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Abstract
MicroRNAs are critical gene regulators at the post-transcriptional level and play essential roles in numerous developmen-
tal processes in metazoan parasites including the causative agent of cystic echinococcosis, Echinococcus granulosus. The 
molecular basis of different patterns of E. granulosus development in the canine definitive host and in in vitro culture systems 
is poorly understood. In the present study, miRNA transcriptomes of the strobilated worms derived from experimental infec-
tion in the definitive host were compared with those from diphasic culture system after 60-day protoscoleces cultivation. 
Total RNA was extracted from in vivo- and in vitro-derived strobilated worms. Small RNA libraries were constructed, and 
deep sequencing was performed. Subsequently, differential miRNA expressions and target predictions were obtained, and 
pathway analysis was performed by gene ontology and KEGG. Seven miRNAs were differentially expressed between the 
in vivo- and in vitro-derived worms. In addition, we reported 13 novel miRNA candidates and 42 conserved miRNAs. Four 
out of five top miRNAs with the highest read counts were shared between the in vivo and in vitro-derived worms, i.e., egr-
miR-10a-5p, egr-let-7-5p, egr-bantam-3p, and egr-miR-71-5p. Target prediction of the differential miRNAs between the two 
systems showed significant differences in the membrane-enclosed lumen, membrane part, and an intrinsic component of the 
membrane. Findings of KEGG analysis indicated that differentially expressed miRNAs were involved in hippo, MAPK, and 
WNT signaling pathways. The study demonstrated a significant difference in miRNA transcriptomes and related signaling 
pathways between the two systems, suggesting the importance of host–parasite interplay in the fate of protoscoleces devel-
opment in in vivo and in vitro systems.
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Introduction

Cystic echinococcosis (CE) caused by the small cyclophyl-
lidean cestode, Echinococcus granulosus, is an important 
cosmopolitan cyclozoonosis. The World Health Organi-
zation (WHO) considered echinococcosis as one of the 
neglected zoonotic diseases. Global cases of echinococco-
sis has been estimated at 188,000 new cases per annum, 2 
(Deplazes et al. 2017) with an annual human and livestock 
economic losses estimated at US$3 billion (https:// www. 
who. int/ news- room/ fact- sheets/ detail/ echin ococc osis). 
The parasite is perpetuated in a cycle involving canids as 
definitive hosts harboring the adult helminth in their small 
intestine and a broad range of herbivorous and omnivo-
rous mammals as well as human as the intermediate hosts 
carrying the metacestodes in their visceral organs (Budke 
et al. 2006).

MicroRNAs (miRNAs) are short noncoding endogenous 
RNA molecules found in animals, plants, fungi, and some 
viruses (Michlewski and Cáceres 2019). Mature miRNAs 
are post-transcriptional regulators of gene expression 
through negative regulation of target mRNAs, cleavage-
induced degradation, and subsequent expression inhibition 
of target genes (Skalsky and Cullen 2010). MicroRNAs 
regulate and fine-tune a broad variety of fundamental 
biological processes including cell proliferation, differ-
entiation, survival, homeostasis, stress responses, and 
apoptosis particularly during developmental processes 
(Mens and Ghanbari 2018). They have significantly con-
tributed to the advent of morphological complexity and 
phenotypic evolution in animals (Heimberg et al. 2008); 
therefore, defects involved in miRNA biogenesis may lead 
to embryonic morphogenesis defects in germline (Du and 
Zamore 2005). miRNAs are generally considered as highly 
conserved throughout the animal kingdom. Since the ini-
tial description of miRNA in the early 1990s, more than 
38,000 miRNAs in 271 organisms have been deposited 
in miRBase (http:// www. mirba se. org/ cgi- bin/ browse. pl).

The studies to understand immunomodulatory capabili-
ties of metazoan parasites at the transcriptional level show 
that miRNA-mediated RNA interference is one of the impor-
tant regulatory mechanism in helminth parasites. A long 
list of miRNAs, including let-7, miR-223, miR-134, and 
miR-199 with a potential role in immune modulation, had 
been discovered in helminthic parasites (Arora et al. 2017). 
Several studies indicate the important role of miRNAs in 
the development and differentiation of different platyhel-
minth species such as E. granulosus (Cucher et al. 2011; Bai 
et al. 2014), E. multilocularis (Kamenetzky et al. 2016), E. 
canadensis (Cucher et al. 2015; Macchiaroli et al. 2015), 
Schistosoma japonicum (Cai et al. 2011), and S. mansoni 
(de Souza Gomes et al. 2011).

Bai et al. (2014), in a genome-wide sequencing study of 
small RNAs, reported 42 mature miRNAs and 23 miRNA 
stars in three life stages of E. granulosus (protoscoleces, 
adult worms, and cyst wall) (Bai et al. 2014). A recent study 
in bidirectional culture systems (cultivation of the proto-
scoleces towards cysts and strobilated worms) concluded 
that miRNAs in the early stages of E. granulosus were dif-
ferentially expressed in the two systems (Bai et al. 2020).

James Desmond Smyth first discovered the phenomenal 
capacity of bidirectional development in E. granulosus pro-
toscoleces (PSCs) (Smyth 1971). PSCs could develop to 
either strobilated worms or hydatid cysts in diphasic and 
monophasic culture systems, respectively. Interestingly, 
however, strobilated worms derived from the in vitro sys-
tem do not mature and produce eggs as it normally occurred 
in natural definitive hosts. To date, factors involved in this 
phenomenon have not been precisely understood at cellular 
and molecular levels. In addition, the complex life cycle, 
peculiar transmission routes and switches between different 
hosts and environments, requires high level of adaptation in 
the parasite cellular machinery (Weber et al. 2006).

Different behaviors of the parasite development in the 
definitive host and in vitro culture can be attributed to dif-
ferent miRNA configuration, as major gene regulators. This 
opened a new field of research on parasite differentiation 
and provided a window for in-depth investigations on the 
molecular aspects of host–parasite interactions. In the pre-
sent study, a global miRNA profiling is performed by using 
next-generation sequencing (NGS) in order to understand 
the role of miRNAs in the developmental and metabolic 
processes of E. granulosus. MiRNA transcriptomes of the 
strobilated worms derived from experimental infection in 
the definitive host were compared with those from diphasic 
culture system after 60-day protoscoleces cultivation. The 
findings increase our knowledge about molecular pathways 
involved in E. granulosus development.

Material and methods

Ethical statement

The study protocol was supervised and reviewed by the 
Research Ethics Review Committee of Kerman University 
of Medical Sciences under ethical approval code IR.KMU.
REC.1398.084.

Preparation of in vivo strobilated worms

One mixed breed, 3-month-old, male dog with ideal health 
condition was purchased from a local vendor. After adapt-
ing to the new environment for 5 days and DHLPP vacci-
nation, the animal was treated with 10 mg/kg praziquantel 
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forte (fenbendazole 150 mg, pyrantel pamoate 144 mg, and 
praziquantel 50 mg). All rules and conditions for keeping the 
dog were carried out following the ethics committee’s proto-
cols. Stool samples were regularly checked for the presence 
of parasite eggs, and the absence of infection was confirmed. 
The dog was experimentally infected with E. granulosus fer-
tile hydatid cysts from a sheep liver. Fifty-four days post-
infection with a positive stool exam showing the presence 
of E. granulosus eggs, the animal was euthanized according 
to the instructions by the Animal Ethics Committee. The 
adult worms attached to the small intestinal epithelium were 
recovered, washed with phosphate-buffered saline (PBS), 
and immediately transferred to the molecular lab for total 
RNA extraction (Doyle et al. 2020).

Preparation of in vitro strobilated worms

The protoscoleces of E. granulosus sensu stricto, G1 geno-
type, derived from a sheep liver hydatid cyst, were cultivated 
in a diphasic culture medium to obtain strobilated worms 
as described by Smyth (1971) . Briefly, protoscoleces were 
aspirated by aseptic puncture of the hydatid cyst. The PSCs 
were washed three times with sterile PBS containing 100 U/
ml penicillin and 100 μg/ml streptomycin. Then they were 
washed through two layers of sterile gauze and treated in 
20% dog bile in CMRL 1066 for 24 h. The PSCs were then 
transferred to the diphasic medium containing CMRL 1066 
and coagulated calf serum as the liquid and solid phases, 
respectively. Strobilated worms were harvested after 60 days 
of cultivation (Smyth and Davies 1974).

Total RNA isolation

To avoid degradation, RNA extraction was immediately 
performed using the protocol described by Mousavi et al. 
(Mousavi et al. 2019) with some modifications to increase 
miRNA yield. Briefly, 500 strobilated worms obtained from 
in vitro and in vivo systems were separately collected and 
homogenized in 600 µl of cold TRIizol followed by the addi-
tion of 200 µl chloroform. The samples were placed on ice 
for about 5 min and centrifuged at 12,000 g for 20 min at 
4 °C, and the aqueous supernatant was carefully transferred 
to a clean tube. This step was performed again by adding 
100 µl chloroform. After removal of the aqueous super-
natant, an equal volume of cold isopropanol was added. 
The tube was stored at − 20 °C overnight and centrifuged 
at 13,000 g for 60 min at 4 °C, and the pellet was resus-
pended in 1 mL of 75% ethanol, centrifuged at 13,000 g for 
20 min at 4 °C, and left to dry at room temperature. Finally, 
RNA was resuspended in 50 µl RNase-free water and stored 
at − 80 °C until use. The quantity and purity of the purified 
RNA were measured using 260/280 and 260/230 ratios with 
NanoDrop Spectrophotometer (ND 1000, Fisher Thermo, 

Wilmington, DE, USA), and RNA integrity was checked by 
1.5% agarose gel electrophoresis.

Small RNA library construction and deep 
sequencing

After performing quality control (QC), and calculation of 
RIN for each sample (Schroeder et al. 2006), the samples 
were proceeded to library construction. It is worth to note 
that similar to some insects and Platyhelminthes, RNA qual-
ity assessment is complicated in Echinococcus species, and 
RIN number cannot be considered as the sole criteria for 
RNA integrity because 28S rRNA is composed of two frag-
ments which are bonded non-covalently (Winnebeck et al. 
2010; Haçariz and Sayers 2013). RIN calculation is based on 
28S and 18S ribosomal RNAs integrity, and in Echinococ-
cus, 28S band is not visible, since it is fragmented into two 
parts and runs along with 18S band and thus looks degraded 
in gel electrophoresis (Mara Rosenzvit, personal commu-
nication). Failure to visualize 28S rRNA, in these species, 
may lead to an erroneous assumption of degraded RNA. On 
the fragment size ruler, the 18S band must be observed at 
approximately 1200 bp.

Small RNA libraries were constructed using the Illumina 
TruSeq Small RNA Library Prep Kit. The libraries were 
prepared by random fragmentation of the RNA samples, fol-
lowed by 5′ and 3′ adapter ligation. After adapter ligation, 
reverse transcription and PCR amplification were performed. 
Finally, the cDNA libraries were size selected and sequenced 
(single-end reads 51 bp) on an Illumina Genome Analyzer 
platform. One biological replicate from each sample type/
condition (in vivo worms or in vitro worms) was used for 
library construction. The library construction and sequenc-
ing reactions were performed at Macrogen, Korea.

The data of small RNAseq from this study have been 
deposited in NCBI’s Sequence Read Archive (SRA) and are 
accessible through SRA Series project No. PRJNA703777 
and BioSample accessions SAMN18024366 and 
SAMN18024367.

Source of genome assembly and annotations

The E. granulosus genome assembly was used as reference 
genome (PRJEB121), and the gene annotations of coding 
genes were downloaded from the WormBase ParaSite data-
base version WS279 (Harris et al. 2003).

miRNA prediction

Illumina raw sequence reads produced by deep sequencing 
were evaluated using the FastQC software (https:// www. 
bioin forma tics. babra ham. ac. uk/ proje cts/ fastqc/). Adapt-
ers and low-quality reads were removed by the BBmap 
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software (https:// sourc eforge. net/ proje cts/ bbmap/) (Kechin 
et al. 2017). Also, only reads between 15 and 30 nt were 
retained and length distribution determined. Then, reads 
were BLASTN searched (include parameters) against an 
in-house database that included E. granulosus mRNAs, 
miscRNAs, LncRNA, snRNA, snoRNA, rRNA, tRNA, and 
repeat-associated RNAs. Reads that matched to any of these 
categories were discarded.. The miRDeep2 software package 
was used for miRNA prediction (Friedländer et al. 2012). 
Identical reads were collapsed into unique sequences and 
then mapped to the E. granulosus reference genome using 
the mapper module from miRDeep2 with the following 
parameters: -c -j -m -l 18. Mapped reads were used as input 
for miRNA prediction with the core algorithm of miRDeep2.

In order to generate a final set of high confidence miR-
NAs, the initial miRDeep2 output list of candidate miRNA 
precursors was manually curated using the following cri-
teria: (i) miRDeep2 score > 5, (ii) significant randfold P 
value < 0.05, (iii) minimum mature read count > 10, and (iv) 
the minimum free energy (MFE) of precursor <  − 20 kcal/
mol (Kozomara and Griffiths-Jones 2011).

Novel candidates to miRNA precursors were BLAST 
searched (e value 0.01) against WormBase ParaSite, NCBI, 
and RNAcentral databases. Precursor sequences that over-
lapped exons of coding genes or non-coding RNAs (tRNAs, 
rRNAs, etc.) were discarded. Then, mature sequences were 
searched against miRBase 22 release using SSEARCH (e 
value 100). Mature sequences without (i) sense match, (ii) 
seed match (identical 2–8 nt in the 5′ end of the mature 
miRNA), and (iii) 70% of nucleotide identity with any 
known miRNA were considered novel miRNAs.

miRNA expression and differential expression 
analysis

Expression levels of all known and novel miRNAs iden-
tified in each library were quantified using the quantifier 
module from miRDeep2. Differential expression analysis 
between samples/conditions was performed with the Bio-
conductor package EdgeR (Robinson et al. 2009; Dillies 
et al. 2013) in R (version 4.0) using raw read counts as 
input, which compared the read count values of miRNAs 
for the two conditions and statistically evaluated significant 
changes in expression (Fig. 1). Those miRNAs that showed 
log fold changes (log2 FC) ≥ │1.5│and false discovery rate 
(FDR) < 0.05 were considered differentially expressed.

miRNA target prediction

To obtain a set of putative three-prime untranslated 
regions (3’UTRs), genomic sequences of 300 nt in length 
located downstream the stop codon of all E. granulosus 

coding genes were retrieved from the WormBase ParaSite 
database (https:// paras ite. wormb ase. org/ index. html) using 
the BioMart tool. The following options were applied to 
the tool: Species: genome, Echinococcus granulosus; 
Gene: gene type, Protein coding, Output attributes: 
Retrieve sequences > Sequences: flank coding region, 
downstream flank (300), Count, Results. Then the results 
were exported in a FASTA file format.

The set of 3′ UTRs and the set of novel and differen-
tially expressed miRNAs were used as input for miRNA 
target site prediction using miRanda (Enright et al. 2003) 
with default parameters except for (i) strict seed pairing 
and (ii) energy threshold: − 17 kcal/mol as previously 
described (Macchiaroli et  al. 2015; Pérez et  al. 2019) 
(Supplementary file 1, sheet 9 and 10).

Fig. 1  The sequential order of data analysis used for global miRNA 
profiling of strobilated worms of Echinococcus granulosus derived 
from the in vivo and in vitro systems
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Gene ontology and pathway analysis

A pathway analysis of the predicted miRNA targets was 
performed using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (https:// www. genome. jp/ kaas- bin/ kaas_ 
main) and the miRNAs’ interfered gene target pathways 
generated. In addition, a Gene Ontology (GO) functional 
enrichment analysis of the predicted miRNA targets was per-
formed using the BLAST2GO software tool (http:// www. 
BLAST 2go. org/). Then, the WEGO tool (https:// wego. 
genom ics. cn/) was used for visualizing and plotting GO 
annotation results.

Results

Deep sequencing of two small RNA libraries from E. 
granulosus

To investigate the composition of miRNAs’ expression, two 
small RNA libraries from strobilated worms of E. granulosus 
derived from in vitro and in vivo systems were sequenced 
using Illumina sequencing technology (Fig. 2). After trim-
ming adaptors and removing the low-quality sequences 
and RNAs smaller than 15 nt, we obtained 50,002,880 and 
30,065,579 high-quality reads of small RNAs, sized 15–30 
nt from in vivo and in vitro parasites, respectively (Supple-
mentary file 1, sheet 1). Of these reads, 84% of in vivo adult 
worms and 54% of in vitro strobilated worms were 18–23 nt 
in length (Supplementary file 1: sheet 1, Supplementary file 
2: Fig. S1), which is the typical size range for Dicer-derived 
products.

After sequence mapping, 70.72% and 60.11% of clean 
reads of in vivo and in vitro worms, respectively, perfectly 
matched the E. granulosus genome (Table 1). In the in vivo 
adult worms’ dataset, 5.96% of the mapped sequences were 
related to rRNA and 4.04% to tRNA, whereas these fig-
ures for the in vitro strobilated worms dataset were 21.13% 
and 5.60% for rRNA and tRNA, respectively. The known 
non-target RNAs including degraded remnant of mRNAs, 
miscRNA, LncRNA, snRNA, snoRNA, rRNA, tRNA, and 
repeat-associated RNA were discarded, and the remaining 
mapped small RNA reads were used to find known and novel 
miRNAs.

Known and novel miRNAs of E. granulosus strobilated 
worms from  in vivo and in vitro systems

After applying initial filtering, 76 miRNA candidates 
were identified (Supplementary file 1: sheet 2), of which 
we reported 13 novel miRNA candidates (Fig. 3) present 
in the two libraries, according to the criteria described 
in the methods (Table 2, Supplementary file 1: sheet 3). 

The genomic sequence flanking all these miRNAs can be 
folded into characteristic miRNA stem-loop secondary 
hairpin structures and have a 1–2 nt 3′overhang pattern 
generated by Dicer cleavage during mature miRNA gen-
eration. We found 42 conserved miRNAs present in the 
datasets, out of which, 25 were predicted as star miRNAs 
(Supplementary file 1: sheet 4).

Out of 5-top high miRNAs’ read counts, four miRNAs 
were similar between the two systems (egr-miR-10a-5p, 
egr-let-7-5p, egr-bantam-3p, and egr-miR-71-5p). The fifth 
highest expressed miRNA was different between the two 
systems, i.e., egr-miR-2b-3p and egr-miR-125-5p were 
the fifth predominant miRNAs in the strobilated and adult 
worms, respectively (Supplementary file 1: sheet 7).

According to Table 3, we found seven miRNAs with 
significant differential expression between the in vivo- and 
in vitro-derived worms. All differentially expressed miR-
NAs were conserved miRNAs. While five miRNAs, egr-
miR-10228-3p, egr-miR-10228-5p, egr-miR-31-3p, egr-miR-
31-5p, and egr-miR-10257-5p, showed significantly higher 
read counts in the adult worms, 2 miRNAs, egr-miR-96-3p, 
and egr-miR-7b-5p shower higher expression in the strobi-
lated worms (Supplementary file 1: sheet 8).

Target prediction of the differential and novel 
miRNAs

Sheets 9 and 10 in the Supplementary file 1 show the target 
genes for the novel and differential miRNAs, respectively. 
Target search of the 13 novel miRNAs showed 881 total 
genes for of which 296, 282, and 303 genes had GO terms 
related to biological process, cellular component, and molec-
ular function, respectively (Supplementary file 2: Table S1, 
Fig. S1). GO terms of target genes predicted for the differ-
entially expressed miRNAs targets showed 586 total genes 
for seven miRNAs, among them 190, 195, and 201 genes 
were related to biological process, cellular component, 
and molecular function, respectively (Supplementary file 
2: Table S2, Fig. S2). Cellular component genes including 
organelle lumen (GO: 0,043,233), the membrane-enclosed 
lumen (GO: 0,031,974), membrane part (GO: 0,044,425), 
and intrinsic component of membrane (GO: 0,031,224) were 
significantly different target genes between the differential 
miRNAs and the reference genome; however only macro-
molecule localization (GO: 0,033,036) was significantly dif-
ferent for biological process genes (Supplementary file 2: 
Tables S3 and S4, Figs. S3 and S4). KEGG analysis showed 
high-level functions of biological pathways as shown in the 
Supplementary file 2 including Hippo signaling (Supple-
mentary file 2: Fig. S5), mitogen-activated protein kinases 
(MAPK) (Supplementary file 2: Fig. S6), and WNT signal-
ing pathways (Supplementary file 2: Fig. S7).
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Discussion

Comparison of the worms derived from experimental 
in vivo infection of dogs and the strobilated worms from 
in  vitro cultivation of E. granulosus provides signifi-
cant clues in the understanding of the molecular basis of 
growth and development in the tapeworms. In this study, 
we compared miRNA profiles in the adult and strobilated 
worms of Echinococcus granulosus derived from experi-
mental infection and culture media. Results of the present 

Fig. 2  Schematic representation 
of the study on global miRNA 
profiling of Echinococcus 
granulosus worms derived from 
the in vivo and in vitro systems. 
a Timeline (days) of in vivo and 
in vitro developmental stages 
of E. granulosus cultured in 
CMRL 1066 medium and host 
intestine for 55 days. b–d Work-
flow of miRNA-seq study from 
total RNA extraction to analysis 
of NGS data

Table 1  Summary of Echinococcus granulosus small RNA library 
sequence data generated from in vitro- and in vivo-derived worms

In vitro In vivo

Raw reads 68,894,335 58,576,622
Clean read 30,065,579 50,002,880
Mapped read 10,279,188 30,125,600
Unmapped 6,821,322 12,471,272
Clean read (18–30 nt) 17,888,324 42,232,121
Percentage of mapped reads 60,11 70,72
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study provided experimental evidence of the presence of 
novel and conserved miRNAs found in the in vivo- and 
in vitro-derived helminths. In this study, miRNAs were 
found as the most abundant type of small RNAs related to 
the in vivo and in vitro worms showing 42,232,121 and 

17,888,324 total clean reads, respectively (Table 1). This 
finding is in agreement with previous high-throughput 
analyses in the genus Echinococcus (Bai et al. 2014; Mac-
chiaroli et al. 2015; Kamenetzky et al. 2016).

Fig. 3  Schematic representa-
tion of the secondary structure 
of novel miRNA 1–13 and 
highlight the consensus mature 
miRNA in the structure of 
precursor miRNAs

3209Parasitology Research (2021) 120:3203–3214
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From the first attempts of in  vitro cultivation of E. 
granulosus (Smyth et al. 1966), researchers realized that 
the in vitro-reared worms do not produce eggs as it usu-
ally occurred in the normal canine definitive hosts. Several 
attempts failed to succeed in the development of gravid 
proglottids with full-grown oncospheres in the in vitro 
strobilated worms. The molecular basis of this is not fully 
understood. Small RNAs may play a role in the differential 
development of E. granulosus in the two culture systems. In 
our study, target analysis for differentially expressed miR-
NAs showed that the membrane type genes are targeted by 
the miRNAs. These findings imply that miRNA read count 
variations in different systems may be associated with the 
differences in the environment. The worm contact to the 
epithelial cells of the intestine in the natural definitive host 
or to the supporting matrix in the in vitro culture system may 
trigger different internal molecular mechanisms.

Differential read counts were recorded in seven 
miRNAs. The two miRNAs, miR-31 and miR-10228, 

demonstrated the most significant differences in the read 
counts. It should be noted that the literature on miRNAs 
in E. granulosus are exceedingly poor. Therefore, there is 
no data on the expression profiles of the miRNA families 
in the strobilated compared to the adult worms. However, 
in recent years, a few studies are available on miR-31 
for some platyhelminth species including Taenia crassi-
ceps (Pérez et al. 2017) and Taenia hydatigena (Wu et al. 
2019). No information is available for miR-10228 in the 
Platyhelminthes. There is no information on the target of 
these miRNAs in the Platyhelminthes; however, miRNA 
targets synonym to miR-31 have been attributed to tumor 
suppression, upregulation of human cervical cancer cells, 
inhibition of cell metastasis, and migration through down-
regulating BAP1, a tumor suppressor gene important to 
the development and prognosis of several types of cancers 
(Wang et al. 2017).

Very few data are available on the biological function of 
miR-10228, and further experimental research is needed to 

Table 2  Novel Echinococcus granulosus miRNAs predicted by miRDeep2

* Normalization carried out by EdgeR package using a weighted trimmed mean of the log expression ratios (trimmed mean of M values, TMM)

Name consensus mature sequence Total 
read 
count

Mature 
read 
count

Star 
read 
count

In vitro (norm)
Ctrl*

In vivo (norm)
Test*

Precursor coordinate:strand ( ±)

miR-NEW-1 aggucagcugagcucagcuca 999 958 41 17.20 38.72 EG_S00078:143,668..143720:-
miR-NEW-2 ugcggugugcguacgcaua 559 525 34 17.20 8.05 EG_S00139:94,668..94716: + 
miR-NEW-3 ucgggauuuucugugucaca 133 132 1 4.42 4.49 EG_S00003:1,693,363..1693414:-
miR-NEW-4 acgcguuuaccugguguaaug 93 91 1 3.00 3.37 EG_S00007:1,800,999..1801069: + 
miR-NEW-5 gucuucuuuguuuucuucugu 90 86 3 6.47 1.97 EG_S00008:1,798,362..1798439: + 
miR-NEW-6 acgccaugacugcauugacc 39 25 14 0 0.66 EG_S00055:170,499..170553:-
miR-NEW-7 acgauuccggcgccauuacg 38 30 7 1.26 0.94 EG_S00079:310,367..310434:-
miR-NEW-8 gugcgugagugugugugcgug 22 15 7 1.10 0.14 EG_S00024:953,231..953295:-

EG_S00024:997,268..997332:-
miR-NEW-9 aguguguugaucgcaagcauu 22 17 5 0.79 0.56 EG_S00030:249,726..249802:-
miR-NEW-10 uguuucaguugaucgagggaa 20 14 6 0.16 0.33 EG_S00018:636,040..636094:-
miR-NEW-11 ucguucugucgccugacuua 18 11 7 0 0.19 EG_S00035:68,258..68325:-
miR-NEW-12 uucauuguguggcugucaaacu 15 13 2 0 0.61 EG_S00024:716,108..716164: + 
miR-NEW-13 gauuggcauuucaguggacc 11 6 5 0 0.14 EG_S00002:1,749,922..1749974: + 

Table 3  Differential analysis of 
the Echinococcus granulosus 
miRNAs between adult and 
strobilated worms

miRNA Strobilated worm 
(read count)

Adult worm 
(read count)

logFC logCPM FDR

egr-miR-10228-3p 2 1279 -8.043302242 5.207370627 3.65E-13
egr-miR-10228-5p 17 3831 -6.585123151 6.777621482 1.11E-12
egr-miR-31-3p 11 2403 -6.536860577 6.111802583 2.80E-12
egr-miR-31-5p 33 2902 -5.230611828 6.402871561 2.01E-09
egr-miR-10257-5p 0 70 -8.646785804 1.302514961 0.000140374
egr-miR-96-3p 1918 1054 2.088185906 7.279565228 0.030061104
egr-miR-7b-5p 3364 2061 1.931384109 8.122722801 0.045505773
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clarify the significance of this miRNA in the differentia-
tion and development of invertebrate organisms. MiR-96, 
another differentially expressed miRNA in our study, may 
play a critical role in the development as well as progres-
sion of lung cancer (Pei et al. 2017), As an oncogene, 
it regulates cell growth and migration in a breast cancer 
model of epithelial–mesenchymal transition, reduces the 
size of tumors, and plays a role in maintaining a mesen-
chymal phenotype (Anderson and Guttilla Reed 2020).

Findings of KEGG analysis indicated that the differen-
tially expressed miRNAs tend to target some of the genes 
involved in hippo signaling. Hippo signaling is an evolu-
tionarily conserved pathway that controls organ size in a 
wide variety of organisms, resulting in cellular growth, the 
suppression of cell death, and tumor suppression (Kifle 
et al. 2017). Several pathways associated with the para-
site membrane-bound proteins are known to be involved 
in the host–parasite interplay (Rosenzvit et al. 2006) or 
programmed cell death (apoptosis) with overactivity of 
caspase 3 involved in hydatid cyst infertility (Paredes et al. 
2007), indicating that several factors including miRNAs 
are involved in the development of the protoscoleces into 
adult or strobilated worms.

Among the most abundant miRNAs in the two culture 
systems, miR-10a, let-7, bantam, and miR-71 are well-
known in Echinococcus (Bai et al. 2014; Mortezaei et al. 
2020) as well as in other tapeworms like Mesocestoides 
corti (Basika et al. 2016). These miRNAs are among the 
top most expressed miRNAs, indicating the significance 
of these miRNAs in the biological processes or molecular 
functions in the helminth parasites. Bantam miRNA hits 
the pro-apoptotic genes as a target for regulation and acts 
as an anti-apoptotic regulator and is classified as regula-
tory miRNA in Drosophila development (Brennecke et al. 
2003). On the other hand, let-7 miRNA family shows a 
high level of evolutionary conservation among different 
species of Platyhelminthes (Faridi et al. 2020). It pro-
motes differentiation during development and is known 
as a tumor suppressor and stem cell division regulator.

Perez et al. investigated the role of miR-71 through 
functional analysis by using anti-miRs (antisense oligo-
nucleotides) and succeeded miR-71 knockdown in pri-
mary cell cultures of Echinococcus multilocularis. The 
findings showed that several miR-71 target genes were 
significantly upregulated. These genes are potentially 
involved in parasite development, host–parasite interac-
tion, and some other unknown functions. The phenotype 
of miR-71-knockdown primary cell cultures was affected 
comparing to the controls, and they did not mature into 
fully developed metacestodes (Pérez et al. 2019).

To date, 111 precursors and 218 mature miRNA for E. 
granulosus have been identified in the miRBase (http:// www. 
mirba se. org/). In this study, we present 13 new miRNAs. 

The number of new miRNAs reported in different helminths 
is relatively variable, probably due to the differences in the 
strategic command of the analysis pipelines. There is no 
robust data about the biological function of new miRNAs 
reported in the present study; nonetheless, GO term deter-
mined the hypothetical target of the miRNAs based on seed 
regions and revealed the targeted genes were mostly related 
to molecular function like cellular and metabolic processes. 
In a recent study of miRNAs in E. multilocularis using 
genome-wide data, 10 new miRNAs were proposed; how-
ever, bioinformatic analysis failed to assume any biological 
functions for the new miRNAs (Kamenetzky et al. 2016).

In accordance with other studies, we showed the top 
expressed miRNAs are similar among different species. In 
other words, they play critical key roles in regulating the 
machinery of the cells. To fully understand miRNA func-
tions, further studies are required to knockdown particular 
miRNAs in the in vitro system, to determine the transcrip-
tomic and phonotypic consequences within the cells.

Even after more than two decades of miRNA research, 
understanding miRNA biology and exact target analysis 
remained a challenge like looking for a needle in a haystack 
(Lai 2015). MiRNAs interfere in the gene regulation in a 
complex context, having that one miRNA typically targets 
many genes and one gene is potentially regulated by several 
miRNAs (Xu et al. 2020). This means that assuming one 
specific pathway to an individual miRNA could be errone-
ous and leads to incorrect conclusions. Whether miRNAs 
fine-tune large network of targets or suppress specific targets 
are questions remained to be answered. Blocking specific 
miRNAs and genome-wide approaches like RNAseq should 
be applied to understand the in vivo function of miRNAs in 
Echinococcus.

Significant developmental plasticity has been documented 
in Echinococcus species. Depending on the environmental 
stimuli, PSCs have the unusual ability to differentiate in two 
different directions in the in vitro setting. The nature of these 
stimuli is not completely understood; however, it is postu-
lated that host–parasite interactions directly influence pro-
toscoleces development (Debarba et al. 2015). Findings of 
our miRNAome study indicate that the in vitro- and in vivo-
reared E. granulosus worms shared the same remarkable 
miRNA makeup. Therefore, it seems the in vitro culture of 
the strobilated worms is a suitable model for experimen-
tal studies on the physiology of Echinococcus growth and 
development, and it could appropriately replace the prob-
lematic experimental studies on dogs. However, failure of 
fertilization of the in vitro-reared worms provides some 
clues to understand the physiology of sexual maturity in 
the Platyhelminthes including lack of an appropriate matrix 
stimuli such as definitive host chewing, contact with dog 
gut environment, and digestive enzymes, as well as dog 
bile secretion (Debarba et al. 2020). Trigger stimuli play 
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a significant role for parasite strobilar development and 
in designing suitable culture conditions for E. granulosus 
protoscoleces.

The physiology of fertilization in Cyclophyllidean tape-
worms is poorly understood. Both self- and cross-fertili-
zation occurred; however, cross-fertilization is considered 
as the main mode of fertilization in Echinococcus species. 
Host gut environment provides suitable physicochemical 
stimuli to facilitate cross-fertilization. Omics studies will 
clarify the molecular bases of these phenomena. More than 
100-megabase genome size of E. granulosus arranged in 
more than 10,000 genes in nine chromosomes displays con-
siderable gene losses for de novo synthesis of pyrimidines, 
purines, cholesterol, fatty acids, and most amino acids (Ber-
riman et al. 2013). This means the organism relies on the 
host (or nutritional supplements in culture media) for obtain-
ing these essential components. Therefore, PSC maturation 
is a multi-factorial complex matter with many unknown 
molecular pathways likely to affect the strobilar/sexual 
development to E. granulosus.

Due to some limitations, we inevitably used bioinformatic 
tools to describe miRNAome of experimentally developed 
E. granulosus isolates from two different environments, and 
we predicted potential miRNA targets; however, further in-
depth wet lab studies are required to clarify and validate the 
role of the novel and differentially expressed miRNAs in 
the development and differentiation of E. granulosus. In the 
absence of comprehensive studies on miRNA comparisons 
between in vitro and in vivo systems and limited knowledge 
about their targets, the present study highlighted the critical 
role of miRNAs, as master regulators of gene expression, in 
differentiation and development of the E. granulosus pro-
toscoleces towards strobilation, sexual maturity, and adult-
hood. The potential significance of miRNAs to subtly alter 
many targets based on a network model indicates the many 
intervening factors playing roles in the complex life cycle 
of E. granulosus and the capability of the protoscoleces to 
develop into adult or strobilated worms.

Conclusions

This study demonstrated a significant difference in miRNA 
transcriptomes and related signaling pathways between 
the two systems, signifying the importance of host–para-
site interplay in the fate of protoscoleces development in 
in vivo and in vitro systems. More in-depth studies are 
required to improve our understanding of the molecular 
basis and the exact role of miRNAs in tapeworm’s growth 
and development.
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