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Abstract 

Il tonno pinna blu (Thunnus thynnus) costituisce una delle specie di maggior valore 

economico sul mercato ittico, pertanto l’opportuna comprensione della biologia riproduttiva 

di tale specie è necessaria per una corretta gestione degli stock naturali e lo sviluppo di 

un’acquacoltura autosostenuta. Il presente studio si è focalizzato sulla caratterizzazione del 

ruolo dei microRNA nel processo di oogenesi e sulla determinazione della condizione 

riproduttiva degli esemplari, utilizzando un approccio integrato sviluppato su dati biometrici, 

istologici e di espressione genica. In questo modo è stato possibile effettuare una distinzione 

tra individui inattivi, campionati fuori dal periodo riproduttivo e caratterizzati da un ovario 

arrestato alle prime fasi dell’oogenesi, ed esemplari in fase riproduttiva che esibivano una 

modesta progressione dello sviluppo ovarico. In aggiunta, all’ interno di quest’ultimo gruppo 

è stata effettuata un’ulteriore discriminazione tra femmine in vitellogenesi avanzata ed 

esemplari in fase di maturazione che avevano iniziato lo spawning. Quattro microRNA, mir-

202-3p, mir-202-5p, let-7a3-5p e let-7e-5p sono stati identificati nell’ovario e la loro 

espressione è stata valutata nei tre gruppi, rivelando un trend di incremento in relazione alla 

progressione del ciclo riproduttivo. I risultati indicano che mir-202-3p potrebbe esercitare 

funzioni regolatrici in processi chiave dell’oogenesi quali vitellogenesi e maturazione e che, 

nonostante sia convenzionalmente ritenuto il filamento passeggero, rappresenta la forma 

predominante nell’ovario del tonno pinna blu, rispetto alla sua controparte mir-202-5p. In 

aggiunta let-7e-5p e let-7a3-5p potrebbero essere coinvolti nei processi di atresia follicolare 

e riassorbimento dei follicoli post-ovulatori regolando lo shift tra autofagia ed apoptosi. Il 

presente studio pertanto fornisce i primi dati relativi alla determinazione dei microRNA 

nell’ovario del tonno pinna blu, rimarcando la loro importanza nella regolazione della 

fisiologia riproduttiva. 
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1. Introduction 

1.1 MicroRNAs: characterization and biogenesis 

Over the past decade, small non-coding RNAs have emerged as key modulators of gene 

expression by targeting mRNAs of protein-coding genes through cleavage and/or 

translational repression (Valencia-Sanchez et al., 2009). These small RNAs are typically 

characterized by their short length (20- 22 nt) and by their association with Argonaute 

(AGO) proteins (Hutvagner & Simard 2008). Based on biogenesis pathways and functional 

roles they are grouped into three distinct classes: i) small interfering RNAs (siRNAs), ii) 

microRNAs (miRNAs) and iii) PIWI-interacting RNAs (piRNAs) (Ha & Kim 2014). 

However, the first two classes, even though they differ in the mode of biogenesis, share 

similar functions and mediate mRNA cleavage or decay (Valencia-Sanchez et al. 2009). On 

the other hand, piRNAs bind to PIWI proteins, a class of AGO proteins, specifically 

triggering repression of germline transposons (Ha & Kim 2014).  

miRNAs represent one of the largest class of gene regulatory molecules in multicellular 

organisms and they play significant roles in many biological  processes such as diseases  

(Kumar et al. 2007; Mendell 2008) early embryogenesis, (Giraldez et al. 2005; Martello et 

al. 2007) neurogenesis (Makeyev et al. 2007; Leucht et al. 2008), muscle development (Zhao 

et al. 2005, 2007; Chen et al. 2006), and immune response (Andreassen & Høyheim 2017). 

Most of the miRNA genes constitute independent transcription units with their own 

promoters (Bartel et al. 2004). However, some miRNA genes are located either within 

introns of pre-mRNAs or within introns and exons of non-coding RNAs (Kalla et al. 2015) 



6 
 

and share common promoters with their hosting genes, therefore they likely coordinate the 

associated mRNA expression (Bartel et al. 2004; Chen & Rajewsky 2007). This clustered 

arrangement often underlies a relationship between the hosting genes and the miRNAs as 

well as co-regulation of common biological pathways (Bartel et al. 2004). The majority of 

miRNA genes are firstly transcribed by RNA polymerase II (Pol II) as long transcripts 

named pri-miRNAs (̴ 1kb), which contain at least one hairpin structure (Fig. 1)  (Bartel et 

al. 2004). A common pri-miRNA hairpin contains a stem of 33-35 bp, a terminal loop and 

single stranded segments at both the 5’ and 3’ ends. (Ha & Kim 2014). Following 

transcription and pri-miRNA synthesis, the next step of the maturation process occurs into 

the nucleus where the pri-miRNA is processed to produce a shorter hairpin-shaped RNA of 

 ̴ 60 nt, the pre-miRNA (Fig. 1)  (Lee et al. 2003). This step is catalysed by the 

Microprocessor, an heterotrimeric complex containing one molecule of the enzyme Drosha 

and two molecules of DGCR8, named PASHA in flies (Bartel 2018). Drosha is a member 

of the family of RNase III endonucleases targeting double-stranded RNAs (dsRNAs) 

(Waugh et al. 2002). This protein contains two Rnase III domains (RIIIDs) that each chop 

the 5’ and 3’ strands of the stem pri-miRNA to release a product with a typical 2 nt-long 3’ 

overhang (Han et al. 2004) . DCGR8 is dsRNA-binding protein (dsRBD) of  ̴ 90 kDa whose 

activity is essential for Drosha interaction with the pri-miRNA (Han et al. 2006; Yeom et al. 

2006). Indeed, two molecules of DGCR8 form a homodimer that binds to the substrate 

simultaneously recruiting Drosha and thus enabling transcript processing (Han et al. 2004). 

The miRNA biogenesis pathway proceeds further with the pre-miRNA exportation into the 

cytoplasm where the completion of maturation occurs (Fig. 1)  (Lund et al. 2004). This 

translocation towards the cytoplasm is carried out  by the protein exportin 5 (EXP5) which 

forms a transport complex with the pre-miRNA and a GTP-binding nuclear protein RAN 
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GTP (Yi et al. 2003). This process takes place through a nuclear pore complex and once the 

complex reaches the cytosol, the GTP is hydrolysed, enabling its own disassembly, therefore 

the pre-miRNA is released (Bohnsack et al. 2004). The following step of maturation is 

catalysed by the enzyme Dicer which cleaves the pre-miRNA to generate a double stranded 

miRNA (Fig. 1)  (Lund et al. 2004). Dicer was first identified as a siRNA processing 

component and afterward its function was also confirmed in miRNAs in addition to the 

identification of multiple homologues in several lineages (Bernstein et al. 2001; Ha & Kim 

2014). Dicer, like Drosha, is an Rnase III type endonuclease of  ̴ 200 kDA which typically 

contains a PAZ domain and it recognizes the pre-miRNA through an additional helicase 

domain (Zhang et al. 2004; MacRae et al. 2006). Such protein acts by cutting both strands a 

fixed distance of typically 21-25 nucleotides from the 3’terminus precursor generating a 

double stranded miRNA (MacRae et al. 2006). Affinity and catalytic activity of Dicer to the 

pre-miRNA is strongly affected by the presence of two-nucleotide-length 3’ overhang on 

each strand (Lee et al. 2003). Furthermore, in flies and mammals an interaction with the pre-

miRNA 5’ phosphorylated end is required for Dicer processing, although this happens only 

when the 5’ end is not firmly paired (i.e. without C:G base pairs) (Park et al. 2011). The 

following step is the formation of the RNA-induced silencing complex (RISC) which 

involves the loading of the miRNA duplex into a member of the AGO family proteins, 

generally the Ago2, to produce the pre-RISC (Fig. 1) (Hammond et al. 2001). This loading 

is mediated by the RISC loading complex (RLC), which is constituted by Dicer in 

association with dsRBD cofactors (Okamura et al. 2010; Lee et al. 2013). Finally, the AGO 

protein elicits the miRNA unwinding so that the mature active RISC is generated (Kawamata 

& Tomari 2010). The double stranded miRNA is indicated as miRNA-5p:miRNA-3p.  



8 
 

 

Figure 1. Mechanisms of microRNA biogenesis and RNA interference. The pri-miRNAs 

are transcribed by RNA polymerase II or III and processed by the complex Drosha-DGCR8 

in the nucleus. A precursor hairpin, the pre-miRNA, is produced and exported from the 

nucleus by Exportin5-Ran-GTP complex. In the cytoplasm, the pre-miRNA is processed by 

DICER complexed with TRBPs, generating the mature miRNA which is then loaded 

together with the Argonaute protein into the RNA-induced silencing complex (RISC). The 

miRNA guides the RISC to the target messenger mediating its silencing by translational 

repression, mRNA deadenylation or mRNA cleavage (Winter et al., 2009). 

 

 

The guide strand (5p), is the responsible of targeting the mRNA, while the passenger strand 

(3p) is usually degraded (Meijer et al. 2014). Nevertheless, exceptions to this general picture 

were discovered and these evidences are enhancing our understanding of the mechanisms 

driving the selection and switching of the functional arm (Guo & Lu 2010). Indeed, miRNAs 
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can be generated from both the strands of the miRNA duplex, each possessing different or 

overlapping target sites (Bartel 2018). In Drosophila melanogaster the active functional role 

of the 3p arm was demonstrated for the first time for mir-10, which is located within the Hox 

cluster (Yekta et al. 2004). Indeed, it was found that mir-10-3p was more expressed and 

targeted more transcripts than its counterpart mir-10-5p in ovaries and testes (Okamura et 

al. 2008) as well as in other tissues (Ruby et al. 2007), therefore suggesting that mir-10-3p 

represented the primary product of the miRNA duplex (Stark et al. 2007). Subsequently, it 

was revealed that several 3p arms contain sites complementary to conserved 3’UTR target 

sites and they are found to be associated with AGO proteins, thus providing evidence that 

they possess endogenous targets (Okamura et al. 2008). Therefore, in many cases the 3p arm 

does not merely constitute a by-product of miRNA maturational process, instead it can also 

act as regulatory molecule displaying both supplementary or primary activity if compared to 

its complementary strand 5p (Ro et al. 2007a; Okamura et al. 2008). The selection of the 

guide miRNA depends on both the relative thermodynamic stability of the two ends of the 

duplex and the identity of the first nucleotide of the strand since AGOs preferentially interact 

with guide strands possessing an initial U or A (Schwarz et al. 2003).   

To date, a considerable number of miRNA sequences and annotations has been deposited in 

a dedicated freely available online database named miRbase (http://mirbase.org/). The most 

recent release contains 38.589 entries of hairpin precursors from 271 organisms, generating 

a total of 48.860 mature miRNA sequences. A great number of microRNAs in well-

annotated genomes of both plants and metazoans has been reported so far with 2654 mature 

sequences in Homo sapiens, 469 in Drosophila melanogaster and 437 in Caenorhabditis 

elegans (Kozomara et al. 2019). Therefore, considering the vast abundance and the 

increasing number of newly discovered and conserved miRNAs in numerous organisms it is 

http://mirbase.org/
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reasonable to think that they share well evolutionary conserved biological function in 

addition to fine-tune a great amount of protein-coding genes from multiple pathways even 

though for most of them the precise biological roles still remains poorly understood (Bartel 

2009).  

 

1.1.1 Principles of miRNA target recognition  

To date, no exact biological function has been characterized for a large fraction of miRNAs 

identified by means of both experimental and in silico approaches (Bentwich 2005). In order 

to gain insights into miRNAs biological activities, a wide array of predictive computational 

models aimed at the identification of target mRNAs have been developed so far (Bartel 

2009). In plants, these tools have the potential to produce quite accurate predictions since 

the miRNA:mRNA interaction requires a nearly perfect complementarity (Rhoades et al. 

2002; Jones-Rhoades & Bartel 2004). However, the situation is different and much more 

complex in animals since miRNA:mRNA recognition implies more variable interactions 

with shorter complementary regions often containing bulges or mismatches (Lai 2004; 

Plasterk 2006). For these reason, none of the existing predictive in silico tools devised owns 

specific, universal rules relevant to identify all functional targets (Lindow & Gorodkin 

2007).Indeed, predictive models often suffer of substantial rates od background noise but in 

many cases the identified targets have been successfully testes and validated under 

laboratory experimental condition (Tani et al. 2010) Molecular experiments, such as gene 

reporter assays and western blots represent the conventional and most reliable methods to 

prove the interaction of miRNA and its target message (Hsu et al. 2014). First evidences 

regarding the modality of miRNA:mRNA interaction date back from the discovery in C. 

elegans of multiple cis-regulatory elements in the 3’ UTR of the lin-14 mRNA with some 
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complementarity to the lin-4 miRNA (Wightman et al. 1993). Following these initial 

findings, several experiments to assess target prediction accuracy and elucidate their 

correspondent matching sequences have been performed (Kuhn et al. 2008). 

At present, two main typologies of miRNA target sites have been defined: the 5’ dominant 

sites which pairs adequately to the 5’ end of the miRNA and the “3’ compensatory sites” 

which instead show a strong complementarity to the 3’ end of the miRNA pairing weakly to 

the 5’ end (Fig. 2)  (Brennecke et al. 2005). Among the 5’ dominant category a further 

subdivision has been proposed which distinguishes two subtypes: seed sites which show 

subtle or no 3’ matching and canonical sites which amply pair with both the 5’ end and 3’ 

ends (Brennecke et al. 2005). Seed sites require the so-called “seed region”, represented by 

a minimum of seven bases complementary to the 5’ terminus of the miRNA and do not rely 

on 3’ pairing to mediate their biological function (Bartel 2009). Generally, they are 7-mer 

and 8-mer sites occurring at position 2-7 and 2-8, respectively (Fig. 2)  (Brennecke et al. 

2005). On the other hand, canonical sites have a minimum of perfect 4 base-pairs within the  

5’ terminus of the miRNA and an additional 3′ pairing which optimally centres on miRNA 

nucleotides 13–16 and the UTR region directly opposite this miRNA segment (Fig. 2)  

(Grimson et al. 2007). 
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Figure 2. Major miRNA target sites. Orange square: 5’ dominant sites which include seed 

sites with no 3’ pairing (purple square) and canonical sites (green square) with 3’ 

supplementary pairing, generally occurring at nucleotides 13-16. Blue square: 3’ 

compensatory site which shows weak complementary at the 5’ terminus and strong 3’ pairing 

which plays the major role for miRNA effectiveness. N: nucleotides; ORF: Open Reading 

Frame.  

 

 

Considering the evolutionary acquisition of target sites by mRNAs (Bartel et al. 2004), it is 

likely that 5’ dominant seed sites without 3’ pairing would be the first sites to be acquired 

(Bartel et al. 2004). Among them, those sites representing a biological advantage would be 

retained and the occurrence of a supplementary pairing would further be selected to enhance 

miRNA repression finally resulting in an increased number of miRNA targets and functions 

over the course of the evolution (Bartel et al. 2004). Indeed, canonical sites appear to be the 

most conserved and common sites and they mediate a stronger biological effect than the 

corresponding seed sites since they possess a higher pairing energy (Doench et al. 2003). 
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Therefore, it is likely that the strong repression mediated by a canonical site could be 

necessary for those genes whose expression would result detrimental since they produce 

clear mutant phenotypes when they are not normally repressed (Stark et al. 2005; Bartel 

2009). Instead, a seed site could be ineffective on its own and additional sites could be 

required to achieve a proper biological regulation (Brennecke et al. 2005). Therefore, 

multiple seed sites could enable sophisticated combinatorial regulatory circuits involving 

multiple miRNAs which fine-tune target expression rather than completely silence the 

expression of target genes (Sood et al. 2006). As regards the 3’ compensatory group, it 

comprehends sites with a weak complementary to the 5’ terminus and a strong 3’ pairing 

which is thought to play the major role for miRNA effectiveness (Bartel 2009). The weak 

5’complementarity is due to imperfect seed pairing of seven or eight bases with single 

nucleotide bulges, G:U base-pairs and/or mis-matches (Fig. 2)  (Brennecke et al. 2005; 

Bartel 2009). It is likely that mRNAs which possess this kind of sites are targeted by those 

miRNA family members which are complementary to their compensatory sites (Brennecke 

et al. 2005; Bartel 2009). Indeed, considering that miRNA family members share the same 

sequence at the 5’ terminus differing in the remaining region (Lim et al. 2003) they could 

have redundant functions when they act on a target possessing a 5’ dominant site (Alvarez-

Saavedra & Horvitz 2010). At the same time, a single member of a miRNA family could 

specifically mediate a distinct function by targeting a particular mRNA possessing a 

3’compensatory site complementary only to the 3’ sequence of that miRNA (Bartel 2009). 

Therefore, it is possible that 3’compensatory sites originated from canonical sites subjected 

to mutations which reduced the quality of the 5’ pairing (Brennecke et al. 2005). Such 

mutations would be evolutionary retained since they allowed such sites to be differentially 

regulated by miRNA family members, thus enhancing the regulation network exerted at 
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multiple levels by miRNAs (Brennecke et al. 2005). Nonetheless, additional features have 

the potential to promote site efficacy such as the seed location within 3’UTR, the AU-rich 

nucleotide composition  and the vicinity to other sites for co-expressed miRNAs (Lewis et 

al. 2005; Grimson et al. 2007). Intriguingly, some target sites within the 5’ UTRs and ORFs 

have been reported (Kloosterman et al. 2004; Lytle et al. 2007). However, such sites are 

likely less frequent because the RISC complex could easily be displayed by the translational 

machinery in these positions (Bartel et al. 2004). 

Once the miRNA: mRNA pairing has occurred, the RNA-silencing is mediated by both 

cleavage or translational repression of the target message (Nilsen 2007; Eulalio et al. 2008; 

Filipowicz et al. 2008). The former mechanism requires perfect base-pairing between 

miRNA and its target and it can be mediated only by AGO2 which possesses slicer activity 

(Liu et al. 2004; Tuschl et al. 2004; Yekta et al. 2004). On the other hand, translational 

repression appears to take place more frequently and it would implicate mRNA decapping 

and/or deadenylation within the P-bodies (Behm-Ansmant et al. 2006; Chen & Shyu 2011; 

Jonas & Izaurralde 2015).  

Therefore, it is clear that the present combination of conserved and species-enriched 

interactions between miRNAs and their targets would reflects a long process of coevolution 

which enabled miRNAs to acquire roles at multiple levels of gene regulation through 

diversified effector modalities (Bartel et al. 2004; Lai 2004; Muriel et al. 2005; Bartel 2009; 

Guo & Lu 2010; He et al. 2012; Zhao et al. 2015). The complex evolution of this microRNA 

regulation, along with the other mechanisms of gene regulation, could have triggered the 

evolution of phenotypic diversity between and within plants and mammals (Chen & 

Rajewsky 2007). 
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1.2 microRNAs in teleosts 

Most of the studies conducted on miRNAs in teleosts revealed tissue specificity or 

developmental expression profiles (Bizuayehu & Babiak 2014) and most of the miRNAs 

were found to share conserved functions among metazoans and vertebrates in particular 

(Bartel et al. 2004; Lee et al. 2007). Teleosts represent the most species-rich lineage among 

vertebrates with about 29.585 identified species grouped in 63 orders, 469 families and about 

4.610 genera (Palomares & Pauly, 2019). However, most of the knowledge about miRNAs 

in teleosts is currently based on studies performed on model species such as medaka Oryzias 

latipes and zebrafish Danio rerio (Bizuayehu & Babiak 2014). First evidences about the 

importance of the miRNA biogenesis pathway highlighted the essential role of the maternal 

dicer transcript during zebrafish development since homozygous dicer1 mutants showed 

developmental arrest at day 10 (Wienholds et al. 2003). However, Giraldez et al. (2005) 

reported that maternal-zigotic dicer mutants in zebrafish did not arrest their development, 

instead showed an impaired gastrulation, somitogenesis, brain and heart differentiation with 

strong implications towards the regulatory roles played by miRNAs in developmental 

processes. Following these initial studies, further investigations were conducted to 

characterize miRNAs and their expression profiles in several teleosts species. Indeed, a 

comparison of miRNA expression profiles between the bighead carp Hypophthalmichthys 

nobilis and the silver carp Hypophthalmichthys molitrix revealed the presence of more than 

100 shared and conserved miRNAs characterized by a conserved  expression profile (Chi et 

al. 2011). Moreover, novel miRNAs were identified and showed a less pronounced 

expression compared to the conserved miRNAs and several members of miRNA families 

were gained or lost between the two evolutionary related carp species (Chi et al. 2011). This 

findings pointed out the potential origin of novel “neofunctionalized” miRNAs from the 
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whole-genome duplication events and corroborated the hypothesis of Wu et al. (2009), 

according to which novel poorly expressed miRNAs might buffer gene expression rather 

than exert a relevant tuning activity as the conserved ones (Chi et al. 2011). Further studies 

in other teleosts investigated the role of miRNAs during the immune response, identifying 

differentially expressed miRNAs and their potential functions related to viral and bacterial 

infections (Andreassen & Høyheim 2017). Intriguingly, potential miRNA-mediated 

processes were proposed in which temporal changes of miRNA expression would  lead to 

the differential regulation of targeted genes of the immune response in order to guarantee its 

prompt initiation and, at the same time, preventing an excessive inflammatory process that 

could be damaging for the host (Andreassen & Høyheim 2017). Finally, miRNA expression 

profiles were investigated in the common carp Cyprinus carpio in relation to temperature 

variability, revealing the differential expression of several miRNAs in temperature-stress 

conditions compared to the control state (Sun et al. 2019). Such miRNAs were predicted to 

target genes of the insulin pathway and the glycerophospholipid metabolism, therefore 

suggesting the potential role of miRNAs in the regulation of the energy metabolism 

associated with cell membrane components in response to temperature changes (Sun et al. 

2019). 

Taken together these data reveal the first insights about miRNA expression profiles, 

functional evolution and diversification in teleost species and provided evidence of some of 

their functional roles in teleosts (Ambros 2004; Tsitsiou & Lindsay 2009). For these reasons, 

considering that most of the miRNAs retain conserved roles in numerous physiological 

processes as well as lineage-specific miRNAs specificity (Hertel et al. 2006; Wheeler et al. 

2009; Andreassen & Høyheim 2017), it is reasonable to propose their wide regulatory role 

in teleost fish (Bizuayehu & Babiak 2014). Among all the teleost fish, 3.687 mature miRNA 
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sequences have been identified in only 16 species so far (miRBase v.22). This would imply 

that the characterization, identification and discovery of miRNA functional roles in fishes 

still requires considerable and extensive research work (Bizuayehu & Babiak 2014). 

 

1.2.1   miRNAs in teleost sexual maturation and gametogenesis 

Puberty in teleosts is a well established process and it is known to be triggered by the 

activation of the brain-pituitary-gonad axis (Zohar et al. 2010). With the puberty onset an 

immature juvenile acquires the potential of producing viable gametes for the first time 

(Taranger et al. 2010). Several factors such as nutritional status, photoperiod, habitat, social 

context, hormones, and pheromones are conveyed by sensory organs to the brain and they 

all are integrated in the hypothalamus (Sullivan & Patiño 2003). In fish, the hypothalamic 

nerve fibers innerve directly the pituitary gland and trigger stimulation through the release 

of the Gonadotropin Releasing Hormone (GnRH) (Kagawa 2013). In turn, the pituitary gland 

responds to such stimulation by releasing the gonadotropic hormones (GTHs), namely the 

follicle stimulating hormone (FSH) and luteinizing hormone (LH) and they finally reach the 

gonads, the major target of the pituitary hormones (Nagahama Y. 1994; Yaron & Levavi-

sivan 2011; Kagawa 2013; Lubzens et al. 2017; Candelma et al. 2017). Here, the ovaries and 

testis respond to this stimulus through the synthesis of sex steroid hormones which in turn 

trigger the process of gametogenesis, after which mature oocytes and spermatozoa are 

produced and generally released in the water where fertilization takes place (Nagahama Y. 

1994; Clelland & Peng 2009; Lubzens et al. 2010; Yaron & Levavi-sivan 2011).  Although 

sexual maturation and gametogenesis are well established key biological processes requiring 

a coordinated and sequential involvement of several pathways, the role of miRNAs in such 

a fine regulatory pathways is emerging only in recent years (Bizuayehu & Babiak 2014). 
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However, the majority of studies in this field have limited the effort in the identification of 

miRNA expression in tissues or developmental stages rather than providing true functional 

information about their precise biological role and more mechanistic approaches aimed at 

investigate their functional roles are still largely lacking (Bizuayehu & Babiak 2014). The 

next-generation sequencing (NGS) technologies are the best tool developed so far to produce 

tissue- and stage-specific miRNA and mRNA expression profiles since they possess a 

broader and more sensitive effectiveness than conventional sequencing and cloning 

approaches (Xie et al. 2012). In Nile tilapia Oreochromis niloticus mir-727, mir-129, and 

mir-29 families were significantly higher expressed in ovary compared to testis, whereas 

mir-132, mir-212 and mir-33a showed a male-biased expression (Xiao et al. 2014). In the 

olive flounder Paralychthys olivaceus 141 miRNAs were identified in adult gonads 

including 20 novel miRNAs detected in this species for the first time (Gu et al. 2014). 

Among all the isolated miRNAs, 20 % showed a significant sex-biased expression in the 

ovary and 13.1% in testis (Gu et al. 2014). Further evidences from several species such as 

the Atlantic halibut Hippoglossus hippoglossus (Bizuayehu et al. 2012), yellow catfish 

Pelteobagrus fulvidraco (Jing et al. 2014), amur sturgeon Acipenser schrenckii (Zhang et al. 

2016), zebrafish Danio rerio (Vaz et al. 2015), and dark sleeper Odontobutis potamophila 

(Zhao et al., 2017) revealed similar gene expression profiles with several miRNAs showing 

a gonadal sexual-dimorphic and/or stage-specificity, therefore providing the first evidence 

of the potential role of miRNAs in both sex determination and gonadal differentiation in fish. 

In the dark sleeper, mir-145 and mir-143 were predicted to target foxl2 which plays a crucial 

role in ovarian determination, differentiation and maintenance (Zhao et al., 2017). In amur 

sturgeon mir-34b/c was one of the major male-biased expressed miRNAs and its functional 

role in testis was supported by previous studies which reported its role in mice in triggering 
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the meiotic initiation of spermatogonia cells during testicular development by targeting the 

E2F transcription factor-retinoblastoma protein (E2F-pRb) pathway (Bao et al. 2012). In 

addition, among those miRNAs which showed the most remarked sex-biased expression, 

four of them belonged to the let-7 family, suggesting an additional role for this family in 

testis development (Zhang et al. 2016). In medaka Oryzias latipes 66 miRNAs were found 

to be expressed predominantly in the ovary and among them, mir- 6352 was predicted to 

target smg8 which encodes for an RNA binding protein involved in the maternal to zygotic 

transition (ZMT) thus suggesting the potential role of this miRNA during early embryonic 

development (Laver et al. 2015; Bouchareb et al., 2017). In the rainbow trout Onchorynchus 

mykiss a signature of 13 miRNAs (mir-15, -29, -92, -101, -126, -181*, -196, -202, -202*, -

221, -301, -338, and -2184) during several stages of oogenesis was found and such 

differential expression interested at least one miRNAs at each stage (Juanchich et al. 2013). 

Similarly, in the common carp Cyprinus carpio, a differential expression of 150 miRNAs in 

primordial gonad, 628 in juvenile, and 431 in adult ovary was reported while 20 miRNAs 

showed a strong stage-specificity in terms of expression suggesting a potential involvement 

in the regulation of processes occurring at a specific stage of oogenesis (Wang et al. 2017). 

Furthermore, during the transition from zebrafish primary growth (PG, stage I; inactive) to 

previtellogenic (PV, stage II; activated) oocytes it was found that 13 miRNAs (let-7a, -7b, -

75-5p, -7-5p, -7h, -7i; mir107a-3p, -125b-5p, -145-3p, -202-5p, -21, -23a, -3p. and -27c-3p) 

exhibited a significant up-regulation in PV follicles and this expression profile would 

suggest the potential role of miRNAs in controlling early follicle development and 

progression (Wong et al. 2018). Interestingly, the let-7 family was consistently differentially 

expressed and highly abundant in several studies (Wang et al. 2017; Wong et al. 2018), a 

pattern that would be further supported by earlier evidences in pig, chicken, cow and human 
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which was found to be involved into the regulation of folliculogenesis (Ahn et al. 2010; 

Miles et al. 2012; Kang et al. 2013; Tong et al. 2014; Cao et al. 2015).  

A crucial role in gametogenesis is performed by circulating endocrine and 

paracrine/autocrine factors (Ge 2005; Clelland & Peng 2009; Tokarz et al. 2015). 

Interestingly, previous studies demonstrated a complex reciprocal regulation between 

paracrine/autocrine factors and miRNAs (Gay et al. 2018). In zebrafish, mir-17a and mir-

430b were expressed in both follicular cells (granulosa and theca) and oocytes with a down-

regulation at late stages of follicle development and following hCG treatment, suggesting 

that these miRNAs might be inhibited by LH in large vitellogenic follicles (Abramov et al. 

2012). Since activin βA and smad2/3 were found to be predicted targets of mir-17a , authors 

suggested that during oocyte maturation LH likely enhanced activin expression through the 

inhibition of mir-17a (Abramov et al. 2012). In rainbow trout, mir-301 was notably 

downregulated in concomitance with the upregulation of its predicted target star (Juanchich 

et al. 2013). Star is known to be the rate-limiting step of steroidogenesis since it mediates 

the transport of cholesterol into the mitochondria where sex steroid biosynthesis takes place, 

therefore it is indispensable for oocyte growth and maturation (Yu et al. 2014). These 

evidence lead to the possible explanation that mir-301 inhibits star expression until the 

oocyte enters vitellogenesis when steroids need to be synthesized (Juanchich et al. 2013). In 

Nile tilapia mir-17-5p, and mir-20a could modulate estrogen synthesis by negatively 

regulating dmrt1 while mir-138, mir-338, and mir-200a were predicted to target cyp17a2 

thus determining a potential downregulation of 17a,20b-dihydroxy-4-pregnen-3-one 

production (Wang et al. 2016).  Finally, in medaka, mir-4785 down-regulated fshr and mir-

6352 targeted ddx20, a regulator of the steroidogenic factor sf-1 (Bouchareb et al. 2017). 

These observations provide further evidences to support the presumable wide functional role 
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of miRNAs in ovarian determination, differentiation and maturation through the regulation 

of key autocrine and paracrine factors. 

 

1.3 mir-202: a gonad-specific micro-RNA 

Mir-202 has recently emerged as a conserved vertebrate- and gonad-specific microRNA 

(Gay et al. 2018). Such miRNA belongs to the let-7 family, one of the more ancient and 

more conserved miRNA families with multiple well recognized roles during embryonic 

development  (Colas et al. 2012). One of the first studies regarding this miRNA investigated 

its expression in the developing chicken testis and found that mir-202-3p was expressed in 

a male-biased manner (Bannister et al. 2011). Furthermore, in chicken male embryos the 

treatment with 17 beta-estradiol triggered a reduction of mir-202-3p expression while when 

female embryos were treated with an aromatase inhibitor the mir-202-3p was upregulated 

(Bannister et al., 2011). Nevertheless, a sex-biased expression profile of the other strand, the 

mir-202-5p,  was previously reported in adult or post-natal testes of mice, humans, frog and 

the Tasmanian devil (Liang et al. 2007; Ro et al. 2007b; Michalak & Malone 2008; Mishima 

et al. 2008; Murchison et al. 2010). A male-biased and upregulated expression of mir-202-

5p/3p was found also in the  Sertoli cells during testis differentiation in mouse (Wainwright 

et al. 2013). For these reasons, the mir-202 was suggested to have a functional role during 

testicular differentiation (Bannister et al. 2011). The mir-202 promoter was characterized 

and was further demonstrated to be upregulated by sox9 and sf-1, which are both 

fundamental and sufficient to determine male sexual differentiation (Sekido & Lovell-Badge 

2008). A further study confirmed this trend of sexual dimorphic expression of mir-202-5p 

in zebrafish, which was found to be male-biased expressed in zebrafish testis; in situ 

hybridization identified mir-202-5p to be expressed in germ cells at different spermatogenic 
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stages, including spermatogonia, and in mature spermatozoa (Jia et al. 2015).  Taken 

together these results indicated that an enriched expression of mir-202 in gonads was 

associated with testis differentiation and it was proposed that this miRNA might act in testis 

maintenance rather than driving their differentiation (Wainwright et al. 2013). These 

findings reveal a functional role for mir-202 during male gonad development and/or 

spermatogenesis and given the high degree of conservation in terms of both expression and 

tissue specificity it might be speculated that its functions in the testis are not restricted only 

to the animal models investigated in previous studies.  

As regards oogenesis, several studies revealed that mir-202 is mainly expressed in the ovary 

as previously reported in frog (Armisen et al. 2009), rainbow trout (Juanchich et al. 2013) 

and zebrafish (Wong et al. 2018). In zebrafish, mir-202-3p appeared to be expressed also in 

extra-gonadal tissues at much lower levels, whereas for mir-202-5p a great gonadal 

enrichment was observed (Zhang et al. 2017). Furthermore, mir-202-5p showed a marked 

upregulation from oocyte stage III reaching a peak in mature oocytes following with a sharp 

decline during the embryonic progression, a pattern that would suggest that is a maternally-

inherited (Zhang et al. 2017). The spatio-temporal localization of mir-202-5p throughout the 

zebrafish embryonic development was also monitored by whole mount in situ hybridization 

(WISH), revealing co-localization of mir-202-5p with the well known PGC marker vasa, a 

finding that indicates the  mir-202-5p as a germ-plasm component and a potential PCGs 

marker (Zhang et al. 2017). Quantitative expression analyses in medaka ovary showed that 

mir-202-5p is the predominant form expressed in gonads compared to mir-202-3p and that 

it is specifically expressed in granulosa cells and unfertilized eggs (Gay et al. 2018). 

Interestingly, the inactivation of mir-202 gene by genome editing did not affect sex ratio and 

a strong reduction of egg quality and viability was observed in addition to elicit a dramatic 
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down-regulation of the steroidogenic biosynthesis pathway (Gay et al. 2018) Altogether, 

these findings indicate that mir-202-5p is essential for production of viable and good-quality 

eggs, follicle recruitment and growth, therefore acting as a major key regulator of oogenesis 

with multiple roles broadly conserved among vertebrates.  

 

1.4 The Atlantic bluefin tuna (Thunnus thynnus) 

Atlantic bluefin tuna ABFT (Thunnus thynnus) is the biggest species of the family of 

Scombridae (Rooker et al. 2007). It is an active and rapid swimmer and a top-predator of 

pelagic ecosystems with high metabolic and growth rates (Dickson 1995; Rooker et al. 

2007). Among teleost species, the ABFT is characterized by unique physiological and 

morphological adaptations like endothermal homeostasis, high cardiac output and elevated 

aerobic capacities (Blank 2004), which allow it to accomplish wide vertical and horizontal 

migrations, stretching from tropical to subpolar waters of the North Atlantic Ocean (Powers 

& Fromentin 2005). The ABFT is characterized by the phenomenon of homing since 

sexually mature specimens leave the feeding regions to return to spawning grounds for 

reproduction (Bowers 1979). Two populations of ABFT, eastern and western, have been 

detected through multidisciplinary approaches such as otolith chemistry, population 

genetics, satellite pop-up tags and juvenile distribution identified in the Mediterranean Sea 

and the Gulf of Mexico (Rooker et al. 2003; Carlsson et al. 2007; Cermeño et al. 2015). This 

achievement allowed a more efficiently and sustainable harvesting of the population by the 

fishing industry through the creation of two management units, eastern and western, 

according to the International Commission for the Conservation of Atlantic Tunas 

(www.iccat.int). The timing of spawning occurs during summer months for both the two 

regions and was proposed to be linked to the sea-surface temperature which ranges to 22.6 
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C°-27.5 C° for the Gulf of Mexico and 22.5 C°-25.5C° for the Mediterranean Sea (García et 

al., 2005; Teo et al., 2007; Rooker et al. 2007). In the eastern population the two primary 

spawning sites in the Mediterranean Sea are located in the waters of Southern Italy around 

Sicily and the Balearic Island, off the eastern coast of Spain (Garcia et al. 2003, 2005a). 

Moreover, a third spawning area in waters along the coast of Turkey near the Bay of Mersin 

was also identified (Oray & Karakulak 2005). 

 

1.4.1 Reproductive cycle and capture-based Mediterranean farming 

Due to the ABFT migratory behaviour, since the 1990s a capture-based fattening industry 

has been developed in the Mediterranean sea and it is based on the capture of the wild 

migrating individuals following a rearing in floating cages for a period which spans from 

two months to two years (Ottolenghi 2008). However, the ever increasing demand of this 

fish especially by the Japanese market has driven the overexploitation of ABFT wild stock 

in recent years (MacKenzie et al. 2008). Therefore, in order to reduce the fishing pressure, 

several efforts were attempted to convert the capture-based fattening industry in a self-

sustained aquaculture (Mañanos et al. 2007; De Metrio et al. 2010). As for any fish species, 

understanding the reproductive biology of the ABFT is the first essential step for a successful 

and cost-effective domestication (Mylonas et al. 2010a). Indeed, captive reared individuals 

often exhibit an impaired final oocyte maturation (FOM), ovulation/spermiation and 

spawning (Zohar & Mylonas 2001) and these conditions are mainly related to inadequate 

culture conditions which interfere with the proper releasing of the LH (Zohar & Mylonas 

2001; Mylonas et al. 2010b). The impairment of spontaneous spawning is more pronounced 

in females compared to males and proper acclimation and rearing conditions have the 

potential to significantly reduce such effects (Corriero et al. 2007). The use of gonadotropin-
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releasing hormone agonists (GnRHa) administered via sustained-release implants resulted 

to be very effective in promoting oocyte maturation and spawning (Mañanos et al. 2007; 

Aranda et al. 2011; Rosenfeld et al. 2012; Buentello et al. 2015). Upon these treatments, 

reported increased plasma LH and 17α,20β-P levels were associated with a greater number 

of oocytes entering in final maturation and an increased spawning frequency (Rosenfeld et 

al. 2012). However, hormonal treatments did not enhance the batch fecundity since they did 

not act on vitellogenesis per se, so that the number of recruited vitellogenic oocytes did not 

vary between treated and untreated individuals (Aranda et al. 2011).  

Lower gonadosomatic index (GSI) values and lower frequency of vitellogenic oocytes were 

reported in captive reared compared to wild individuals (Corriero et al. 2007). In addition, 

crowding-induced acute stress strongly affected vitellogenesis since a massive degeneration 

of vitellogenic oocytes (up to 100% of α-atresia) and a remarkable reduction of body mass 

was observed (Corriero et al. 2011). By contrast, Aranda et al. (2011) reported higher GSI 

values, frequency of vitellogenic oocytes and yolk content in captive reared animals, 

presumably due to an improved squid-based diet containing high quality proteins and 

adequate amount of cholesterol and phospholipids for Vtg synthesis (Pousis et al. 2011). It 

is reasonable that these contrasting results reflect the extremely high variability of husbandry 

conditions, nutrition, environmental factors and stressors (Zohar & Mylonas 2001; Mylonas 

et al. 2010a; Corriero et al. 2011). Therefore, much more research work aimed at elucidating 

the reproductive dynamics of the ABFT is needed in order to develop appropriate broodstock 

management and spawning methods (Buentello et al. 2015).  

In this light, since the role of miRNAs is emerging also in fish reproduction and miRNA 

expression profiles are often altered under stress conditions (Lima et al. 2013), it would be 

useful evaluate the functional role of some miRNAs involved in the reproductive process 



26 
 

also in the ABFT. Indeed, this kind of knowledge could be helpful towards the identification 

of effective and reliable markers of stress-related diseases as well as reproductive condition 

(Paul et al. 2018).  

 

1.4.2. Oogenesis of Atlantic bluefin tuna 

The ABFT, like the other species of tunas, exhibits an asynchronous oocyte development 

and it is defined as a batch or multiple spawner since it releases mature gametes in several 

times during the reproductive season (Farley 2014). The ovary is composed by a connective 

tissue and muscle bundles organised in ovigerous lamellae with numerous follicles at 

different stages of development (Corriero et al. 2003; Carnevali et al. 2019a). On the basis 

of histological evaluations, the entire process of oocyte development can be divided into 5 

main phases: formation of oocytes from oogonia, primary growth, lipid stage, vitellogenesis, 

and maturation (Abascal & Medina 2005).  

After oogonial proliferation, the transition from oogonia to early oocyte is determined by the 

onset of the first meiotic division (Sullivan & Patiño 2003; Kagawa 2013). The oogonial 

proliferation cannot be detected in adult specimens but at this stage nests containing both 

oogonia and early oocytes became visible. These nests reside beneath the squamous 

epithelial layer of ovigerous lamellae (Corriero et al. 2003; Abascal & Medina 2005). Both 

oogonia and early oocytes display a high nucleus-cytoplasm ratio and a diameter of ̴  20-120 

µm and within the nucleus a single central nucleolus can be detected (Abascal & Medina 

2005). The nuclear membrane presents several pores through which electron-dense granules 

are exported to the cytoplasm to form the ‘nuage’ (Nagahama et al. 2008). Nests are 

surrounded by pre-follicle cells with interdigitations which start to separate early oocytes 

from each other (Abascal & Medina 2005). The primary oocyte growth stage starts with the 
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arrest of the first meiosis at the prophase I of diplotene (Grier 2000). This stage is marked 

by an intense RNA synthesis with polyhedral cells of  ̴20-120 µm showing a strong 

basophilic and granular cytoplasm due to the presence of numerous ribosomes (Sarasquete 

et al. 2002). Many nucleoli appears which migrate toward the nuclear envelope and this 

stage is also named perinucleolar stage (Rooker et al. 2007). As a consequence of cytoplasm 

growth, the nucleus-cytoplasm ratio decreases. The vitelline envelope begins to be deposited 

and at this stage, an inner more electron-dense layer appears. Oocytes are surrounded by a 

single layer of flattened granulosa cells, separated from thecal cells by a basal lamina 

(Abascal & Medina 2005). The lipid stage coincides with that phase also referred as to 

cortical alveoli stage (Sarasquete et al. 2002; Corriero et al. 2003). However, in bluefin tuna 

as many species releasing pelagic eggs, the main cytoplasmic inclusion produced are lipid 

droplets which conceal the formers (Farley 2014). Lipids are synthetized and internalized 

throughout this stage and also during vitellogenesis. Oocytes with a diameter of 120-150 µm 

become more spherical and exhibit an ooplasm becoming more vesicular and less basophilic 

(Corriero et al. 2003; Abascal & Medina 2005; Farley 2014; Carnevali et al. 2019a). The 

vitelline envelope has thickened and follicle cells are higher compared to the previous stage. 

The vitellogenic stage coincides with a notable oocyte growth (up to 250-500 µm) and is 

determined by the massive uptake of exogenous vitellogenin (Abascal & Medina 2005). At 

this stage the cytoplasm becomes enriched in yolk platelets and appear more acidophilic 

(Corriero et al. 2003). Several microvilli extend from the oocyte and numerous pits and 

vesicles appear beneath the plasma membrane as proof of intense uptake activity  while the 

vitellin envelope appears thickened and layered (Sarasquete et al. 2002). Follicle cells 

become larger, the basal lamina is thick and two layers of theca cells define the limits of the 

growing follicle (Sarasquete et al. 2002; Corriero et al. 2003; Abascal & Medina 2005). The 
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resumption of meiosis determines the onset of the final maturation stage which is marked by 

the migration and subsequent breakdown of the nucleus envelope (Sullivan & Patiño 2003; 

Kagawa 2013; Jonas & Izaurralde 2015). Lipid droplets fuse each other to finally produce 

one or few very large central vesicles. This stage is characterized by the progressive 

coalescence of yolk globules due to hydrolysis of their content (Carnevali et al. 2006). This 

process entails the formation of an homogeneous yolk mass occupying the entire volume of 

the oocyte, which now had reached a diameter of ̴ 500-1000 µm (Abascal & Medina 2005). 

In spawning specimens post-ovulatory follicles (POFs) can be detected (Corriero et al. 2003) 

and they appear like empty envelopes of collapsed follicular cells (Nagahama et al. 2008). 

Moreover, atretic follicles derived from degenerated vitellogenic and/or maturing oocytes 

are often observed during the spawning period (Sarasquete et al. 2002; Corriero et al. 2003). 

Atretic follicles can be histologically distinguished since they exhibit a fragmented vitelline 

envelope (Hunter et al. 1986) and an irregular nucleus (Sarasquete et al. 2002). 
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2. Aim of the study 

To date, considerable progress towards understanding microRNA regulatory function has 

been made. Particularly, it has been established that they play remarkable roles in fertility, 

development, cell differentiation, proliferation and apoptosis (Cimmino et al. 2005; Giraldez 

et al. 2005; Johnson et al. 2005; Kumar et al. 2007; Martello et al. 2007; Mendell 2008; 

Bartel 2018). However, while miRNA functions are being well investigated in mammals 

(Lee et al. 2006; Sætrom et al. 2006; Graves & Zeng 2012), in teleosts they have received 

much lesser attention. Furthermore, the few studies conducted to identify and characterize 

miRNAs in teleosts were performed on model species (Bizuayehu & Babiak 2014). The 

Atlantic Bluefin Tuna Thunnus thynnus is certainly not one of them but it is one of the major 

valuable fish species in economic terms (Mylonas et al. 2010b). The excessive fishing 

pressure exerted in the last decades has driven in the recent past a dramatic biomass reduction 

of the stock (MacKenzie et al. 2008). Accurate knowledge of the reproductive physiology 

of this species represent a key step to design appropriate measures of stock assessment and 

enhance future efforts towards the domestication (Mylonas et al. 2010a). In this context, the 

comprehension of miRNA functional roles might provide useful markers for gonadal 

condition, fertility and reproductive diseases.  

The aim of the present study was to identify and characterize microRNAs in the ovary of 

Atlantic bluefin tuna. Therefore, ovarian stage of both resting and spawning specimens were 

determined through quantitative histology and miRNAs, as well as their putative targets, 

were in silico predicted. Finally, gene expression analyses of the putative miRNA was 

performed to assess functional changes in their expression at different stages of ovarian 

development. 
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3. Materials and methods 

3.1 Experimental fish and sampling activities  

A total of 26 adult ovary samples were collected in 2017-2018 at several sites in the 

Mediterranean Sea. During May and June 13 wild specimens were captured by a tuna trap 

in Carloforte (Sardinia, Italy) and by a longliner off the coast of Marsala (Sicily, Italy) while 

during November 13 captive-reared individuals were sampled during harvesting operations 

at a Maltese tuna farm (Fish & Fish). These captive-reared individuals were first caught by 

purse seine from spawning grounds in the Mediterranean Sea then moved into a towing-cage 

for transport to sea-cage facilities. Upon hauling, straight fork length (SFL), curved fork 

length (CFL) were recorded to the nearest cm (Fig. 3a) and total body weight (TBW) were 

registered to the nearest kg. Samples from the middle part of the ovary were collected from 

each specimen for both molecular biology and histological analysis (Fig. 3b).  The samples 

for molecular biology applications were stored in RNAlater® (Ambion, Austin, TX, USA) 

at 4°C until they were transferred to the lab and placed at -20°C for long-term storage. The 

samples for histological analysis were fixed in a formaldehyde-glutaraldehyde solution 

(formaldehyde 36.5 %, glutaraldehyde 25%, NaH2PO4, NaOH) and kept at 4°C. Age of fish 

was estimated from age-at-length relationship for the ABFT (Santamaria et al. 2009). 
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Figure 3. Biometric data collection and sampling activities. a) CFL/SFL measurement on a 

fishing vessel, b) collection of ovarian samples for histological and molecular analysis. 

 

3.2 Histological analysis 

3.2.1 Histological processing 

Histological analysis were the first step in order to unbiasedly assess the reproductive status 

of each specimen. Following fixation, small ovary pieces of about 3-4 mm were cut, placed 

in a histology cassette (Bio-Optica, Milan, Italy) and dehydrated to remove water and 

unbound fixative from the tissue. For this purpose, samples were processed through graded 

EtOH of increasing concentration of 50% (45’), 70% (45’), 80% (45’), 95% (45min), and 

100% (two washes of 1h each) and cleared in Xylene in order to displace dehydrating 

solutions and make the tissue components receptive to the infiltrating medium. After 

clearing, tissue sections were first infiltrated with 46-48 °C paraffin for 2h and with 56-58 

°C paraffin for 1.30h and finally left the resulting wax block solidify.  

Sections of 5-µm thick were cut with a microtome Leica RM2125 RTS (Biosystems), placed 

onto a glass slide and processed for the haematoxylin-eosin (H&E) staining. The staining 
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step consisted of deparaffinization through two 10’ baths of Xylene, subsequent hydration 

through 5’ baths of decreasing EtOH concentrations (100%, 95%, 80%, 70%) and rinsed in 

running tap water for 10’. After that, samples were stained in haematoxylin solution for 75’’ 

and rinsed in running tap water for 5’ to remove the unbound colouring. Sections were placed 

in a EtOH-based eosin solution for 50’’ followed by another water rinse of 2’. Next, samples 

were dehydrated with graded increasing concentrations of EtOH baths (70%, 80%, 95%), 

briefly washed with 100% EtOH and cleared in Xylene for at least 15’. Finally, sections 

were mounted using a colorless acrylic resin SafeMount® (Bio-Optica, Milan, Italy) under 

a chemical hood. 

 

3.2.2 Histological analysis: reproductive status, frequency of late vitellogenic oocytes, rate 

of α- atresia and oocytes mean diameter  

Mounted slides were observed with a Zeiss Aixio Imager M2 microscope and 

microphotographed with the high-resolution camera ZEISS Axiocam 105 color. The 

reproductive stage of ABFT females was classified according to Medina et al. (2016) and 

was  based on the most advanced type of oocytes detected and the relative frequency of α-

atresia: Resting (R) containing pre-vitellogenic oocytes and no signs of atresia;  Active 

nonspawning (ANS) with late-vitellogenic oocytes and subtle atresia; Active Spawning (AS) 

with oocytes at vitellogenic, maturing, hydrated stages, post ovulatory follicles (POF) and 

extensive α-atresia; Inactive Mature (IM) showing ovarian regression after the reproductive 

cycle with ovaries containing either previtellogenic and early-vitellogenic oocytes and α/β-

atresia (α-atresia > 50%). 

Late-vitellogenic oocytes were identified based of the occurrence of a cytoplasm totally 

filled by yolk globules which showed a remarkable increasing in size and an increasing 
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thickness of the zona radiata if compared to early vitellogenic stages (Corriero et al. 2003). 

The frequency was calculated as the number of late vitellogenic oocytes/10 mm2 on a 5x 

section following previous studies which adopted this approach (Pousis et al. 2011). 

Moreover, the α-atretic oocytes were identified as vitellogenic oocytes displaying a clear 

fragmentation of the zona radiata and a partial yolk globules breakdown and reabsorption 

(Hunter et al.1986). The rate of α-atresia was calculated with two methods as the frequency 

of α-atretic follicles, taking three digital photographs randomly for each specimen, recording 

the total number of late-vitellogenic oocytes for each digital field, and among them, counting 

the number of α-atretic oocytes (Pousis et al. 2011). Microphotographs were taken with 

different objectives depending on the methods adopted. The 10x objective was  used to 

calculate % α-atresia 1  and microphotographs taken at 5x objective were used to calculate 

% α-atresia 2. Finally, the mean diameter of oocytes for each specimen was calculated 

manually as the mean value of the minor and major axis taken randomly from 30 random 

oocytes with a visible nucleus, an approach which displayed accurate estimates in past 

studies (Kurita et al. 2003). The image processing and relative calculations were carried out 

with the freely-available software ImageJ (Schneider et al. 2012). 

 

3.3 In silico miRNA identification and molecular analysis 

3.3.1 miRNA identification, target prediction and KEGG pathway analysis 

In order to identify the ABFT miRNAs, 3540 high-quality miRNA sequences including the 

mir-202 were downloaded from the reference database miRbase (http://mirbase.org/) 

belonging to multiple animal taxa and aligned with the Basic Local Alignment Tool 

(BLAST)  against a mixed-tissue ABFT transcriptome recently assembled in-house by our 

lab. Following the best in-silico filtering procedures, low-quality, highly redundant, 

http://mirbase.org/
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repetitive and short alignments were considered as false positives and discarded for 

downstream analysis. The hits with the best identity and coverage scores were considered as 

potential miRNAs and the putative hairpin structure was assessed with the software 

RNAfold by extending each aligned region to the opposite direction to obtain the whole 

precursor sequence (Lorenz 2011). 

Since the typical binding of the RISC complex occurs at 3’UTR of target genes, the in silico 

target prediction was performed by first downloading the 3’UTR sequences from a closely 

related species for which the annotated genome is available from the dedicated public 

database Ensembl (www.ensembl.org), the Yellowtail Kingfish Seriola lalandi. Target 

prediction was then performed with the popular tool miRanda v3.3a which consist of a two-

step algorithm (Enright et al. 2003). First, a dynamic programming local alignment  is carried 

out between the query miRNA sequence and the 3’UTR reference sequence while the second 

phase of  the  algorithm  takes high-scoring alignments detected from the first phase and 

estimates the thermodynamic stability of RNA duplexes based on these alignments. A free 

energy of hybridization less than -15 kcal/mol and stringent 5’ seed pairing were set as 

thresholds to reduce potential background noise. The resulting script to run the algorithm 

from command-line was: miranda mirna_sequences_file.fasta target_sequences.fasta -en -

15 -strict -quiet. 

Finally, to ease biological interpretation, an enrichment analysis was performed on the 

predicted target sequences to identify the most enriched biological pathways using the 

knowledge of the Kyoto Encyclopedia of Genes and Genomes. The analysis was performed 

using the “phyper” function within the R statistical environment. The threshold was set at 

5% FDR.  
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3.3.2 Small RNA extraction 

Small RNA (RNA < 200 bp) was extracted from the ovary of each specimen using 

RNAzol® RT (Sigma-Aldrich, USA, St. Louis) according to the manufacturer instructions 

with some modifications to enrich the miRNA-containing fraction. Ovary samples were 

homogenized in RNAzol® RT (800 µl for up to 100 mg of tissue). The homogenate was 

centrifuged at 12,000 x g for 5 minutes at 4-10°C and the supernatant containing RNA was 

transferred into a fresh tube. In order to allow DNA, protein, and polysaccharide 

precipitation 320 µl of RNase-free water were added and the sample was covered, vigorously 

shaken for 15 seconds and let to stand for 15 minutes at room temperature. After that, the 

mixture was centrifuged at 12,000 x g for 15 minutes at 4°C. The supernatant containing 

RNA was transferred to a new tube and 400 µl of 75% ethanol were added to precipitate 

mRNA. The sample was left for 9 minutes at room temperature then centrifuged at 12,000 x 

g for 8 minutes at 4°C. The precipitated mRNA formed a white pellet. The supernatant 

containing small-RNAs was transferred to a new tube and 0.8 volume of 100% isopropanol 

were added to precipitate the small-RNAs fraction. Samples were allowed to stand for 35 

minutes at 4°C and then was centrifuged at 12,000 x g for 15 minutes at 4°C. White small-

RNA precipitate was washed twice with 600 µl 70% isopropanol per 1000 µl of supernatant 

used for precipitation and centrifuged at 8,000 x g for 3 minutes at 4°C. Finally, the 

isopropanol solution was carefully removed. The small-RNAs extracted from each sample 

was diluted in at least 20 µl of RNAse-free water and analysed with a nanophotometer P330 

(Implen, Germany) to check concentration, 260/230 and 260/280 ratios.  The samples were 

then stored at -80°C until cDNA synthesis. 
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3.3.3 DNase treatment 

In order to digest the contaminating DNA, small-RNA was treated with RNAse-free DNase 

I (Sigma-Aldrich, USA, St. Louis) according to the manufacturer instructions. For each 

sample small RNA concentrations were measured using a a Nanophotometer TM PClass 

(Implem GmbH, Münich, Germany). The reaction mixture was prepared, with 1µl of 10x 

Reaction Buffer, 1µl of Amplification Grade DNase I (1 unit/µl), a 4µg/µl microRNA 

solution and RNAse-free H2O in a final volume of 10µl. The solution was incubated for 15 

minutes at room temperature to allow the DNase I digestion and after that, 1µl of Stop 

Solution (50 mM EDTA) was added to stop the DNase I activity. Samples were heated at 

70°C for 10 minutes with the thermal cycler MyCycler (Bio-Rad, USA) to denature both the 

DNase I and and RNA. 

 

3.3.4 miRNA polyadenylation and cDNA synthesis  

In order to perform an adequate quantitative qPCR, a poly(T) adaptor strategy was adopted 

according to Shi & Chiang (2005) and an optimized protocol was carefully developed. With 

this method microRNAs contained in the small-RNA fraction were extended by adding a 

poly(A) tail and subsequently converted into cDNA by Reverse Transcription reaction 

primed with the poly(T) adaptor (Fig.4).  



37 
 

 

Figure 4. Poly(T) RT-PCR. 1: Poly(A) tailing of miRNA; 2: Reverse transcription of 

poly(A) tailed miRNA primed by poly(T) adaptor; 3: Amplification by RT-PCR of first-

strand cDNA using a miRNA specific forward primer and a reverse primer complementary 

to the poly(T) adaptor.   

 

This strategy allowed us to overcome some methodological limitations since, without any 

extension, miRNA sequences are too short to make both forward and reverse primers and 

therefore making qPCR ineffective for miRNA expression analysis. The poly(A) tailing was 

performed using the E.coli poly(A) Polymerase enzyme (New England BioLabs, USA) 

following manufacturer instructions. Briefly, for each sample, a volume of DNase-treated 

small-RNA fraction corresponding to a concentration of  2µg/µL was added to a mixture of 

2 µl of Reaction Buffer, 2 µl ATP (1 mM), and 1 µl of E.coli poly(A) Polymerase enzyme 

in a  final reaction volume of 20 µl. The final solution was finally placed in the thermocycler 

with the following cycling conditions: 70°C for 10’, 37°C for 10’, 65°C for 20’. 
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After polyadenylation, the cDNA synthesis was performed using High-Capacity cDNA 

Reverse Transcription Kit (ThermoFisher Scientific, USA). A concentration of 2µg/µl 

polyadenylated microRNA-containing fraction was added to a master mix containing 2 µl 

of 10X RT Buffer, 5 µl of 100 uM oligo-dt adaptor, 0.8 µl of 10 mM dNTP mix (2.5 mM 

each) and 1 µl of MultiScribe™ RT (50 U/μL) in a final volume of 20 µl. The mixture was 

incubated in the thermal cycler with the following cycling conditions: 25°C for 10’, 37°C 

for 120’, 85°C for 5’. Finally, the cDNA was diluted 1:10. The sequence of the oligo-dt 

adaptor is reported in Tab. 1. 

 

3.3.5 Quantitative PCR  

For each miRNA sequence a miRNA-specific forward primer corresponding to the entire 

sequence and a reverse universal primer complementary to the poly(T) adaptor were 

designed (Tab. 1). 

 

Table 1. Oligo-dt adapter miRNA for cDNA synthesis and reverse primers for qPCR 

Name Length Tm Sequence (5'-->3') 

Adapter miRNA 46 63 GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTVN 

Universal_RV_1 24 63.3 GCGAGCACAGAATTAATACGACTC 

Universal_RV_2 20 59 GCGAGCACAGAATTAATACG 

Universal_Rv_3 26 65.2 GCGAGCACAGAATTAATACGACTCAC 

Universal_RV_4 18 56.3 GCGAGCACAGAATTAATAC 

 

 

For each primer pair the optimal annealing temperature was empirically assessed by 

performing a temperature gradient and the best Tm was identified as the temperature at which 

the most specific amplicon and the lowest CT value were obtained. For quantitative 
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expression analysis each 10 µl reaction mixture on the 96-well qPCR system consisted of: 2 

µl of 1:10 diluted cDNA, 5 µl of SYBR® Green PCR Master Mix (Applied Biosystem), 0.2 

µl of each diluted (1:10) forward and reverse primer. The final concentration of the cDNA 

template was 1:5 for miRNA and 1:10 for mRNA qPCR assays. The qPCR was performed 

using the CFX Real-Time PCR Detection System (Bio-Rad, USA) with the following 

cycling conditions: 3’ at 95°C, 40 cycles of 10’’ at 95°C, 10’’ at the optimal primer annealing 

temperature, and 30’’ at 72°C,  then 8’ at 72°C. Dissociation curves were generated for 

evaluating amplification specificity. All qPCRs were performed in duplicate and CT values 

were obtained by averaging the values of the two replicates.  

 

3.3.6 Gel electrophoresis, purification and sequencing of miRNA  

Following melting curve analysis, in order to fully evaluate the amplification of the correct 

sequence the qPCR products were examined by electrophoresis on a 2% agarose gel stained 

with Midori Green Advance (Nippon Genetics, Japan). A total of 10 µl of qPCR product 

mixed with 2µl of 6x Buffer and 5 µl GeneRuler Low Range DNA Ladder (ThermoFisher) 

which served as reference were loaded to the gel. The electrophoresis was performed at 110 

V in a tank filled with TAE 1x and the run was assessed and photographed with the GelDoc 

EZ Imager coupled with the ImageLab software (Bio-rad, USA). 

When needed, to solve uncertainty associated with low-quality qPCR amplification, the 

relative qPCR products were detected on the gel and purified using the QIAquick Gel 

Extraction Kit (Qiagen, Düsseldorf, Germany) following the manufacturer instructions with 

some minor modifications. Each amplicon fragment was excised from the gel and weighed 

to the nearest g. A total of 3 volumes of Buffer QG were added to 1 volume gel (100mg ̴ 100 

µl) and the mixture was let to stand at room temperature until the excised gel was completely 
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dissolved. Then, 1 volume gel 100% isopropanol was added to the sample and transferred 

into a QIAquick spin column placed in a provided 2 ml collection tube and centrifuged (13 

000 x g for 1’). The flow-through was discarded, 500 µl of Buffer QG were added to the 

sample and a centrifuge was performed at 13 000 x g for 1’). As the next step, sample was 

washed twice, adding with 750 µl Buffer PE and centrifuged (13 000 x g, 1’). After removal 

of the residual wash buffer, the QIAquick column was placed in a 1.5 ml clean 

microcentrifuge tube, eluted in 25 µl water and centrifuged at 13 000 x g for 1’. Purified 

amplicons were sequenced at a private company (BMR Genomics, Padova, Italy) using the 

standard Sanger sequencing method (Sanger et al. 1977). 

 

3.4 Clustering and statistical analysis 

3.4.1 PCA+LDA method and leave-one-out validation 

For cluster purposes based on the characterization of the ovarian condition among the 

samples, the multivariate analytical method Principal Component Analysis (PCA)+Linear 

Discriminant Analysis (LDA) was performed. CFL, Total W, Age, expression results of mir-

202-3p, mir-202-5p, let-7a3-5p, let-7e-5p, mean follicle size, % α-atresia1, % α-atresia2 and 

N° late-vitellogenic oocytes were used in order to identify the set of variables which mostly 

contributed to explained variability. First, the PCA was applied to extract principal 

components (PCs) that accounted for the maximal variances in the multidimensional dataset, 

giving a first clustering of the samples. The PCA is an unsupervised method and does not 

rely on the class information input (Belhumeur et al. 1997), therefore it is useful to provide 

a preliminary set of clusters. Following the preliminary clusters provided by PCA, to obtain 

a more accurate set of groups, the supervised-type LDA was performed because this 

approach attempts to reduce the within-cluster variance and has the potential to produce 
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more accurate clusters (Martin et al. 2007). Therefore, LDA was developed on the original 

variables using the PCA classification as the class information input. Finally, the leave-one-

out validation was carried out in order to identify the set of variables which mainly 

contributed to the classification. With this method, one variable was held out from the data 

set and the LDA algorithm was applied using the remaining variables (Dougherty et al. 

2010). The procedure was repeated for all the variables and combinations and the major 

discriminants were determined as those variables whose removal reduced the classification 

accuracy.  

 

3.4.2 Statistical tests 

Upon clustering, the statistical analysis were carried out in order to test the H0: null 

hypothesis of absence of significant differences among experimental groups. Normality and 

homogeneity of the variance between groups were tested with the Shapiro-Wilk and 

Bartlett’s test, respectively. Furthermore, in order to explore and assess the distribution of 

the data, several plots were created in the R statistical environment (i.e. q-q plot). When such 

requirements for downstream parametric tests were not met, the log-transformation was 

performed and the tests carried out again to confirm the effectiveness of the transformation. 

Then, the one-way analysis of variance was performed and if statistically significant 

differences were detected, the Tukey test was chosen as post-hoc test. Differences were 

considered as statistically significant when p-value was < 0.05. Correlation between 

variables was performed with the non-parametric rank-based Spearman correlation test. 
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4. Results 

4.1 PCA+LDA classification and leave-one-out validation 

To avoid any possible bias linked to the different physiological condition of reproductive 

females multivariate cluster analysis was attempted by combining biometric, histological 

and gene expression information in order to create more accurate and reliable set of groups. 

For these reasons, the multivariate classification is reported here first since all the results are 

related to the following classification. 

The unsupervised PCA analysis discriminated the samples in two main preliminary clusters: 

A and B. The Principal Component 1 (PC1) and 2 (PC2) explained the 47.9% and 23.3% of 

variance, respectively, accounting for a cumulative explained variance of the first two axis 

of 71.2%. The PC1 well discriminated between group A and B. As expected, on the PC2 a 

further subdivision of the group A could be detected, namely A1 and A2. Therefore, a total 

of three clusters were obtained: A1, A2, and B. This clustering was used as the class 

information input to perform the LDA algorithm which had the potential to better distribute 

the samples among the clusters. Indeed, by including all the available variables the accuracy 

of the LDA classification was 77% (Tab. 2). After this initial and rough approach, the leave-

one-out validation identified that by discarding as single variables the N° of late vitellogenic 

oocytes, atretic oocyte fraction (1 and 2), the mean follicle size, age and total kg the overall 

accuracy improved up to 88% (Tab. 2). Moreover, by discarding the gene expression 

information the accuracy was unaffected or dropped to 73% (Tab. 2). Remarkably, following 

several attempts with the above variables we finally obtained the best combination with the 

highest accuracy of 92% and this included the miRNA gene expression profile, the atretic 

oocytes fraction (1), the mean follicle size and the N° of late vitellogenic oocytes (Tab. 2, 

“Best”).  
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Table 2. Leave-one-out results. Accuracy (%), statistical significance (p< 0.05). “Best”= 

highest accuracy obtained with the following features: let-7e-5p, let-7a3-5p, mir-202-3p, 

mir-202 5p, Mean follicle size, Atretic oocytes fraction (1), Late vtg oocytes frequency. 

 

Feature Accuracy p-value 

Best 92.30% 0.000005 

Global 76.90% 0.004 

Late vtg oocytes frequency 84.6% 0.0002 

Atretic oocytes fraction (2) 88.4% 0.000043 

Atretic oocytes fraction (1) 80.70% 0.001 

Mean follicle size 84.60% 0.0002 

mir-202-3p 76.90% 0.004 

mir-202-5p 73% 0.014 

let-7a3-5p 76.90% 0.004 

Let7e 5p 76.90% 0.004 

Age 80% 0.001 

Total Weight (kg) 80.70% 0.001 

CFL (cm) 76.90% 0.004 

 

 

The LDA classification performed on these features, well reflected the initial PCA 

classification (Tab. 3). The LDA plot is showed in Fig. 5. 

 

Table 3. Confusion matrix for classification by LDA (Prediction) on PCA (Reference) 

  Reference 

P
re

d
ic

ti
o
n

 

 A1 A2 B 

A1 4 0 0 

A2 2 7 0 

B 0 0 13 
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Figure 5. LDA plot performed on the best combination of tested variables. The group A1 

and A2 consisted of the subdivision within the spawning group. The group B was composed 

by the individuals caught during winter months at a Maltese farm and classified as resting. 

 

 

4.2 Biometric data 

Animals of the group B were approximately 12 years old, with a mean weight of 205 Kg and 

a mean CFL of 220 cm. The group A2 comprised younger (5 years) individuals, weighing 

50 kg and 140 cm long. Females of the group A1 showed a mean age of 11, a total weight 

of 164 Kg, and a mean CFL of 210 cm. Results are summarized in Table 4. 

 

Table 4. Biometric data of ABFT specimens for each group. Data are presented as mean ± 

SD. CFL (Curved Fork Length), Total Weight, Age. 

 

Group CFL_cm Total_W_kg Age 

A1 210.8 ± 23.6  164.1 ± 61.6  10.8 ± 2.6 

A2 141.7 ± 18.2 50.5 ± 26.3 5 ± 1.41 

B 220.1 ± 29 204.8 ± 63.4 11.9 ± 2.9 
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4.3 Histological analysis 

Captive-reared specimens caught from Malta (group B) were all classified as Resting 

individuals (Fig. 6) with lipid stage oocytes as the most advanced stage, no signs of atresia 

and a mean follicle size of 76.23 µm (Tab. 5). As expected, no vitellogenic oocytes were 

found (Fig. 7a). Within the group A2 six individuals were classified as ANS and one as IM 

(Fig. 6). ANS females contained large late-vitellogenic as the most advanced stage in 

addition to lipid droplets, pre-vitellogenic and α- atretic oocytes (Fig. 7b). The IM animal 

was in a regressing phase since it contained mainly unyolked and early-vitellogenic oocytes 

as the most advanced stage along with extensive follicular atresia (Fig. 7d). The fraction of 

atretic oocytes (1) and (2) was 27.7 ± 12.9 and 41.2 ± 16.1, respectively. The mean follicle 

size of the group A2 was 256.40 µm (Tab. 5). The group A1 comprised two ANS individuals 

and four AS females (Fig. 6). The AS condition was characterized by the presence of clear 

signs of recent and/or imminent spawning (i.e. progressive coalescence of the vtg globules, 

migration of the nucleus to the animal pole, onset of hydration, germinal vescicle 

breakdown) as well as post-ovulatory follicles (POFs) (Fig. 7c). The fraction of atretic 

oocytes (1) and (2) was 50.78 ± 28.2 and 44.8 ± 14.3, respectively. The mean follicle size of 

the A1 group was 193.77 cm (Tab. 5). 
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Figure 6. Relative proportion of ABFT individuals for each group according to PCA+LDA 

classification following histological classification. ANS: Active nonspawning; AS: Active 

spawning; IM: Inactive mature; R: Resting. 

 

 

 

 

 

 

 

Table 5. Mean follicle size (µm), frequency of atretic oocytes (1) and (2) and frequency of 

late-vitellogenic oocytes. Data are presented as mean ±SD 

 

Group Mean follicle 

size  

% Atretic oocytes 

(1) 

% Atretic oocytes 

(2) 

% Late vtg 

oocytes  

A1 193.8 ± 53.8  50.78 ± 28.2  44.8 ± 14.3 3.8 ± 1.7 

A2 256.4 ± 131.7 27.7 ± 12.9 41.2 ± 16.1  3.8 ± 1.6  

B 76.2 ± 8.3 0 0 0 
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Figure 7. Microphotographs of ABFT ovaries of the four stages determined according to 

Medina et al. (2016). (a) Resting; (b) Active nonspawning (ANS); (c) Active spawning (AS); 

(d) Inactive mature (IM). PN: perinucleolar oocyte; LS: lipid-stage oocyte; E-Vtg: early-

vitellogenic oocyte; L-Vtg: late-vitellogenic oocyte; POF: post ovulatory follicle α: α-atretic 

oocyte. Scale bar = 500 µm.  

 
 

 

 

 



48 
 

4.4 miRNA identification and KEGG pathway analysis  

The in-silico approach to identify ABFT putative miRNA sequences followed by qPCR 

validation yielded five miRNAs: let-7a-3 5p, let-7e-5p, mir-202-5p, mir-202-3p and mir-

26a-5p (Tab.6). 

Table 6. Sequences of the miRNAs identified and qPCR validated  

Name  Length Sequence (5'-->3') 

mir-202-3p 22 TGAGGTAGTAGGTTGTATAGTT 

mir-202-5p 22 TGAGGTAGTAGATTGAATAGTT 

let-7a3-5p 21 TTCCTATGCATATACCTCTTT 

let-7ae-5p 23 TTTAAAGAGGCATAGGGCATGGG 

mir-26a-5p  22 TTCAAGTAATCCAGGATAGGCT 

 

Target prediction identified a total of 504 putative targets for let-7a-3-5p, 407 for let-7e-5p, 

914 for mir-202-3p and 112 for mir-202-5p. Using the targets as input, the KEGG pathway 

analysis revealed that among the most enriched pathways let-7a3-5p and let-7e-5p were both 

involved in cellular death processes (i.e. apoptosis, necroptosis) by targeting tnfr and becn1 

and Wnt signalling for which they were predicted to regulate wnt7b and frizzled4. 

Interestingly, the miRNA let-7e-5p was found to be involved also into the mTOR signalling 

pathway. Furthermore, mir-202-5p was involved into adipocytokine and PPAR signalling 

pathway, fatty acid metabolism and endocytosis. In addition, it was predicted to target 

smad2. The mir-202-3p targeted genes belonging to steroid biosynthesis, progesterone-

mediated oocyte maturation and sphingolipid metabolism. Particularly the predicted target 

genes were hsd17b3, vldr, inhabb and cpeb2. The most enriched pathways of the identified 

miRNAs are summarized in Figure 8. 
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Figure 8. KEGG pathway enrichment. Five enriched and oogenesis-relevant pathways are 

reported for each miRNA within the first 20 top scored. Y-axis represents the enrichment 

score (ES). 

 

4.5 miRNA expression profiles and gel electrophoresis 

The relative expression of mir-202-5p, mir-202-3p, let-7a3-5p, and let-7e-5p was analysed 

among the three groups A1, A2, and B (Fig. 9). Notably, all the miRNAs displayed a trend 

of up-regulation from group B to A1, the group which comprised most individuals at a 

spawning phase. The mir-202-3p showed the highest relative expression of almost 50 fold-
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change compared to the reference gene followed by mir-202-5p, whereas the relative 

expression of both let-7a3-5p and let-7e-5p resulted to be weaker if compared to the 

reference gene. The mir-202-3p showed a significant (p < 0.05) up-regulation from B to A2 

and from A2 to A1 (Fig. 9). Furthermore, mir-202-5p shared a similar expression pattern 

and the up-regulation was statistically significant from group B to group A1 (p<0.05) (Fig. 

9). The expression of let-7e-5p resulted significantly up-regulated (p < 0.05) from A2 to A1 

and from B to A1 (Fig. 9). Finally, let-7a3-5p did not showed any significant change among 

the three groups (Fig. 9). 

 

 

Figure 9. Expression of mir-202-3p, mir-202-5p, let-7a3-5p and let-73-5p and comparison 

among the three groups. Mean (±SEM) expression levels were normalized on that of mir-

26a-5p and reported as fold-change. Asterisks indicate statistically different expression 

levels (Tukey’s post-hoc test, p < 0.05), *p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

Agarose gel electrophoresis products of gene expression showed a specific PCR 

amplification and the size of each product was  ̴ 75 bp (Fig. 10). 
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Figure 10. Agarose gel electrophoresis of qPCR products of mir-202-3p, mir-202-5p, let-

7a3-5p, let-7e-5p and mir-26a-5p. L: ladder (the most intense band on the ladder corresponds 

to ̴ 100bp); A1, A2, B: experimental groups; C: control. 

 

 

4.6 Correlations of the variables 

A positive statistically significant correlation was observed between the expression of mir-

202-3p, mir-202-5p and let-7e-5p. The expression of both mir-202-3p and let-7e-5p 

positively correlated with the increase of mean follicle size, frequency of atretic oocytes (1) 

and (2) and frequency of late-vitellogenic oocytes. Moreover, mean follicle size and 

frequency of atretic oocytes (1) and (2) were positively correlated. Finally, CFL, Age and 

weight were negatively correlated with the mean follicle size and atretic oocyte fraction. 

Results are reported in Table 7.  

Table 7. Correlation matrix between variables according to the rank-based Spearman 

correlation test; a: p ≤ 0.05; b: p ≤ 0.01; c: p ≤ 0.001. 

 

 

CFL (cm) Total weight (kg) Age let7a3 5p let7e 5p mir-202 3p mir-202 5p Mean follicle size Atresia 1 Atresia 2 N°late vit.

CFL (cm) 0.984
c

0.986
c -0.12 -0.339 -0.325 -0.236 -0.447

a
-0.448

a
-0.462

a
-0.61

c

Total weight (kg) 0.979
c -0.107 -0.358 -0.375 -0.237 -0.497

b
-0.511

b
-0.519

b
-0.648

c

Age -0.167 -0.352 -0.359 -0.252 -0.43
b

-0.436
a

-0.448
a

-0.593
c

let7a3 5p 0.747
c

0.451
a 0.315 0.224 0.25 0.301 0.195

let7e 5p 0.617
c 0.331 0.544

b
0.651

c
0.683

c
0.523

b

mir-202 3p 0.542
b

0.672
c

0.794
c

0.69
c

0.733
c

mir-202 5p 0.363 0.414
c

0.412
a 0.481

Mean follicle size 0.799
c

0.803
c

0.823
c

Atresia 1 0.857
c

0.855
c

Atresia 2 0.76
c

N°late vit.
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5. Discussion  

The reproductive condition of ABFT individuals was characterized on the basis of biometric 

data, histology and gene expression analysis. In addition to standard histological 

classification, quantitative histological analysis were carried out with the aim of integrating 

the miRNA gene expression profile and draw a more complete picture of the ABFT 

reproductive status. Interestingly, a combination of these variables was found to achieve the 

highest accuracy of the PCA+LDA cluster analysis. Indeed, by leveraging this 

multidisciplinary approach, we produced a classification able to best discriminate 

individuals belonging to different reproductive status during spawning and resting periods. 

The group A contained all the captured wild specimens during the spawning season and 

showed a greater variability compared to group B, leading to a further division in two 

subgroups, A1 and A2. The group A1 was identified as the most advanced group with 

individuals at a spawning phase while the group A2 mainly included individuals with 

vitellogenic ovaries but not ready to spawn yet.  This higher variability during the spawning 

season could be explained by the natural heterogeneity of wild caught fish with respect to 

those reared in controlled captive conditions (Mylonas et al. 2010a). Indeed, several aspects 

have to be considered which could account for the identification of the two subgroups such 

as the stimuli of the natural environment in terms of food availability, temperature, 

photoperiod, social behaviour as well as the physiological stress related to fishing activities 

(Ravier & Fromentin 2004; García et al. 2005b; Riccioni et al. 2010; Chapman et al. 2011, 

Corriero et al. 2011). Intriguingly, 33% of individuals belonging to the group A1 were 

histologically classified as ANS, even though most of the individuals included in this group 

were at a spawning phase. This might be explained by clear limitations related to the 

categorical histological classification of asynchronous ovaries since oogenesis is a 
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continuous process and there is not a net transition from one stage to another (Selman et al. 

1993). Moreover, we could not rule out that the individuals were properly histologically 

classified but the transition at a molecular level from ANS to AS stage was already taking 

place. Accordingly, the classification adopted throughout the present work was based on 

multiple variables both at molecular and histological levels and for these reasons was thought 

to be more accurate, robust and reliable than that based solely on the qualitative histological 

classification. Therefore, the ANS individuals within the group A1 could be considered de 

facto at an intermediate stage between ANS and AS individuals. The same could be true for 

the unique individual within the group A2 classified as IM which could be considered either 

more similar to the rest of the ANS specimens or completing ovarian regression to the resting 

stage. 

Follicular atresia is a common degenerative process which occurs in normal conditions and 

can be influenced by diverse environmental stressors and experimental factors (Thomé et al. 

2009). This phenomenon represents a strategy to recover energy through the resorption of 

vitellogenic oocytes, mainly late-vitellogenic oocytes, which fail to complete maturation 

(Corriero et al. 2011). Therefore, follicular atresia mainly occurs at the end of the 

reproductive cycle and it is also influenced by the reproductive strategy (Miranda et al. 1999; 

Krysko et al. 2008). Miranda et al. (1999) reported a longer period for complete resorption 

of atretic follicles in partial spawners compared to total spawner species. Total spawners 

showed all the vitellogenic oocytes to be recruited simultaneously therefore ovulated or 

reabsorbed at once while only pre-vitellogenic oocytes are retained in the ovary. On the other 

hand, partial spawners release eggs during a prolonged period, retaining late-vitellogenic 

oocytes which can potentially become atretic throughout the reproductive season and usually 

reaching the highest frequency of follicular atresia at the end of the reproductive period 
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(Miranda et al. 1999). Therefore, the assessment of the frequency of atretic oocytes 

constitutes a useful approach for the histological evaluation and marker identification of the 

relative reproductive stage. This approach is also valid for a multiple, asynchronous spawner 

as the ABFT, which progressively recruits new pre-vitellogenic oocytes and accumulates 

atretic late-vitellogenic oocytes during the spawning activity (Farley & Ohshimo 2019). In 

the present study 100% of the individuals captured during the spawning period showed signs 

of follicular atresia. Among the individuals of the group A2, which contained vitellogenic 

oocytes as the most advanced stage, the frequency of α-atresia was of  ̴ 31%. These findings 

were supported by similar results reported by Corriero et al. (2011) for wild ANS specimens 

captured during the spawning season. Within the A1 fraction of active spawners individuals, 

the frequency of α-atretic late-vitellogenic oocytes was higher ( ̴ 47%) compared to A2, 

underlying a more advanced reproductive stage. On the other hand, no signs of atresia were 

recorded within the resting individuals since the occurrence of pre-vitellogenic atretic 

oocytes is considered to be particularly rare (Miranda et al. 1999). These findings are 

supported by previous results in ABFT which reported the presence of α-atretic oocytes in 

spawning individuals with increasing frequency during the progression of the reproductive 

cycle (Sarasquete et al. 2002; Corriero et al. 2003; Medina et al. 2016). As such, histological 

evaluation of follicular atresia suggested that individuals as well as groups at a more 

advanced reproductive stage reached highest frequency of α-atretic late vitellogenic oocytes. 

A useful marker to discriminate ANS, AS and IM individuals was thus demonstrated to be 

the proportion between late-vitellogenic oocytes and α-atretic oocytes even if this 

histological evaluation has the potential to misclassify individuals at a borderline stage. 

The current knowledge on the miRNA repertoire is still scarce in teleost fish, mainly because 

of the absence of appropriate transcriptomic characterization (Bizuayehu & Babiak 2014), 
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especially for a species like Thunnus thynnus. However, our lab recently assembled a mixed-

tissue transcriptome for this species and considering that miRNAs are strongly conserved 

among metazoans (Niwa & Slack 2007), it was aligned with miRNA sequences deposited 

into miRbase belonging to different vertebrate species. Starting from this approach, the 

present study provides the first preliminary characterization of miRNA repertoire expressed 

during the process of ovarian development in the ABFT supported by the prediction of the 

main biological pathways in which they could be involved. Accordingly, the expression of 

both mir-202 arms (5p, 3p) were assessed during ABFT reproductive cycle. In addition, the 

expression of  two member of the let-7 family (let-7a3-5p and let-7e-5p) was also evaluated 

and suggested a further involvement of this conserved miRNA family during the ovarian 

development. Previous studies highlighted specific gonadal expression patterns and 

regulatory functions of mir-202 in the medaka (Gay et al. 2018), zebrafish (Jia et al. 2015; 

Zhang et al. 2017; Wong et al. 2018), frog (Armisen et al. 2009), chicken (Bannister et al. 

2011), mouse (Wainwright et al. 2013), and human (Yang et al. 2019). KEGG pathways 

analysis revealed that the most enriched pathways of mir-202-3p were cell-cell adhesion, 

sphingolipid metabolism, steroid biosynthesis, endocytosis and progesterone-mediate 

oocyte maturation. Steroid biosynthesis is the best known key pathway involved in oogenesis 

and ovarian maturation (Nagahama Y. 1994). In follicular cells, the steroidogenic pathway 

is responsible for the production of the two main steroid hormones: the estradiol (E2) and 

the 17,20β-dihydroxy-4-pregnen-3-one (17,20βP) (Lubzens et al. 2010). Upon  FSH 

stimulation, the E2 activates the vitellogenic  stage by promoting vitellogenin biosynthesis 

in the liver (Babin et al. 2007; Reading et al. 2016). Despite the current knowledge about 

the main mechanisms involved in oogenesis, as concerns the ABFT only few studies have 

been focusing on the characterization of molecular aspects involved in such process (Zohar 
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& Mylonas 2001; Pousis et al. 2011, 2012; Rosenfeld et al. 2012). However, this kind of 

investigation has been recently carried out in our lab and circulating levels of molecules 

involved in key events of oogenesis were determined and compared between individuals 

sampled in the spawning period (May/June) and in the postspawning season (Oct/Nov) 

(Carnevali et al. 2019b). Particularly, higher plasma FSH levels were detected during the 

postspawning period compared to the spawning season, in line with the FSH stimulating  

effects on early stages of oocyte development (Yaron et al. 2003), despite the fact that subtle 

FSH levels were also measured during the spawning period probably due to the reproductive 

behaviour of ABFT (Carnevali et al. 2019b). Indeed, since it represents a multiple spawning 

species, displaying a number of oocytes at early stages of development even during the 

spawning period, it is likely that plasma FSH has a role in promoting the development of 

those oocytes which are recruited for the next reproductive season (Campbell et al. 2006)  

and similar trends of circulating FSH have been also reported for other asynchronous species 

such as the European seabass Dicentrarchus labrax (Molés et al. 2012) and the greater 

amberjack Seriola dumerili (Nyuji et al. 2016). In addition, p lasma E2 and VTG levels were 

also investigated reporting higher E2 levels in May/June females compared to the Oct/Nov 

individuals, while VTG levels were detected in the spawning period but were absent during 

the postspawning season (Carnevali et al. 2019b). These results reflected the advanced stage 

of development during the spawning season, when E2 promotes the VTG synthesis within 

the liver and its subsequent transport to the developing oocytes via the blood stream (Babin 

et al., 2007; Carbonara et al., 2015). Once the vitellogenin has reached the oocyte its uptake 

occurs through the vtg receptor-mediated endocytosis (Wallace & Selman 1990; Mizuta et 

al. 2013; Hiramatsu et al. 2015). This process is responsible of the major incorporation in 

the oocytes of lipid and protein nutrients which will sustain the embryonic and first larval 
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development. Intriguingly, mir-202-3p was predicted to target the vldlr transcript which 

encodes for the vtg receptor (vtgr). This receptor has been characterized in the ovary of 

ABFT (Pousis et al. 2012) and well identified in other teleost species (Hiramatsu et al. 2004; 

Tao et al. 2005). The vldr expression profile consists of an intense transcription during the 

pre-vitellogenic growth followed by a decrease during vitellogenesis, a trend which implies 

the recycling at the protein level as observed in multiple teleost species (Perazzolo et al. 

2005; Pousis et al. 2012; Gioacchini et al. 2019). Considering the opposite trend of 

expression detected for mir-202-3p in ABFT ovaries, with higher levels in individuals with 

vitellogenic-oocytes, it could be suggested that reduced vldr levels during vitellogenesis 

could be attributed, at least in part, to a regulation network which includes the mir-202-3p. 

An additional predicted target of mir-202-3p was the inhbaa transcript which encodes for 

the βA subunit of activinA (Ge 2011). The activin/inhibin/follistatin system comprises 

members of the TGFβ family which show autocrine/paracrine regulatory functions during 

the ovarian development (Lankford & Weber 2010). In mammals and fish activin was found 

to be expressed in granulosa cells (Mousa & Mousa 2003; Wang & Ge 2004a; Meunier et 

al. 2009). Increasing evidence support their roles in promoting secondary oocyte growth and 

maturation as they were reported to enhance FSH and LH effects by increasing the 

expression of the receptors and promote E2 synthesis in cultured mammalian granulosa cells 

(Minegishi et al. 1999; Miro 2004; Nakamura 2015). In sexually mature zebrafish 

differential expression profiles were detected for activin βA and βB. Indeed, activin βA and 

follistatin expression increased from primary follicles to mid-vitellogenic oocytes followed 

by a significant drop in mature follicles (Wang & Ge 2004b). By contrast, activin βB 

expression was almost steady until the fully-grown stage, therefore suggesting different 

functions and mechanisms of action for these two molecules (Wang & Ge 2004b). 
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Particularly, activin βA could promote the vitellogenic growth phase, after which its activity 

could be suppressed through the post-transcriptional repression mediated by mir-202-3p. 

The expression profile of this miRNA supports this hypothesis since an up-regulation of mir-

202-3p was observed from A2 (late-vitellogenic follicles) to A1 (fully-grown and maturing 

oocytes).  

Once the oocyte has completed its vitellogenic growth phase, the final maturation stage is 

mainly triggered by a switch in the steroidogenic pathway from the production of E2 to the 

biosynthesis of 17,20βP (Nagahama & Yamashita 2008). This steroid hormone is a 

derivative of progesterone and is the most common maturation-inducing hormone (MIH) in 

teleosts (Nagahama & Yamashita 2008), mediating the production of the maturation 

promoting factor (MPF) within the oocyte (Nagahama & Yamashita 2008). The MPF is a 

heterodimer constituted by the cdc2 catalytic subunit and the cyclinB regulatory subunit 

(Dorée 1990). Cyclin B protein levels are absent in the oocyte until the germinal vescicle 

migration occurs and the timing of MPF activation depends on the temporal translational 

regulation of cyclinB transcripts, which are stored within the cytoplasm as dormant mRNAs 

(Ihara et al. 1998; Nagahama & Yamashita 2008). This regulation is achieved through cis-

acting elements in the 3’UTR of cyclinB, namely cytoplasmic poly-adenilation elements 

(CPEs) (Gubler et al. 2008). The CPEs are binding sites for CPE binding proteins (CPEB) 

which induce the mRNA poly-adenilation and consequently, its translation (Tay et al. 2000). 

On the other hand, the mechanism by which cyclinB translation is suppressed once the 

maturation has termed is not clearly understood yet (Kotani et al. 2013). In Xenopus, cyclinB 

transcripts with a mutation in the CPE experienced a precocious de-repression of translation 

in immature oocytes (de Moor 1999). Therefore, CPEB could act both in promoting 

translation and keeping mRNAs inactive and additional factors might be involved in the co-
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regulation of this dual function (Kotani et al. 2013). Intriguingly, mir-202-3p was predicted 

to target the cpeb2 transcript and therefore could indirectly modulate cyclinB translation by 

targeting cpeb2 during the final phase of oocyte maturation.  

Cell-cell adhesion represents one of the main mechanisms involved in morphogenic 

processes, being involved in tissue organisation through the formation of cell junctions such 

as adherens junctions, tight junctions and desmosomes (Sundfeldt 2003). In the ovary, 

adherens junctions and tight junctions are required for both the organisation of somatic cells 

and to establish heterotypic contacts between the oocyte and the surrounding granulosa cells 

(Browne & Werner 1984; Cerdà et al. 2005). Indeed, a complex system of microvilli 

extending from the oocyte to the granulosa cells is developed throughout the vitellogenesis 

in addition to a consistent re-arrangement of such structures during spawning events to allow 

ovulation (Anderson 1967). Intriguingly, in zebrafish the growth and differentiation factor-

9 (GDF9) was seen to reduce the expression of members of the tight junction complex -i.e. 

occludins and claudins- in cultured mid-vitellogenic follicles, while the human chorionic 

gonadotropin (hCG) produced an opposite effect (Clelland & Kelly 2011). This trend of 

regulation was also observed in rat testis and was associated to the regulation of the blood-

testis barrier permeability (McCabe et al. 2010). Similarly in zebrafish, an increased blood-

ovary permeability could enhance the vitellogenic growth by increasing the up-take of 

vitellogenin which reaches the oocyte via the blood (Clelland & Kelly 2010, 2011). 

Therefore, the enrichment of mir-202-3p in this pathway would indicate a potential role in 

the regulation of follicular morphogenesis and communication between the oocyte and 

somatic tissues in the ABFT ovary, allowing the proper follicular remodelling during oocyte 

growth and ovulation.   
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As regards mir-202-5p it was found to be involved into the adipocytokine signalling, fatty 

acid metabolism, PPAR signalling and endocytosis. Adipocytokines are a class of molecules 

mainly produced by the adipose tissue which play essential role in lipid and glucose 

metabolism and insulin sensitivity (Dupont et al. 2012). Increasing evidence support their 

involvement in the regulation of reproductive functions, since they act as mediators between 

the energy balance and reproduction (Campos et al. 2008).  Among them, leptin and 

adiponectin, have been the most investigated and ovarian receptors have been identified in 

several mammalian species (Karlsson et al. 1997; Spicer & Francisco 2005; Tabandeh et al. 

2010). In addition, leptin receptors were found to be expressed in the ovary of pufferfish 

Takifugu rubripes and orange-spotted grouper Epinephelus coioides (Kurokawa et al. 2005; 

Zhang et al. 2013). Moreover, an interesting predicted target for mir-202-5p was smad2. The 

smad2 is the main intracellular signal transducer and a transcriptional modulator of the TGFβ 

signalling pathway (Derynck & Zhang 2003). The TGFβ-superfamily comprises numerous 

growth factors which mediate diverse roles in development and homeostasis maintenance  

(Wrana 2013). In recent years it has emerged that TGFβ ligands exert autocrine and paracrine 

function throughout the follicle development (Ge 2005). Nevertheless, it was difficult to 

predict and identify a potential functional role of mir-202-5p only based on these findings. 

Expression analysis indicated an increased expression along with the progression of oocyte 

development and considering this pattern it could be speculated that mir-202-5p modulates 

the pathways at advanced stages which are involved into the early phases of oogenesis such 

as those triggered by the growth and differentiation factor-9 (gdf9) and bone morphogenetic 

protein (bmp15) (Halm et al. 2008). However, since smad2 is a generic activator  (Derynck 

& Zhang 2003), we can not  properly identify a specific putative function for mir-202-5p in 

the ABFT ovary. 
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Our results indicate that both strands of mir-202 are expressed in the ABFT ovary. 

Particularly, the differential expression of mir-202-3p suggests a potential specific role in 

the control of oogenesis and target analysis revealed its involvement into regulation of key 

pathways and genes during vitellogenesis and maturation. Noteworthy, this hypothesis was 

further strengthened by the positive significant correlation between mir-202-3p expression 

levels, mean-follicle size, frequency of α-atresia and N° of late-vitellogenic oocytes and by 

previous reports of E2 and VTG plasma levels (Carnevali et al. 2019b) and ovarian vldr 

expression in ABFT individuals (Pousis et al. 2012) which are in line with the increased mir-

202-3p expression during the advanced stages of oogenesis and its predicted role in the 

regulation of the vitellogenic phase. Furthermore, it is encouraging that our results are in line 

with previous studies performed in medaka in which mir-202 KO females showed a clearly 

altered phenotype characterized by a marked reduced fecundity with an increased number of 

pre-vitellogenic follicles (Gay et al. 2018). Finally, in zebrafish, mir-202 resulted to be up-

regulated from previtellogenic to late-vitellogenic ovaries (Wong et al. 2018). On the other 

hand, our results indicated that mir-202-5p levels did not change significantly between A1 

and A2 groups and showed an overall lower fold change relative to the standard control than 

mir-202-3p. However, a trend of slight up-regulation with the progression of oogenesis was 

confirmed also by its positive correlation with its counterpart mir-202-3p. In addition, mir-

202-5p resulted to target pathways which are responsible for biological functions not 

specifically related to the ovary and this could be a further explanation of the lack of 

significant changes in its expression. Previous studies highlighted the specific ovarian 

enrichment and functions for mir-202-5p but not mir-202-3p (Juanchich et al. 2013; Wong 

et al. 2018).  However, our results stressed out the ovarian specificity of mir-202-3p instead 

of mir-202 5p. These findings could indicate an arm-switch occurrence within the ovary of 
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this species (Griffiths-Jones et al. 2011), since mi-202-3p conventionally considered as the 

passenger strand appeared the main expressed strand, to possess a higher relative expression 

and to target more ovarian key genes if compared to its counterpart 5p. The occurrence of 

this arm switch could represent a mechanism of functional diversification by which mir-202 

could have acquired specific roles within the ovary. The emerging framework suggests that 

mir-202-3p represents a specific regulator of key steps during oogenesis, whereas mir-202-

5p could play a side role as coregulator of secondary genes whose activity might not be 

restricted to the ovary. We envisage that investigation of this miRNA in extra-gonadal 

tissues would shed light onto this hypothesis and has the potential to better elucidate the role 

of mir-202 in this species.  

 Among the pathways predicted to be modulated by let-7a3-5p and let-7e-5p the 

necroptosis/apoptosis signalling pathways are known to play remarkable roles during 

ovarian development. Autophagy and apoptosis are the major mechanisms involved in 

regression of atretic follicles and POFs (Maiuri et al. 2007; Morais et al. 2012; Gioacchini 

et al. 2013). In addition to canonical apoptosis, necrotic-like cell death of follicular cells has 

also been reported in fish, suggesting that also this type of mechanism is involved in the 

resorption of atretic and post-ovulatory follicles (Santos et al. 2008; Thomé et al. 2009). 

Autophagy and apoptosis often occur in the same cells since they can be activated by 

common signals (Mariño et al. 2014) and previous studies reported the occurrence of 

autophagy followed by apoptosis during the resorption of atretic follicles and POFs in fish 

(Maiuri et al. 2007; Morais et al. 2012; Gioacchini et al. 2013). Therefore, autophagy could 

represent a strategy for the initial clearance and energy recycling after which the removal of 

dying follicular cells occurs via apoptosis/necroptosis (Wang & Ge 2004b). This implicates 

a complex interaction, coregulation and possibly temporal shift between the two pathways. 
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Autophagy is a conserved process of self-degradation of cytosolic components, implying the 

sequestration of organelles and degraded components for bulk degradation through the 

formation of the autophagosome (Kourtis & Tavernarakis 2009). On the other side, apoptosis 

is a highly regulated process of caspase-dependent programmed cell death which mediates 

the DNA fragmentation into multiples of 180-bp fragments, chromatin condensation around 

the nuclear envelope and cell shrinkage with the final formation of apoptotic bodies that are 

removed by phagocytes (Elmore 2007). Finally, necroptosis is a particular mechanism of 

apoptosis which can lead to an apoptosis-like morphological phenotype or determine the 

formation of  “balloon-like” cells without nuclear disintegration (Vandenabeele et al. 2010). 

The first step for the activation of autophagy consists in the repression of the mTOR 

signalling pathway which exerts an anti-autophagic activity by reducing the activity of 

autophagy protein 1 (atg1) which plays a key role in the initial phase of autophagy (Maiuri 

et al. 2007; Jung et al. 2010; Suzuki & Ohsumi 2010). In addition, beclin-1 (becn1) is 

essential for the activation of a specific kinases which produces phosphatidylinositol-3-

phosphate (PtdIns3P) which is known to promote vesicle nucleation (Liang et al. 1999). As 

regards programmed cell death, necroptosis involves the activation of the tumor necrosis 

factor receptors (tnfr) which are indispensable for the promotion of the caspase-dipendent 

cascade. (Vandenabeele et al. 2010). Notably, both let-7a3-5p and let-7e-5p were predicted 

to target becn1 and tnfr. Therefore, a dual modulation of autophagy and apoptosis might be 

proposed here. On one side, the miRNA let-7e-5p would promote the onset of autophagy by 

both negatively modulating the anti-autophagic mTOR signalling and, on the other side, by 

preventing the activation of apoptosis through the regulation of tnfr transcription. Then, the 

subsequent shift from autophagy to apoptosis could be additionally regulated by the let-7a3-

5p and let-7e-5p through the modulation of becn1. The potential implication for these 
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miRNAs in the process of post-ovulatory and atretic regression were also supported by their 

expression profiles. Especially let-7e 5p was strongly up-regulated in the group A1 which 

showed POFs and higher atretic frequency and this miRNA was positively and statistically 

significant correlated with the frequency of atretic oocytes. In zebrafish, an ovarian 

expression enrichment of six members of the let-7 family, including let-7a, was reported and 

the interaction between let-7i and the autophagy related 4A cysteine peptidase (atg4a)  was 

validated through gene reporter assay, providing evidence of the role of let-7 members in the 

control of autophagy (Wong et al. 2018). In porcine ovaries, an increased expression of let-

7g was reported in parallel to the occurrence of atretic follicles, suggesting its mediated 

regulation of apoptosis in granulosa cells (Cao et al. 2015). Furthermore, the involvement of 

let-7s in oogenesis was also documented in chicken (Kang et al. 2013), mouse (Ahn et al. 

2010), cow (Miles et al. 2012), and human (Tong et al. 2014). 
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6. Conclusion 

In the present study we provided an integrated and multidisciplinary approach for the 

classification of the reproductive status of ABFT females based on biometric data, 

quantitative histology and gene expression profiles. Histological results integrated the 

canonical ovarian classification and were further supported by the molecular data. This 

approach allowed us to overcome difficulties and to discriminate individuals exhibiting 

vitellogenic ovaries but not ready to ovulate yet from specimens at a spawning phase.  

• Both arms of the mir-202 were expressed in the ABFT ovary. The mir-202-3p was 

differentially expressed during oogenesis, with a trend of up-regulation in the late 

phases of oogenesis and it appeared to be directly involved in the vitellogenic growth 

by regulating vitellogenin uptake, oocyte growth and final maturation. In support of 

these findings, a positive correlation was observed between the expression of mir-

202-3p and the mean follicle size, frequency of late-vitellogenic oocytes and atresia. 

Our results indicated that mir-202-3p is the predominant arm in the ABFT ovary. 

• Let-7e-5p was remarkably up-regulated in the active spawning females and its 

expression was positively correlated to the fraction of atretic late vitellogenic oocytes 

therefore suggesting a potential function in the control of follicular atresia and POFs 

reabsorption. Possible roles and mechanisms of action underlying the shift from 

autophagy to apoptosis are presented. 
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• Both the methods proposed in the present work to quantify the α-atretic late-

vitellogenic oocytes yielded similar results. The extent of atresia was higher in 

individual at an advanced spawning phase and represents a good reproductive marker 

as previously reported; 

In conclusion, in the present study we provided the first characterization of four miRNAs 

which were differentially expressed and regulated during the ovarian development of an 

asynchronous and seasonal batch spawner of paramount commercial interest, the Atlantic 

Bluefin Tuna Thunnus thynnus. Moreover, additional reproductive markers as the frequency 

of atretic late vitellogenic oocytes to discriminate different reproductive phases during the 

spawning season were established. An emerging scenario of the miRNA repertoire and the 

modulation of relative key functions during oogenesis and spawning has started to emerge. 

Future efforts aimed at improving current transcriptomic data and miRNA target validation, 

have the potential to elucidate the mechanisms of post-transcriptional control in this species, 

possibly leading to development of new molecular tools and novel markers for broodstock 

management and Mediterranean aquaculture development.  
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