to complementary mRNA sequences to repress their expression.
The sequence comprising nucleotides 2-7 within the 5’-end of the
mature miRNA is known as the ‘seed’ sequence, and is key for
the miRNA-mRNA target interaction [16,17]. Mature miRNAs are
subject to active regulation by editing, which could influence its
stability or function. One mechanism of miRNA editing involves
tailing (3’ addition of non-templated nucleotides, like uridine) and
possibly induces degradation [18].

With the exception of some unicellular organisms, the key RISC
machinery has been shown to be conserved across eukaryotes [19].
Within the phylum Platyhelminthes, the RISC machinery has been
identified in silico in the free living turbellarian species [20], as well
as in cestode and trematode parasite species [5,20-22], indicating
that gene expression regulation by miRNAs is present in this phy-
lum. Due to the increasingly affordable costs of next-generation
sequencing (NGS), and from the rapid development of reliable
quantitative methods for miRNA detection, data regarding miRNA
profiles in parasitic helminths and host (tissue or circulating) miR-
NAs in response to helminth infection have expanded considerably
inrecentyears [23]. For tapeworms, these studies have been largely
limited to species of medical or economic importance such as
Echinococcus spp. and Taenia spp. In fact, the first report of miR-
NAs in cestodes was performed for E. granulosus [24]. The miRNA
population of Echinococcus granulosus, Echinococcus multilocularis
and Echinococcus canadensis has been updated [25-27], but the
data available for other tapeworms, such as Taenia saginata and
Taenia multiceps, is still fragmented or absent [28,29]. Identifica-
tion of the miRNAs expressed in M. corti may shed light on the
mechanisms involved in the development of cestode parasites and
provide information about the mechanism underlying the regula-
tion of strobilation. In addition, gaining knowledge of the miRNA
repertoire of a model species from the class Cestoda would pro-
vide support for comprehensive miRNA comparative analyses, and
to phylogenetic and evolutionary studies within the phylum Platy-
helminthes.

In this study, we performed for the first time a comprehensive
analysis of miRNAs in the tetrathyridia larvae and strobilated worm
of the model cestode M. corti using a high-throughput approach. A
differential expression analysis was performed in order to identify
regulated miRNAs between life cycle stages, which might suggest
arole in maintaining the features of each developmental stage. The
conservation analysis of miRNA families among related species was

performed inorderto address the reported loss of conserved miRNA
families in platyhelminth parasites [30], which correlates to their
low morphological complexity and high adaptation to parasitism.
This study will provide valuable information for better understand-
ing the complex biology of this parasite and other cestodes, and
shed light on the molecular mechanisms underpinning the strobi-
lation process.

2. Materials and methods
2.1. Parasite material

Mesocestoides cortilarvae (tetrathyridia, TT) were maintained by
alternate, serial passages in Wistar female rats and BALB/c female
mice as previously described [9]. Experimental hosts were infected
by intraperitoneal inoculation and, after 3 months, larvae were col-
lected and used for experiments. Only TT from up to the third serial
passage in mice were used for the experiments. Biological tripli-
cates were used; each replicate produced using TT obtained from a
single mouse host.

Larvae freshly collected from mice were washed six times in
PBS plus streptomycin-penicillin (5U/ml) and used immediately
for culture. TT (n=125) were kept in culture for 24 h in modified
RPMI 1640 medium with 10% FBS (McRPMI) [9] at 37 °C and 5% CO.
Then, larvae were washed three times with PBS, homogenized in
Trizol reagent (Life Technologies) and stored at —80 °C until use for
RNA extraction.

Strobilated worms (ST) were obtained from TT (n=60) cultured
under strobilation-inducing conditions as previously described
[10]. Briefly, TT (n=60) were incubated with trypsin 0.662% (w/v)
in McRPMI for 24h at 39°C and 5% CO, for strobilation induc-
tion. Induced TT were then cultured in McRPMI without trypsin
at 39°C and 5% CO, until complete strobilation, which took around
10-12 days. The culture medium was replaced by fresh McRPMI
every 48-72 h and the worms were inspected daily under a Zeiss
inverted microscope to follow TT strobilation process and, even-
tually, to assess the percentage of those that reached the ST stage
(which undergone both proglottization and segmentation). Only
worm batches with a strobilation rate above 90% were used for
experiments. ST were then washed three times with PBS, homog-
enized in Trizol reagent and stored at —80°C until used for RNA
extraction.

All experimental procedures for in vivo maintenance of M. corti
TT in mouse and rat hosts were previously approved by the Eth-
ical Committee of the Universidade Federal do Rio Grande do Sul
(Project no. 25726).

2.2. Small RNA isolation

RNA preparations enriched in small RNAs (<200 nt, SRNA) were
obtained from TT and ST. RNA extractions were carried out using
Trizol according to the manufacturer’s instructions and accordingly
to [24]. The aqueous phase obtained after the organic phase separa-
tion step was enriched in SRNAs (RNAs <200 nt) with the mirVana
miRNA Isolation Kit (Ambion). Resulting RNA samples enriched in
SRNAs were precipitated overnight at —20°C with 0.1 vol of 3M
sodium acetate (pH 5.2) and 2.5 vols of 100% ethanol, RNA was cen-
trifuged at 14,000g for 30 min at 4 °C, air dried at room temperature,
and resuspended in nuclease-free water. RNA concentration and
integrity were determined using a Nanodrop 2000 (Thermo) and
an Agilent 2100 Bioanalyzer (Agilent Technologies), respectively.

2.3. sRNA library construction and sequencing

For each sRNA library construction, 100-200 ng of an RNA sam-
ple enriched in SRNAs were used as starting material. For each
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parasite developmental stage, TT and ST, three libraries were
constructed from independent samples (biological replicates).
Libraries were constructed with the TruSeq Small RNA Sample
Preparation Kit (Illumina) according to the manufactureris instruc-
tions. Library size selection was performed in order to recover
18-30 nt-long sRNAs. The sRNA libraries were sequenced in an Illu-
mina HiSeq 2000 sequencer in the same lane for 50 cycles. Library
construction and sequencing were performed at Macrogen.

2.4. Source of genome assemblies and annotation

The M. corti draft genome assembly version 1.0.4 and
CDS annotation was downloaded from the WormBase ParaSite
(http://parasite.wormbase.org, Helminth Genomes Consortium).
M. corti TRNA and tRNA sequences were downloaded from NCBI
(http://www.ncbi.nlm.nih.gov). Additional rRNA sequences from
flatworms [31] were also retrieved from NCBI. Metazoan mature
miRNA and precursor sequences were obtained from miRBase
(release 21) [32]. Echinococcus spp. mature miRNA and precur-
sor sequences were retrieved from two recently published high
throughput analyses [25,26]. All annotated sequences, along with
the new miRNA precursor sequences identified in this study, were
used to construct an in-house database for sRNA library data clas-
sification (SRNA in-house database).

2.5. Bioinformatics analysis of M. corti small RNAs

Small RNA library data were pre-processed using FASTX-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/) prior to its mapping to
M. corti genome. After adapter trimming, low quality reads and
reads <18 nt were removed to obtain clean reads. Identical clean
reads were then collapsed into unique sequences with associated
read counts. The processed reads were initially mapped to the M.
corti genome with Bowtie (version 1.1.0) [33]. Then, to classify all
SRNA library sequences as miRNAs, rRNA, tRNA, reads mapping in
sense orientation to coding sequences (CDS/sense) or reads map-
ping in antisense orientation to CDS (CDS/antisense), all processed
and mapped reads were analysed by BLASTN (with a <0.01 e-value
cut off) against an in house database that included all miRNAs iden-
tified in this study (as described in “miRNA identification” section)
and classified into the above mentioned categories. Reads with no
match were grouped into a “no hit” category. A length distribution
analysis of total mapped reads was also performed.

2.6. miRNA identification

The miRDeep2 (v 0.0.5) software package [34] was used to
identify miRNAs from the sRNA libraries. Unique sequences were
mapped to the M. corti genome (version 1.0.4) as described in
[26]. For miRNA predictions with the miRDeep2 core algorithm,
all metazoan mature miRNAs and precursor sequences (retrieved
from the miRBase 21) were included. E. granulosus s.s., E. canadensis
and E. multilocularis mature miRNA and precursor sequences were
also used as input, as these cestode parasites are the closest phy-
logenetically related species to M. corti with available sequences
from high throughput analyses [25-27]. The initial miRDeep2 out-
put list of new miRNA precursors of each library was manually
curated to generate a final high confidence set of miRNAs retain-
ing only candidate new precursors with i) miRDeep2 score >5; ii)
significant randfold p-value; iii) mature reads in the three replicate
libraries of a given sample type, and; iv) presence of at least one
star read. The secondary structures of putative precursors, with
minimum free energy (MFE) less than —20kcal/mol and with a
mature miRNA located in the stem, were predicted using RNAfold
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).

The candidate new precursor sequences were then analysed
using BLASTN (with a <0.01 e-value cut-off) against sets of rRNAs,
tRNAs, and CDS. Predictions that overlapped with these sequence
categories were removed.

miRNA names were assigned by miRBase database manager and
will be uploaded in the next miRBase version.

2.7. miRNA annotation, identification of families and
conservation analysis

To identify orthologous sequences of M. corti miRNAs, the
full-length mature M. corti miRNA sequences were compared to
the mature miRNA sequences present in miRBase 21, and with
Echinococcus spp. mature miRNA sequences retrieved from [25-27]
using SSEARCH (http://www.biology.wustl.edu/gcg/ssearch.html).
Only sense matches were allowed, with a 70% nucleotide identity
cut-off and according to the following seed match criteria: identical
nucleotides 1-7 or 2-8 from the 5’ end of the mature miRNA. Those
miRNAs that did not meet the above-mentioned requirements were
considered new miRNAs. To identify M. corti miRNA families, all-
against-all pairwise BLAST sequence alignments were performed
and all sequences sharing the seed region (nt 1-7 or nt 2-8) were
considered to belong to the same family. To analyse evolutionary
conservation of M. corti miRNA families, mature miRNA sequences
were compared to those present in miRBase 21 for selected phyla
covering metazoan diversity: Cnidaria, Arthropoda, Annelida and
Nematoda and to the subphylum Vertebrata using only a seed
match criteria. The absence and presence of M. corti miRNA fam-
ilies in selected phyla were registered. In addition, for sequence
conservation analysis, the full length mature miRNA sequences of
conserved M. corti miRNAs identified in this study were aligned
against a set of homologous full-length mature sequences of three
selected model species: Mus musculus, Drosophila melanogaster, and
Caenorhabditis elegans, and against some related species of the Phy-
lum Platyhelminthes: Schmitdea mediterranea, Gyrodactylus salaris,
Schistosoma mansoni, Schistosoma japonicum, E. granulosus and E.
multilocularis, using ClustalX [35].

2.8. miRNA abundance and differential expression analysis

For analysis of miRNA abundance levels, the read counts of each
individual miRNA within a given sample were normalized to the
total number of mature miRNA read counts in that sample [25,26].
Then, normalized miRNA read counts from biological replicates
of the same sample type were averaged. A correlation analysis
between independent biological replicates from each sample type
(TT or ST) was performed. For this purpose, miRNA read counts
within a replicate were plotted against miRNA read counts in the
other replicate. All miRNAs identified in this study where consid-
ered for this analysis. Differential expression analysis of miRNAs
between TT and ST was performed using DESeq [36] using raw
reads as input. miRNAs expressed in both developmental stages
that showed —1> log?2 fold change > 1 and p-adjusted <0.05 were
considered differentially expressed. In addition, a miRNA was con-
sidered expressed in TT or ST stages when mature reads were
identified in at least two biological replicates of each sample type.

Arm usage was determined by analysing product ratios of the
5 (5p) and 3’ (3p) arms. When the minor product of a pre-miRNA
showed >50% of reads with respect to the major product, miRNAs
produced from both arms were considered mature miRNAs [37]. In
the arm usage conservation analysis, data available in miRBase 21
was used for comparative purposes.
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2.9. Editing and post-transcriptional modification analysis

miRDeep2 outputs were manually inspected to determine the
presence of editing and/or post-transcriptional modifications in
mature miRNA sequences. For this analysis, only those sequences
with at least 150 read counts [38] and representing more than
2.5% of the total reads for the corresponding mature miRNA in
each library were considered. When more than one sequence with
the same type of modification for a given miRNA reached these
criteria, the read count numbers of the modified sequences were
counted. A miRNA was considered to be under the effect of editing
or post-transcriptional modifications when the read count number
of the modified sequence(s) was >10% of the total read counts of
the corresponding miRNA [39].

2.10. Experimental validation of miRNAs expression by poly(T)
RT-qPCR

Selected miRNAs from TT and ST samples were experimentally
validated by poly(T) reverse transcription followed by quantita-
tive PCR (poly(T) RT-qPCR)-based expression analyses [40]. Prior
to the reverse transcription reaction, 1 g of the small RNA frac-
tion was treated with DNase I (Sigma), and then polyadenylated
with Escherichia coli Poly(A) Polymerase (New England Biolabs)
for 60 min at 37°C in a 20 pl reaction volume, according to the
manufacturer’s protocols. cDNA was synthesized from 100 ng of
polyadenylated small RNAs from either TT or ST using SuperScript
Il Reverse Transcriptase (Life Technologies) and 0.5 g of poly(T)
adapter in a 20 pl reaction volume according to the manufacturer’s
protocol. Controls without reverse transcriptase were included
for each sample. Reverse transcription was performed by using a
60 min at 50°C-15min at 70 °C program. For each RT-qPCR, 5 .l of
diluted cDNA (1:100) was mixed with 0.5 .l of each primer (10 uM
final concentration), 4 wl 5 x HOT FIREPol® EvaGreen® qPCR Mix
Plus (Solis BioDyne) and 10l sterile water in a final volume
of 20 1. RT-qPCRs were performed using a 7500 Fast Real-Time
PCR system (Life Technologies). Cycling conditions were: 95 °C for
15 min, followed by 40 cycles of 95°C for 15, 60°C for 20s and
72°C for 32s. Dissociation curve analysis was carried out at the
end of each qPCR run to verify amplification specificity for each
target sequence.

The relative quantification miRNAs was performed using the
2-AACT method [41] using an endogenous constitutive control.
Four biological replicates were used and no template controls were
included for each primer pair. qPCR reactions were carried out in
duplicate and the statistical significance assessed by the Student’s
t-test. The baseline and Cq were manually inspected and deter-
mined using the 7500 Software version 1.3.0 (Applied Biosystems).
The primer sequences are listed in Supplementary Table 1.

To establish an endogenous control for qPCR experiments, the
four most stable miRNAs between TT and ST samples according to
sRNA-seq data (let-7-5p, miR-61-3p, miR-71-5p and miR-4989-3p)
were selected along with one differentially expressed miRNA (miR-
31-5p), used as an expression variability control. The RefFinder tool
[42] (Supplementary Table 2) indicated miR-4989 as that with the
most stable expression between biological replicates.

2.11. Data access

The small RNAseq data from this study have been
deposited in NCBI's Gene Expression Omnibus [43] and are
accessible through GEO Series accession number GSE85058
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE85058).

3. Results
3.1. Small RNA sequencing

SRNA libraries were generated from the tetrathyridia larvae
(non strobilated) and strobilated worm stages (TT and ST samples,
respectively) of M. corti’s life cycle in order to define the miRNA
repertoire of each stage and to identify miRNAs involved in M. corti
strobilation. Three biological replicates from each stage (TT or ST)
were sequenced, and the sequencing results are summarized in
Table 1. The total numbers of raw reads ranged from 31.7 to 35.9
million per sample, and, after removal of low quality reads and
adapter sequences, the numbers of clean reads ranged from 16.7
to 24.9 million (50-74% of total reads) per sample. Percentages of
reads mapping to the M. corti genome ranged from 73.5 to 88.1%,
for TT samples, and from 67.9% to 83.7%, for ST samples.

Sequence classification (Fig. 1A) of mapped reads showed that
TT sRNA libraries contained, on average, 56% of miRNAs, 6% of
rRNA, 3% of reads mapping to CDS/sense, 3% of reads mapping to
CDS/antisense, 2% of tRNA, and 29% of sequences with no hit. ST
SRNA libraries, in turn, contained on average 74% of miRNAs, 4% of
rRNA, 3% of reads mapping to CDS/sense, 3% of reads mapping to
CDS/antisense, 3% of tRNA, and 13% of sequences with no hit.

Length distribution analysis (Fig. 1B) showed that the SRNA pro-
file of total mapped reads was similar for both TT and ST samples.
The most frequent read length was 22 nt, as expected for Dicer-
derived products, thus supporting the presence of mature miRNA
molecules in M. corti.

3.2. Identification of conserved and new miRNAs from M. corti

After the removal of rRNAs, tRNAs, and reads that mapped to
CDS, the remaining reads were used to search for both conserved
and new miRNAs using miRDeep2. The conserved and candidate
new mature miRNAs that were identified in M. corti samples are
shown in Table 2.

We considered that both arms of the same hairpin produced
two mature miRNAs when the number of read counts of the
minor product represented 50% or more of the read counts of the
major product, originated from the opposite arm. By doing this, we
observed that three miRNAs precursors showed expression from
both arms in TT samples, namely mir-153, mir-190, and mir-12068,
while other two, mir-153 and mir-12068 showed expression from
both arms in ST samples (Supplementary Table 3).

The repertoire of M. corti miRNAs is encoded by 42 loci (37 con-
served and 5 new miRNAs, Table 2), grouped in 33 families. Out
of these miRNAs, 36 conserved and 6 new mature miRNAs were
identified in TT samples, while 38 conserved and 5 new mature
miRNAs were identified in ST samples. Therefore, the total number
of mature miRNAs is 42 in TT samples and 43 in ST samples, while
the number of pre-miRNAs is 39 and 41 for TT and ST samples,
respectively (Table 2, Supplementary Table 4).

Based on stage specific expression pattern, one new miRNA,
miR-12071, was considered TT-specific, and 3 conserved miR-
NAs, namely miR-2b, miR-7a, and miR-3479b, were considered
ST-specific.

Regarding the features of the M. corti miRNAs, the mature
miRNA sequences from both stages had lengths between ~22-23
nt and most of them (around 73% for both stages) started with
an uracil, while precursor sequences had a medium length of 67
nt (Supplementary Table 4). In addition, they present high per-
centage of identity with mature and precursor sequences of the
related cestode parasite E. multilocularis (Table 2). Furthermore, all
miRNAs identified form stable hairpin structures (minimum free
energy < — 17 kcal/mol), which is essential for the processing of
pre-miRNA transcripts into mature miRNAs (Supplementary Fig. 1).
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Table 1
—-Summary of sequencing results obtained from small RNA libraries of Mesocestoides corti tetrathyridia (TT) and strobilated worms (ST).
TT samples ST samples
Replicate 1 Replicate 2 Replicate 3 Replicate 1 Replicate 2 Replicate 3
Raw reads 33,477,647 33,263,853 33,391,571 31,707,701 32,548,060 35,961,076
Clean reads 16,703,698 17,923,438 24,910,387 21,969,990 23,133,658 20,757,428
Clean reads (>18nt) 8,743,910 7,947,066 13,640,395 14,232,891 15,785,899 12,573,010
Mapped reads 6,663,322 5,844,848 12,018,162 11,841,006 13,213,856 8,542,583
Percentage of mapped reads? 76.2% 73.5% 88.1% 83.2% 83.7% 67.9%
Unique reads 1,302,902 1,286,675 1,656,001 1,309,141 1,383,638 1,227,070
@ Relative to clean reads.
A CDS (sense) CDS CcDSs (Sense) CDs
R 3% (antisense) ST 3% (antisense)
3% 3%
° tRNA °__RNA
2% 3%
rRNA rRNA
6% 4%
B Distribution of TT read lenghts Distribution of ST read lenghts
50 50
40 40
w w
=4 =3
© ©
o o
5 30 s 30
= =
3 3
s 20 520
o o
10 10
D m o e @ P PN = B - = - = B

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

Lenght of reads
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Fig. 1. - Small RNA library composition and length profiles of Mesocestoides corti sequencing data. A) Classification of small RNAs of Mesocestoides corti tetrathyridia (TT) and
strobilated worm (ST): miRNA: microRNAs, rRNA: ribosomal RNAs, tRNA: transfer RNAs, CDS: protein coding sequences, no hit correspond to those not annotated. B) Length
distribution analysis of sequenced reads of TT and ST samples; the average proportion in each replicate is displayed.

Seven conserved M. corti miRNAs with particularly long hairpins:
bantam, mir-7b, mir-36b, mir-87, mir-96, mir-277 and miR-12066
could only be identified after changing the miRDeep2 algorithmic
parameters for the excision of hairpins. Star sequence reads were
identified for almost all M. corti miRNAs adding confidence to the
miRNA predictions. Let-7 was one of the first discovered miRNAs
and has been described as highly expressed in other platyhelminth
parasites [25-27,44,45] indicating the importance of this miRNA
in the parasite biology and metabolism. In this work, we detected
a high number of reads corresponding to let-7 mature sequence
(15-19% of all miRNA reads).The M. corti let-7 (mco-let-7) precur-
sor sequence was manually detected by a BLAST search against M.
corti genome using the E. multilocularis let-7 precursor sequence as
query. Fig. 2A shows the predicted secondary structure for the iden-
tified putative mco-let-7. Its stem-loop structure, characteristic of
pre-miRNAs, further confirmed the presence of a let-7 precursor in
M. corti.

To investigate the possible occurrence of miRNA gene cluster-
ing, the genomic arrangement of the M. corti identified miRNAs was
assessed (Supplementary Table 4). Seven miRNAs were found to be
organized in three clusters: mir-1, mir-2b, mir-2c, mir-71, mir-133,

mir-277 and mir-4989. Two clusters are formed by two miR-
NAs (mir-1/133, and mir-277/4989), and one cluster is composed
by three miRNAs (mir-71/2c/2b). Fig. 2B and C shows the pre-
dicted secondary structures of the mir-277/4989 and mir-71/2¢/2b
clusters. The predicted secondary structure of the mir-277/4989
cluster forms two main hairpin stem-loop structures and comprises
a 208 bp region (contig0000263), while the predicted secondary
structure of the mir-71/2¢/2b cluster forms the three hairpin stem-
loop structure and comprises a 273 bp region (scaffold0000096). In
the mir-1/133 cluster, on the other hand, the two encoded miRNAs
are located approximately 18 kb apart from each other.

3.3. Expression profiles of M. corti TT and ST miRNAs

The TT and ST miRNAs abundance was assessed by counting the
relative number of sequenced reads in each sample (Table 2). The
top five predominant miRNAs in TT and in ST samples are shown in
Fig. 3. Altogether, they accounted for ~90% of the total miRNA reads
in each sample, and, interestingly, they were the same for both
life stages (bantam-3p, let-7-5p, miR-10-5p, miR-71-5p, and miR-
4989-3p). From these, miR-10 and let-7 accounted for ~75% of the



Table 2

—Catalog of mature microRNAs (miRNAs) of Mesocestoides corti TT and ST life cycle stages.

microRNA?

miRNA mature

Normalised

miRNA length (nt)

miRNA family?

E. multilocularis

sequence® read counts®
TT ST % ldentity mature % ldentity precursor
mco-bantam-3p UGAGAUCGCGAUUAAAGCUGAU 50,967 56,167 22 bantam 95.5 68.9
mco-let-7-5p UGAGGUAGUGUUUCGAAUGUCU 188,408 150,271 22 let-7 100.0 96.0
mco-miR-1-3p UGGAAUGUUGUGAAGUAUGU 88 55 20 mir-1 100.0 87.1
mco-miR-2a-3p UAUCACAGCCCCGCUUGGAACU 2566 3835 22 mir-2 95.0 76.4
mco-miR-2b-3p UAUCACAGCCCUGCUUGGGAC ND 8030 21 mir-2 100.0 81.8
mco-miR-2c-3p UCACAGCCAAUAUUGAUGAAC 8792 6832 21 mir-2 100.0 89.1
mco-miR-7a-5p UGGAAGACUGGUGAUAUGUUGU ND 6 22 mir-7 100.0 79.4
mco-miR-7b-3p CAACUGUCACGGUCUUCCAAGU 44 45 22 mir-7 NA 82.1
mco-miR-9-5p UCUUUGGUUAUCUAGCUGUGU 3984 1943 21 mir-9 100.0 83.1
mco-miR-10-5p CACCCUGUAGACCCGAGUUUGA 535,863 604,117 22 mir-10 100.0 81.8
mco-miR-31-5p UGGCAAGAUACUGGCGAAGCUGA 2 60 23 mir-31 100.0 80.0
mco-miR-36a-3p CCACCGGGUAGACAUUCAUCCACU 98 12 24 mir-36 94.4 77.8
mco-miR-36b-3p UCACCGGGUAGCGAUUACGCUU 38 14 22 mir-36 86.4 67.4
mco-miR-61-3p UGACUAGAAAGUGCACUCACAUC 15,194 10,437 23 mir-279 95.7 78.9
mco-miR-71-5p UGAAAGACGAUGGUAGUGAGAU 73,359 63,320 22 mir-71 100.0 733
mco-miR-87-3p GUGAGCAAAGUUUCAGGUGUGC 9776 7898 22 mir-87 100.0 79.8
mco-miR-96-5p AUUGGCACUUUUGGAAUUGU 1882 2073 20 mir-96 100.0 72.2
mco-miR-124a-3p UAAGGCACGCGGUGAAUGCC 146 131 20 mir-124 100.0 68.5
mco-miR-124b-3p UAAGGCACGCGGUGAAUAC 153 175 19 mir-124 100.0 89.1
mco-miR-125-5p UCCCUGAGACCCUAGAGUUGUC 3465 5500 22 mir-125 100.0 824
mco-miR-133-3p UUGGUCCCCAUUAACCAGCCGCU 58 32 23 mir-133 100.0 82.8
mco-miR-153-5p AUGCUUAUGUGACGUGCACUC 269 165 21 mir-153 ND 81.1
mco-miR-153-3p UUGCAUAGUCUCAUAAGUGCCA 359 253 22 mir-153 100.0 81.1
mco-miR-184-3p GGGACGGAAGUCUGAAAGGGUUU 2255 1541 23 mir-184 95.5 91.1
mco-miR-190-5p AGAUAUGUUUGGGUUACUUGGUG 1798 2545 23 mir-190 100.0 80.0
mco-miR-190-3p CCAGUGACCGAACAUAUUCACA 1362 ND 22 mir-190 ND 80.0
mco-miR-219-5p UGAUUGUCCAUUCGCAUUUCUUG 6439 3821 23 mir-219 100.0 86.1
mco-miR-277-3p UAAAUGCAUUUUCUGGCCCGUAA 10,197 5557 23 mir-277 100.0 83.3
mco-miR-277b-3p UAAAUGCAAAAUAUCUGGUUAUG 330 187 23 mir-277 100.0 87.7
mco-miR-281-3p UGUCAUGGAGUUGCUCUCUAU 2395 1849 21 mir-281 100.0 94.3
mco-miR-307-3p UCACAACCUACUUGAUUGAGGGG 3459 3761 23 mir-67 100.0 74.7
mco-miR-745-3p UGCUGCCUGGUAAGAGCUGUGA 4279 2623 22 mir-22 100.0 86.0
mco-miR-2162-3p UAUUAUGCAACAUUUCACUCA 856 612 21 mir-1993 95.0 73.7
mco-miR-3479a-3p UAUUGCACUUUCUUUCGCCUUC 5468 2410 22 mir-92 90.9 84.2
mco-miR-3479b-3p GAUUGCACUACCCAUCGCCCUCU ND 188 23 mir-92 95.5 73.5
mco-miR-4989-3p AAAAUGCACCAACUAUCUGAGA 62,840 50,555 22 mir-277 100.0 80.0
mco-miR—-10293-3p¢ UAAUUCGAGUCAACAGGGUCGUU 22 5 23 mir—10293¢ 100.0 86.2
mco-miR-12065-3p UGUGCGUAGUUGCAAUGACCU 389 148 21 mir-210 ND ND
mco-miR-12066-3p UUGUGCGUCGUUUCAGUGACCGACA 1828 1434 25 mir-210 ND ND
mco-miR-12067-3p UAUGGAUAAGGCGUAUGACUCC 122 97 22 novel NA NA
mco-miR-12068-5p UACCCUCACCGGUCGUGCAAGG 50 54 22 novel NA NA
mco-miR-12068-3p UUGUACUACUGGCGAGGGUAGU 42 56 22 novel NA NA
mco-miR-12069-3p UGUACUACAACAGGCCGUGGCU 277 130 22 novel NA NA
mco-miR-12070-3p GCUACCGAAACGACUUAACUU 63 35 21 novel NA NA
mco-miR-12071-5p GAGGGCCAUUGACAGUCGUUG 18 ND 21 novel NA NA

(44

6b-2€ (9107) 01 A80]031sD.AD] [DIIIYI01G 23 IDINIAJOIN / 'ID 12 DYISDY 'L

ND, not detected; NA, not aplicable.

2 miRNA names were assigned by the miRBase database manager and will be uploaded in the next version.

b The canonical (100% identical to the reference genome) most frequent read from both biological replicates is reported. When the minor product of a precursor (pre)-miRNA showed a read count number >50% with respect to
the major product, it was considered as mature miRNA.

¢ miRNA read counts were normalized to the total number of mature miRNAs in each library, multiplied per 1 x 10° and averaged between biological replicates.

d Novel families were defined for new miRNAs identified, which didnit show seed conservation.

¢ First reported in Echinococcus multilocularis and E. canadensis by Cucher et al. (2015, supplementary table S7). The names emu-miR-10293-3p and egr- miR-10293-3p were assigned by the miRBase database manager and will
be uploaded in the next version.



T. Basika et al. / Molecular & Biochemical Parasitology 210 (2016) 37-49

43

A C “aleg v
i“ﬁu X ":Fc“
let-7-5p mature sequence F".‘;{H miR-2b-3p
&
“7>\20>000ca cQ_ _000a_oo0ce q;’ ‘
B OOCCHOROOOG ; ceq e,
Oy L WO © e a® miR-71-5p %
£5
AG= - 23,71 keal/mol Sl
b Ay by VA,
c“c '\’“uvef »
s Co
Ay WV
%
wAL ¢
£
B Vs {3
<r,““=t,_‘ u"“v o 5’“
v“.;‘{‘}:\, mIR-277-3P “'u.'i‘isﬂ:ot¢cu q‘:‘
ey e B
€
. cc.l?'r“v\?‘v“ Ga v‘u}
miR-4989-3p ¢ ;
GA:‘MA W
3’,‘.‘" <
‘cou‘:u‘
Sy gk % miR-2¢-3p
ge‘al
£ &
LS ¢
v

AG= -60,41 kcal/mol

AG= - 72,1 kcal/mol

v
Aa

Fig. 2. - Predicted secondary structure of Mesocestoides corti miRNA precursors. A) Mesocestoides corti miRNA-let-7 precursor secondary structure predicted with RNA fold. B
and C) The predicted secondary structures of the M. corti miRNA-4989/277 (B) and miRNA-71/2b/2c (C) clusters. The corresponding mature miRNA sequences are highlighted

in grey and the free energy (AG) is shown.

T

others

9%

bantam-3p v

5% -
miR-4989-3p

6%

miR-71-5p
7%

) mir-10-5p
let7-5p 54%

19%

ST
others
bantam-3p 7%
6%
miR-4989-3p

5%

miR-71-5p_
6% ‘
mir-10-5p
let7-5p 60%
15%

Fig. 3. - Circle chart with the percentages of the five most abundant miRNAs in the two life-stages of Mesocestoides corti: tetrathyridia (TT) and strobilated worm (ST). Results
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total miRNA expression in both TT and ST samples. The high expres-
sion levels of these five miRNAs in two different life stages suggests
their role in constitutive functions, highly relevant for parasite’s
survival and development. The miRNAs found in M. corti TT and ST
samples are expressed at very different levels. For instance, most
of the miRNAs identified: 83% (35/42) and 86% (37/43) in TT and
ST samples, respectively, showed low expression levels, account-
ing for less than 1% (<100 thousand reads) of the expression levels
detected (Table 2, Supplementary Table 4).

Interestingly, some of the miRNAs grouped in clusters showed
an asymmetrical transcription pattern. For instance, miR-71-5p
is one of the top five most expressed miRNAs, while miR-2b-3p
and miR-2c-3p are at least ten fold less expressed (Supplementary
Table 4). A very similar pattern is observed regarding the mir-
2774989 cluster, were miR-4989-3p is six fold more expressed
than miR-277-3p (Supplementary Table 4). This might suggest the

presence of a post-transcriptional mechanism affecting the stabil-
ity of mature miRNAs organized in the same cluster, since two of M.
corti miRNA clusters comprises a small genomic region and could
be part of a single transcriptional unit.

We also analysed whether each mature miRNA product pref-
erentially originated from one arm of the hairpin. As shown in
Supplementary Table 3, around 70% of the mature miRNAs in M.
cortiare processed from the 3p arm of the hairpin, while around 23%
are processed from the 5p arm of the hairpin. Three pre-miRNAs
precursors showed expression from both arms, namely mir-153,
mir190, and mir-12068 in TT samples, and only mir-153 and mir-
12068 in ST samples (Supplementary Table 3).

The expression of 6 mature miRNAs, namely bantam-3p, let-
7-5p, miR-7a-5p, miR-10-5p, miR-87-3p and miR-4989-3p, was
confirmed by RT-qPCR in TT and ST samples (Supplementary Table
5). Furthermore, the high expression levels of let-7-5p and miR-10-
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5p detected in the SRNA-seq data were validated in both ST and TT
samples.

3.4. Differential expression analysis between TT and ST miRNAs

After the analysis of miRNA abundance, we conducted a com-
parative expression analysis for those miRNAs identified in both
TT and ST samples. First, a correlation analysis was performed
between independent biological replicates from each sample type,
which showed high reproducibility of the data (Supplementary Fig.
2) thus enabling differential expression analysis. Then, differential
expression of miRNAs between TT and ST was assessed using DESeq
algorithm (Fig. 4A). We found that miR-36b-3p and the candidate
miR-12065-3p were significantly up-regulated in TT, while miR-2a-
3p, miR-31-5p, miR-125-5p, and miR-190-5p were up-regulated in
ST samples. miR-36b-3p showed the most noticeable up-regulation
in the TT stage, with its expression approximately 4-fold higher
than in the ST stage, while miR-31-5p presented the most notice-
able up-regulationin the ST stage, with an almost 32-fold difference
in comparison to that in the TT stage. We also identified some
stage-specific miRNAs, expressed only in one developmental stage,
namely miR-12071-5p, specific for TT (Fig. 4B), and miR-2b-3p,
miR-7a-5p, and miR-3479b-3p, specific for ST (Fig. 4C). These stage-
specific miRNAs could be involved in regulating specific features,
of the developmental stage in which they are expressed. However,
the number of miR-7a-5p and miR-12071-5p reads was very low,
implying that stage specificity should be confirmed with higher
coverage approach.

Differential expressions of two stage biased miRNAs in TT sam-
ples (miR-36b-3p and miR-12065-3p) and three selected stage
biased miRNAs in ST samples (miR-31-5p, miR-125-5p, miR-190-
5p) was validated by RT-qPCR (Supplementary Table 6). Among
them, two miRNAs: miR-31-5p and miR-125-5p were concordant
between RNA-seq and RT-qPCR, thus confirming the RNA-seq dif-
ferential expression data.

3.5. miRNA editing

In order to identify miRNA isoforms (isomiRs), generated by the
non-template additions in M. corti miRNAs, the presence of uridine
(U) at the 3’ end was queried in our datasets. miRNA processing by
addition of a single 3p terminal U was found for 13 TT miRNAs and
for 15 ST miRNAs (Fig. 5, and Supplementary Table 7). The isomiRs
identified in this study were detected in all biological replicates of
each sample, and, when identified in both TT and ST samples (11
miRNAs), they corresponded to the same sequence.

In most cases, for both TT (11 out of 13) and ST (13 out of 15),
the unmodified form was more abundant. For miR-184-3p and miR-
7b-3p, however, the isomer-U presented the same abundance (or
even slightly higher) that the unmodified form in both life stages.
miR-184-3p presented isomer-U abundances of 53% and 49% in TT
and ST, respectively, while miR-7b-3p presented isomer-U abun-
dances of 56% and 46% in TT and ST, respectively. Interestingly, there
were differential uridylation patterns between life stages, miR-36b-
3p (20%) uridylated only in TT, and miR-31-5p (11%) uridylated
only in ST samples. Furthermore, different levels of uridylation
were also observed among miRNAs organized in cluster. In one
of the identified M. corti miRNA clusters (mir-71/2¢/2b) only miR-
2b-3p was uridylated. In the mir-1/133 cluster, only miR-133-3p
was uridylated. Such differential patterns of uridylation are suggest
that a possible tailing mechanism of post-transcriptional regulation
through the parasite’s life cycle is present in M. corti.

Primary miRNA editing by adenosine modification into inosine
was also investigated in our M. corti data sets. We found no sig-

nificant evidence of adenosine modification to iosine in TT or ST
samples.

3.6. Sequence conservation analysis of M. corti miRNAs

All 45 M. corti miRNAs identified in this study grouped in 33
miRNA families, based in a seed match criteria. In order to identify
conserved and new miRNA families present in M. corti, we com-
pared the mature miRNA sequences identified in this study against
allmiRBase v21 database using only a seed match criteria. This anal-
ysis allowed the identification of 28 conserved and 5 new M. corti
miRNAs families. From the conserved miRNA families, one present
in all eumetazoans, 18 in bilaterians, 8 in protostomes and one
so far only described in the genus Echinococcus (miR-10293).The
conserved M. corti miRNAs families, shared with selected phyla
Cnidaria, Nematoda, Arthropoda, Annelida and with the subphy-
lum Vertebrata are shown in Fig. 6. From the 33 miRNA families
identified in M. corti, 7 families presented multiple members. The
largest ones were the mir-2 family, integrated by miR-2a, miR-
2b, and miR-2¢, and the mir-277 family, integrated by miR-277,
miR-277b and miR-4989. The other M. corti miRNA families with
multiple members were mir-7 (miR-7a, miR-7b), mir-36 (miR-36a
and 36b), mir-124 (miR-124a and 124b), mir-92 (miR-3479a and
3479b) and mir-210 (miR-12065 and miR-12066).

Among the five M. corti candidate new miRNAs identified, only
one, miR-12067 shared seed sequence (but not 70% of nucleotide
identity in the full sequence) with a conserved miRNA, mir-1262,
reported in Homo sapiens (Fig. 7A). As mentioned before, we
identified two members of the mir-210 family (miR-12065 and
miR-12066), already described in S. mediterranea (phylum Platy-
helminthes) and in vertebrates (Fig. 7A), but so far never described
in cestode or trematode platyhelminths.

The degree of conservation of M. corti miRNAs belonging to con-
served families, was assessed comparing their full-length mature
sequences against selected species present in miRBase v21, with
seed match and >70% homology criteria. This comparative analysis
was performed against three model species, namely M. musculus,
D. melanogaster, and C. elegans, and against some related species
of the Phylum Platyhelminthes, namely S. mediterranea, G. salaris,
S. mansoni, S. japonicum, E. granulosus and E. multilocularis (Sup-
plementary Fig. 3). As expected, the majority of the conserved M.
corti miRNAs (36) have homologs with >70% identity in the ces-
todes E. multilocularis and E. granulosus (34/36; 94%). On the other
hand, the majority of M. corti miRNAs (31/36; 86%) have homologs
with >70% identity in the free living S. mediterranea (Turbellaria).
Interestingly, alower number of M. corti miRNAs (26 and 23, respec-
tively) are shared with the ectoparasite G. salaris (Monogenea),
and S. japonicum (Trematoda), which also belong to the Neoder-
mata clade. Additionally, 19 (53%), 24 (66%) and 16 (44%) of M. corti
miRNAs have homologs in C. elegans (Nematoda), D. melanogaster
(Arthropoda), and M. musculus (Chordata), respectively. Among all
the species analysed, a high conservation was observed among the
full-length mature sequences of miR-71 orthologs (Fig. 7B), sug-
gesting functional conservation. On the other hand, some miRNAs,
like let-7 and miR-125, seem to be conserved within cestodes, but
are highly divergent from their counterparts from other organisms.
Other miRNAs, like bantam, showed more conservation among
platyhelminth parasites, being more divergent from the other ana-
lysed species.

4. Discussion

In this work, we provided experimental evidence of miRNA
expression in M. corti describing, for the first time, miRNAs reper-
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toires of the tetrathyridia larvae and of the strobilated worm, two
developmental stages of this model cestode parasite.

miRNAs are the most abundant type of small RNAs in M. corti,
and the percentages of reads corresponding to miRNAs in TT and
ST (56 and 76%, respectively), are in agreement with previous high-
throughput analyses in Echinococcus [25,26]. We hypothesize that
the fraction of miRNAs is larger in ST samples as a reflex of the adult
increased morphological and physiological complexity, in compar-
ison to the mostly undifferentiated TT [46-48], since the other
assigned categories did not show significant differences between
TT and ST samples whatsoever. In agreement with this, a higher
fraction of miRNAs was identified in protoscoleces (pre-adult stage)
than in cyst wall (larval stage) in E. canadensis [26].

The miRNAs identified for M. corti in this study share some
features with other related organisms, such as a similar sequence
length (for both pre-miRNAs and mature miRNAs), a high percent-

age of mature miRNAs sequences beginning with uracil (U), a bias
towards 3’ arm processing, and miRNA tailing, conserved among
parasitic platyhelminths [25,44,45] as well as in nematodes [49].
Some of the uridylated isomiRs found in M. corti, namely miR-2b,
miR-9, miR-61, miR-124a, miR-125, miR-184, miR-745, and miR-
3479b, were also found in E. canadensis and E. multilocularis [25].
This conservation pattern suggests that regulation of these miR-
NAs by uridylation could be a mechanism shared by cestodes to
regulated miRNA stability and expression.

The number of new miRNAs reported in different platy-
helminths is quite variable, and may vary as function the stringency
of the pipelines of analysis. The M. corti SRNA-seq data analysis
yielded a smaller number of new miRNAs (6) in comparison to those
reported for E. granulosus (94), S. japonicum (38) and S. mediter-
ranea (48) [27,45,50]. This lower number of new miRNAs in the M.
corti repertoire could be due, at least in part, to the more strin-
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gent annotation pipeline used in this work, compared to that used
for the close related E. granulosus and the trematode S. japonicum
[27,45]. In line with that, the number of new miRNAs identified in
M. corti is similarly low as those found in the cestodes E. canaden-
sis (5) and E. multilocularis (3), and in the trematode F. hepatica
(5) [25,26,44]. Regarding the comparison with the more distantly
related S. mediterranea (Turbellaria versus Neodermata), the lower
number of new miRNAs found in M. corti (6 versus 45) reflects once
again lower complexity characteristic of the parasitic way of life.
Despite of the 3p arm processing bias, usual among parasitic
platyhelminths, a lack of conservation in arm processing was

observed for some M. corti miRNAs, particularly those that pre-
sented expression from both arms of the hairpin. For instance, the
pattern of arm processing in miR-153 and miR-190 was not con-
served in most organisms, as mir-190 displays a 5p arm usage
pattern in S. japonicum and E. granulosus [27,51], while miR-153
displays a 3p arm usage pattern in E. multilocularis [25]. Interest-
ingly, the pattern of arm expression of M. corti miR-153 was also
reported in E. canadensis and E. granulosus [25,27], suggesting that it
could be conserved among some cestodes. Another miRNA that did
not show conserved arm expression pattern was mir-7b, which dis-
played a 5p arm usage in E. canadensis and E. granulosus [26] while
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in M. corti the 3p arm was the more expressed. The absence of arm
usage conservation regarding miR-153, miR-190 and miR-7b in M.
corti could imply different roles in the biology of these cestodes,
since each mature miRNA from the same precursor would target
different genes.

We analysed miRNA abundance and found that few miRNAs
were expressed at high levels. The highly expressed M. corti miRNAs
are shared between both stages, and represent ~90% of total miRNA
expression. High expression of let-7-5p, miR-10-5p, miR-71-5p and
bantam-3p was also observed in other cestodes as E. multilocularis
and E. canadensis [25], and other platyhelminths, like F. hepatica
adults [52] and S. japonicum (in adults and infective larval stages)
[45]. In line with that, the mir-10 family, which is highly conserved
across metazoans, has been implicated with Hox gene regulation,
embryonic development, and even cancer [53], and let-7 has been
described as a key regulator to ensure the normal development
during larval to adult transition both in worms and flies [54]. miR-
71, in turn, increases life span via insulin-receptor/phosphatidyl
inositol 3-kinase pathway in C. elegans [55]. This function may be
conserved in M. corti, as human insulin is capable of stimulating M.
corti survival, asexual reproduction, and tyrosine-phosphorylation
status in culture [56] and deserves further investigation.

M. corti life cycle involves a number of different life stages and
the parasite’s development is a complicated and dynamic process
[9,57,58], in which miRNA gene regulation could have an important
role. We found several miRNAs differentially expressed between
the TT and ST stages, which may be functionally involved in reg-
ulating stage-specific features. miRNAs up-regulated in the larval
stage (TT), could act as repressors of development of the repro-
ductive tissues or controlling reproductive fission, as TT are able to
multiply asexually in the intermediate host, being important cell
growth and cell division processes for reproduction [58]. We found
miR-36 up-regulated in TT. The mir-36 family has been shown to be
enriched in planarian neoblasts [59] and is up-regulated in E. mul-
tilocularis with respect to E. canadensis [25], which is in line with
the higher regenerative capacity of planarians and the faster pro-
liferation of E. multilocularis metacestodes. Therefore, miR-36b in
the TT stage of M corti, could be regulating proliferation by asex-
ual reproduction. Conversely, miRNAs up-regulated in the ST stage
could enhance the development of testes and ovaries or repress
asexual reproduction [50]. We found miR-125, up-regulated in the
ST stage. In vertebrates, miR-125 regulates somitogenesis through
the Notch signaling pathway [60]. The Notch signaling pathway,
involved in bilaterian development is present in cestodes [5], so it
would be interesting to further investigate the role of this miRNA
in M. corti development through prediction of assessing miR-125
targets and/or functional studies. On the other hand, antisense-
mediated inactivation of miR-2 in Drosophila produces embryos
with defects in head and posterior abdominal segments [61]. There-
fore, miR-125 and miR-2 family in the ST stage of M. corti, could be
mediating processes like correct strobilum formation (miR-2 via
regulation of pro-apoptotic pathways) and signal transduction for
sexual maturation (miR-125 via Notch pathways).

Interestingly, miR-190, miR-125, miR-31 were also recently
reported as up-regulated in the E. granulosus adult stage, while
the mir-2 family was more expressed in the pre-adult stage [27],
meaning that these miRNAs could be regulating similar processes
involved in both E. granulosus and M. corti. In addition, miRNAs
exclusively expressed in M. corti TT or ST were identified, suggesting
stage-specific roles. Two of these stage-specific miRNAs, miR-7a-
5p and miR-12071-5p, showed low expression levels, implying
that stage specificity should be confirmed with higher coverage
approach.

Recent studies have described that several miRNA families
are missing in platyhelminths, especially in the parasitic lineages
[30,44]. Our results confirm a reduction of the miRNA complement

in M. corti. However, we found that the loss of conserved miRNA
families in this endoparasitic platyhelminth is smaller than that
reported by [30] for S. japonicum and E. granulosus. This difference
in the loss of conserved miRNAs is due to the finding in M. corti
of mir-92, mir-184, mir-279 and mir-281, along with mir-36 and
mir-67, reported as lost in cestodes. Therefore, the proportion of
conserved miRNA losses in this cestode parasite seems to be lower
than previously reported.

In agreement with this previous studies, a loss of conserved
miRNA families among platyhelminths parasites was confirmed in
M. corti, and could be related to a loss of targets [62] or reduced
morphological and metabolic complexity [63], associated with the
parasitic way of life. This correlates with the low morphological
complexity and gene repertoire reduction, given by the absence of
loss of the gut and also the loss of several conserved gene families,
for example, homeobox gene families, genes essential for peroxi-
somes, and fatty acid biosynthesis [5].

A recent study in E. granulosus [27] reported mir-96 and mir-
184 as absent in this species. In this study we have identified both
miRNAs expressed by M. corti TT and ST samples. In addition, these
authors described mir-92 as exclusive of the free-living flatworm S.
mediterranea, and absent in Neodermata but we found two mem-
bers of the mir-92 family expressed in M. corti: miR-3479a and
miR-3479b. These findings agree with two recent studies in E. mul-
tilocularis, E. canadensis and E. granulosus [25,26]. On the other hand,
members of the mir-8 and mir-1992 families were not identified
in M. corti, although they were reported as present in Echinococcus
spp [25-27]. Moreover, miR-210 was identified for the first time in
platyhelminth parasites and this should be from now on considered
in miRNA evolutionary studies.

In this study, three miRNA clusters were reported. However,
the number of miRNA clusters may be larger than that, due to the
fragmented nature of the assembled draft genome sequence. New
clusters may be identified upon completion of the M. corti genome
sequence assembly. Regarding miRNA cluster conservation, we
confirmed that mir-71/2 cluster is widely conserved among proto-
stomes (Ecdysozoan and Lophotrochozoan) as previously described
[64], while mir-277/4989 is conserved among cestodes, as it was
previously identified in Echinococcus spp. and Hymenolepis micros-
toma [24,26,27,65]. There is only one copy of the mir-71/2 cluster
in M. corti, in contrast with other platyhelminths like G. salaris, S.
japonicum, and S. mansoni, where two copies of this cluster have
been reported [30]. This might suggest functional shrinking in ces-
todes as proposed by [65]. On the other hand, while the mir-1/133
clusteris widely conserved across metazoan species [66], its miRNA
components seem to be far apart from each other, since the aver-
age lengths for platyhelminth miRNA clusters is between 200 bp
and 500 bp [67]. However, it has been reported that this particular
cluster dramatically varies in length between species, for example
in Echinococcus, comprises 12 kb [65], and in D. melanogaster, the
miRNA genes are separated by 50 kb or more [66]. Whether both
miR-1 and miR-133 are part of a single transcriptional unit in M.
corti is an issue that remains to be investigated.

Finally, the divergence of the M. corti miRNA sequences found
at the nucleotide level with respect to those from other organisms,
including other platyhelminths, may likely indicate an accelerated
evolution of these miRNAs in the M. corti lineage. This could imply
specific roles for these miRNAs in development, survival and/or
host-parasite interaction. In addition, this may reflect the more
complex life cycles of parasitic species and their ability to adapt to
different environments. Those miRNAs conserved among cestodes
could share functional conservation, and M. corti could represent an
ideal model for the study of the role of this miRNAs in the biology
of this parasites.

In this work, we provide detailed information on the M. corti
miRNA repertoire, including the first experimental report on the
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miRNA expression profiles of the tetrathyridia and strobilated
worm. The results reported here show that both life stages dis-
play some differentially expressed miRNAs, including some stage
specific. In addition, we performed a systematic analysis on the
post-transcriptional modifications of each identified miRNA. Con-
servation of M. corti miRNA features, repertoires and expression
levels among other cestodes further validate this parasite as a
model for the study of biological aspects of cestode parasites and
will allow functional studies of miRNAs involved in strobilation
process that are difficult to perform in zoonotic parasites such as
Echinococcus spp. The data obtained from this study will open a
way for deep investigation of the parasite biology and host parasite
interaction. The findings of differential expression in M. corti will
allow a deeper understanding more about the biology of develop-
ment of the parasite.
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