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Riassunto 

La rapida espansione della popolazione mondiale e le connesse attività, sia sulla 

terra che negli oceani, sono le principali minnacce alla biodiversità. Negli oceani 

e mari di tutto il mondo, i Condroitti, o pesci cartilaginei, stanno affrontando un 

intenso e rapido declino. La principale causa è il sovra-sfruttamento connesso 

alle attività di pesca: commerciale (31.7%), by-catch (59.9%), pesca sportiva 

(0.7%), sussistenza e artigianato (5.8%) (www.redlist.org), seguito da 

cambiamenti climatici, distruzione degli habitat e inquinamento. Lo stato di 

salute dei pesci cartilaginei generalmente varia da regione a regione, ma 

principalmente in ordine crescente di vulnerabilità troviamo: Oceano Pacifico, 

Oceano Atlantico e Mar Mediterraneo. A fronte di questa situazione, ben poco è 

stato fatto nell’ottica della conservazione di queste specie, soprattutto in 

Mediterraneo, dove solo un numero limitato di specie beneficiano di misure di 

protezione.  

Questa mancanza di misure di gestione e protezione è stata attribuita negli anni, 

alla scarsa conoscenza scientifica disponibile per le varie specie, unito alla 

necessità di attuare misure di protezione condivise da più stati, ad esempio quelli 

che si affacciano sul Mar Mediterraneo. Questo, in aggiunta ad una insufficenza 

e/o assenza di regolamentazioni delle attività di pesca per gli elasmobranchi, 

http://www.redlist.org/


rende la situazione ancor più critica. In questa tesi, l’attenzione è stata posta sulla 

riproduzione del palombo comune, Mustelus mustelus, un importante squalo dal 

valore commerciale?? appartenente alla famiglia Triakidae. Questa famiglia è 

una delle otto famiglie incluse in uno degli ordini più ricco in specie fra gli 

ordini di squali, i Carcariniformi. Un’approfondita conoscenza della 

riproduzione dei pesci, è essenziale per definire e supportare cambiamenti e 

regolamentazioni delle attività di pesca, come è anche utile per definire 

un’interruzione delle stesse in periodi dell’anno che coincidano con i periodi 

riproduttivi delle specie, così da favorire il reclutamento degli stocks e o 

diminuire la pressione esercitata dalle attività antropiche.  

In questo elaborato, lo scopo è stato quello di amplificare, migliorare e 

identificare nuovi aspetti e attributi della riproduzione, in particolare della 

spermatogenesi, nel palombo comune, Mustelus mustelus, pescato nel mare 

Adriatico. Inoltre, il Nord Adriatico, viene considerato come un’area per la 

riproduzione e la crescita di giovanili di diverse specie di elasmobranchi, aspetto 

che può essere un valore aggiunto dell’ottica di sviluppare piani di conservazione 

e regolamentazione della pesca. 

Per quanto riguarda la riproduzionre, molto poco è stato fatto circa il genere 

Mustelus, ancora meno per quanto riguarda il palombo comune. Inoltre, in 



letteratura, per quanto riguarda le fasi che caratterizzano la formazione di gameti 

aploidi negli squali, vi è una mancanza di uniformità e generale inaccuratezza 

sull’argomento. In questo lavoro di tesi, sono state utilizzate tecniche di istologia 

per costruire una base solida riguardo la conoscenza del sistema riproduttivo 

maschile di Mustelus mustelus, e per la prima volta, è stata svolta una completa e 

precisa descrizione delle strutture caratterizzanti il testicolo. In questa tesi 

inoltre, sono state presentate e descritte otto fasi attraverso cui si formano 

spermatozoi maturi. In aggiunta, è stato descritto come cambiano e maturano le 

spermatocisti all’interno del testicolo, e come le cellule germinale e le cellule del 

Sertoli si relazionano, mutano e maturano. Infine, per la prima volta, le gonadi 

maschili di squali, sono state sottoposte ad analisi spettrali tramite FT-IR per una 

caratterizzazione della composizione macromolecolare e maturazione delle 

componenti germinali e somatiche delle spermatocisti. La caratterizzazione 

spettrale degli spermatozoi di Mustelus mustelus in differenti stadi di sviluppo, è 

un importante punto di inizio e un importante strumento per valutare ed 

evidenziare cambiamenti della qualità spermatica relative a differenti condizioni. 

Per di più, l’analisi spettrale tramite FT-IR, potrà risultare utile nel valutare le 

modificazioni nella composizione spermatica nei maschi pescati in differenti 

periodi dell’anno o in differenti aree di pesca. Questi risultati saranno di grande 



importanza nel supportare le istituzioni che hanno potere decisionale riguardo la 

gestione degli stock ittici, in particolare degli stock di elasmobranchi per la 

protezione della specie 
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Chapter 1: Introduction 

1.1 Systematic: 

The class of Chondrichthyans can be divided into 2 sub-classes: the Holocephali, 

characterized by only 35 species, and the Elasmobranch, a group that is clearly 

more numerous, which comprises about 1106 species. Inside the sub-class of 

Holocephali we can find only 2 genera that share a marine habitat (Zoologia dei 

vertebrati, Harvey et al. 2014). In this sub-class, we can find the order of 

Chimaeriformes that includes 3 families: Callorhinchidae with the genus 

Callorhincus, Chimeridae with the genus Chimaera and Hydrolagus, and the family 

of Rhinochimaeridae with the genus Harriota, Neoharriotta and Rhinochimaera. In 

the Italian sea, it is present only the genus Chimaera with the species Chimaera 

monstrosa (Linnaeus, 1758). 

CLASS: 

Chondrichthyes 

SUBCLASS:                  SUPERORDER:                ORDER:          

Holocephali                                                          Chimaeriformes 

Elasmobranchii          Squalomorphii                    Hexanchimorfes 

                                                                                Squalimorfes 

                                                                                Pristioformes 

                                                                               Squatinoformes 
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                                         Batoidea                         Rajaiformes 

                                                                             Torpediniformes 

                                                                              Myolobatiformes 

                                      

                                       Galeomorphii                Heterodontiformes 

                                                                              Orectolobiformes 

                                                                               Lamniformes       

                                                                                              

 

The sub-class of Elasmobranch is represented by rays and sharks. It is subdivided 

into 3 superorders: Squalomorphii, Galeomorphii, which include 30 families and 

about 368 species of sharks, and a third group, composed by Batoidea, where we 

can find mostly rays, sawfish and torpedoes (Compagno, 1984). A lot of species 

belongs to Batoidea, feed on mussels and crustaceans. 

1.2 General aspects 

 Chondrichthyes are widely distributed worldwide, and especially in the 

Elasmobranch, we can find charismatic species such as Carcharodon carcharias, 

also known as the great white, the whale shark or Rhincodon typus with filter-

feeding habits, and many others. Those are commonly known by peoples, but even 
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on a scientific level, there is an important lack of information about those animals. 

In particular, traits of life history, such as reproductive biology, population 

dynamics, ecology and ethology are known only for those species that have a 

certain importance in the fishing sector or that live in coastal environments.  

The scarcity of knowledge often has limited the management of those animals and 

that’s why today, the Elasmobranch fishing is substantially poorly studied, 

regulated, and in some cases, uncontrolled (Compagno, 1990).  

Generally, we can recognize common features such as: relative large size, high 

mobility, predators, internal fertilization, direct development, large size at birth, 

low fecundity, highly sense organs developed, late maturity and low growth rates 

(Lipej et al. 2004). Longevity it is another peculiar trait of Chondroichthies, 

indeed, reduced size species like Squalus acanthias can grow till 40 years, or we 

can have a really longevity species such as the Greenland shark, Somniosus 

microcephalus, where, in according to Julius and colleagues, using dating to 

radiocarbon, that can live around 392 ± 120 years, reaching maturity age around 

156 ± 22 years, making them the vertebrates species more long-lived (Julius et al., 

2016). The Chondroichtians have a skeleton made of cartilage strengthened by 

prismatic calcification. In this peculiar skeleton, calcium salts form a superficial 

layer of prismatic plates. The Chondoichtryans posse a peculiar type of scales 

known as placoid scales; they are made of an acellular bone base that supports a 
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sharp shape tooth-dentil, oriented to the caudal fin. On the contrary the rays of 

their fins are completely made of collagen fibers. 

Furthermore, Chondoichtryans have several other important characteristics as: 

ampullae of Lorenzini, an important group of structure utilized for feel electric 

fields, generate from prey or conspecific specimens, and a liver rich in squalene, a 

hydrocarbon utilized for the flotation.  

The difficulties linked to the study of those animals are several: 

a. Collecting data about the migratory animals or for those who live in the deep sea 

or at certain depths. 

b. Several Chondroichthyes species are rare and demure, difficult to study in the 

wilder, even harder in captivity. 

c. some of those species can swim for huge distance and that can represent an 

obstacle for the study. 
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                                                   Figure n.1: Carcharodon carcharias, jumping out of the water  

 

 

       Figure n.2: The picture shows aggregations of Hammer-head sharks in the Galapagos island (Sphyrna spp.) 
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1.3 The decline of Chondrichthyes 

The rapid expansion of the world populations and linked activities, both on land 

and in the ocean, are the major threats of biodiversity. In the oceans all over the 

world, the Chondrichthyes are facing a rapid decline, whereof the total species, 

only 389 are considered in a good status, while the rest is considered under threat 

and one out four, or in the same case have been said one of three, is considered 

close to the extinction. The main cause is the fishing activities or overexploitation: 

commercial (31.7%), by-catch (59.9%), recreational (0.7%), subsistence and 

artisanal (5.8%) (www.redlist.org), followed by climate change, habitat destruction 

and pollution. The status of health usually changes from region to region, but 

principally in increasing order of vulnerability: Pacific Ocean, Atlantic Ocean and 

Mediterranean Sea. The use of shark meat and in particular the consumption of the 

fins, make the situation of the Elasmobranch even worst. Fin trade’ or the so-called 

shark finning, that is the act of removing the fins from the sharks and discard the 

animal, often still alive, back to the water where they sink to the bottom and die 

due to suffocation or are eaten by other predators, is raising the threat against the 

elasmobranch; the fins of sharks and shark-like rays are a delicacy in some Asian 

countries, and more than half of the chondrichthyans that enter the fin trade are 

under threat.  
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Figure n.3: The picture shows the Shark finning: The shark has been discarded in the water after removing of the fins 

Whether targeted or caught by boats fishing for other species, sharks and rays are 

used to supply a market that is largely unmonitored and unregulated.  Fins, in 

particular, have become one of the most valuable seafood commodities: it is 

estimated that the fins of between 26 and 73 million individuals, worth US$400-

550 million, are traded each year (Clarke et al. 2007). The landings of sharks and 

rays, reported to the Food and Agriculture Organization of the United Nations 

(FAO), increased steadily to a peak in 2003 and have declined by 20% since. True 

total catch, however, is likely to be 3–4 times greater than reported (Clarke et al., 
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2006; Worm et al., 2013). Most chondrichthyan catches are unregulated and often 

misidentified, unrecorded, aggregated, or discarded at sea, resulting in a lack of 

species-specific landings information (Clarke et al. 2006; Bornatowski et al. 2013). 

Consequently, FAO could only be ‘hopeful’ that the catch decline is due to 

improved management rather than being symptomatic of worldwide overfishing 

(FAO, 2010). The reported chondrichthyan catch has been increasingly dominated 

by rays, which have made up greater than half of the reported taxonomically-

differentiated landings for the past four decades. Chondrichthyan landings were 

worth US$1 billion at the peak catch in 2003, since then the value has dropped to 

US$800 million as catch has declined (Musick and Musick, 2011). One of the main 

drivers of shark fishing is the globalized trade to meet Asian demand for shark fin 

soup, a traditional and usually expensive Chinese dish. This particularly lucrative 

trade in fins (not only from sharks but also of shark-like rays such as wedge-fishes 

and saw-fishes) remains largely unregulated across the 86 countries and territories 

that exported >9,500 mt of fins to Hong Kong (a major fin trade hub) in 2010. 
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Figure n.4: The picture shows a large amount of sharks fins 

In many cases, fishing pressure on chondrichthyans is increasing as teleost target 

species become less accessible (due to depletion or management restrictions) and 

because of the high, and in some cases rising, value of their meat, fins, livers, 

and/or gill rakers (Fowler et al. 2002; Clarke et al. 2006; Lack and Sant, 2009).  

Overall, Nicholas K Dulvy (2014), estimate that one-quarter of chondrichthyans 

are threatened worldwide, based on the observed threat level of assessed species 

combined with a modeled estimate of the number of Data Deficient species that are 

likely to be threatened. Of the 1,041 assessed species, 181 (17.4%) are classified as 

threatened: 25 (2.4%) are assessed as Critically Endangered (CR), 43 (4.1%) 

Endangered (EN), and 113 (10.9%) Vulnerable (VU). A further 132 species 
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(12.7%) are categorized as Near Threatened (NT). Chondrichthyans have the 

lowest percentage (23.2%, n = 241 species) of Least Concern (LC) species of all 

vertebrate groups, including the marine taxa assessed to date (Hoffmann et al., 

2010). Almost half (46.8%, n = 487) are Data Deficient (DD) meaning that 

information is insufficient to assess their status. DD chondrichthyans are found 

across all habitats, but particularly on continental shelves (38.4% of 482 species in 

this habitat) and deep-water slopes (57.6%). Of the 487 DD species for which we 

had sufficient maximum body size (n = 396) and geographic distribution data (n = 

378), they were able to predict that at least a further 68 DD species are likely to be 

threatened. Accounting for the uncertainty in threat levels due to the number of DD 

species, they estimate that more than half face some elevated risk: at least one-

quarter (n = 249; 24%) of chondrichthyans are threatened and well over one-

quarter are Near Threatened. Only 37% are predicted to be Least Concern. 

 

Figure n.5: The trajectory and spatial pattern of chondrichthyan fisheries catch landings and fin exports. (A) The landed catch of 

chondrichthyans reported to the Food and Agriculture Organization of the United Nations from 1950 to 2009 up to the peak in 

2003 (black) and subsequent decline (red). (B) The rising contribution of rays to the taxonomically-differentiated global 

reported landed catch: shark landings (light gray), ray landings (black), log ratio [rays/sharks], (red). Log ratios >0 occur when 

more rays are landed than sharks. The peak catch of taxonomically-differentiated rays peaks at 289,353 tonnes in 2003. (C) The 
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main shark and ray fishing nations are gray-shaded according to their percent share of the total average annual chondrichthyan 

landings reported to FAO from 1999 to 2009. The relative share of shark and ray fin trade exports to Hong Kong in 2010 are 

represented by fin size. The taxonomically-differentiated proportion excludes the ‘nei’ (not elsewhere included) and generic 

‘sharks, rays, and chimaeras’ category 

 

At last, ICCAT (International Commission for the Conservation of Atlantic 

Tunas), confirms the trend of decline described above; in the ecological risk 

assessment carried out by ICCAT in 2008 and 2012, several Atlantic pelagic 

sharks have abnormally limited biological productivity and can be overfished at 

very low levels of fishing mortality, and that is because many shark species are at 

elevated risk of over-exploitation. Regarding ICCAT, for the exception of 6 

species that are considered rare, there is not any type of specific measures 

regarding protection or conservation. The blue shark, Prionace glauca, and short-

fin mako, Isurus oxyrinchus, are the most important sharks in an economic point of 

view, that is mean that they are fished without any limits, despite the status of their 

stocks. In spite of many sharks are completely not managed by ICCAT, others are 

because of their meat and fins. In the catches reported by ICCAT in 2013, the 

shark captured species were accounting for 12% of all the catches reported. By 

weight, the blue shark is now the fourth most important commercial species in 

ICCAT fisheries after skipjack, yellow-fin, and big-eye tunas (ICCAT Task 1 data 

on nominal annual catches). 
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1.4 The Elasmobranch of the Mediterranean sea 

1.4.1 The Mediterranean  

The Mediterranean Sea is a basin that has an extension of about 3 million of Km2 

and an average depth of 1.460 m with a maximum value of 5.267 m out of the 

Greek coast in the south east of the Ionian sea. The name of the Mediterranean 

came from the Latin word “medi-terraneum” and means in-between land; and that 

is because it is among 3 continents which are Africa, Asia and Europe. It is the 

most extensive basin in the world, and it is also linked to the Red Sea and Indian 

ocean thanks to the Suez canal in the southern east area of the Mediterranean sea. 

It is also connected to the Black sea and Marmora sea, in the north-east part, 

through the Dardanelli strait, and in the western part, through the Gilbrat strait, is 

linked to the Atlantic Ocean. The Mediterranean sea can also be divided into 2 sub-

basins thanks to the Sicilian strait that divides the whole basin into two pieces: the 

western basin with an extent of 0.85 million of km2, and the eastern basin with an 

extension of 1.65 million di km2 (Coll et al. 2010). It represents only 0.8% of the 

marine surface of the world but shows 5.5% animal groups and 16.2% of the 

vegetal group. It is an oligotrophic sea, that shows the presence of different species 

with overlapping niches, lowering the interspecific competitions and exalting the 

interactions. The biodiversity and community structure drastically decrease going 
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from the western Mediterranean, the Adriatic Sea and the eastern Mediterranean. 

The climatic features of the basin allow the cohabitation of boreal species and 

tropical species, that regulate their presence following the complex seasonal 

cycles. 

The marine species present in the Mediterranean sea are about 17.000, and the 

group more described are: Crustacea 13%, Mollusca 12%, Anellida 6%, 

Plathyhelmintes 6%, Cnidaria 4%, Vertebrata 4%, and Porifera 4%. The endemism 

specialized for the Mediterranean niches are 1/3 of its biodiversity: 28% animals 

and 26, 6 vegetals. The highest percentage is in the Porifera (48%), Mysidacea 

36% and Ascidiacea 35%. It is known a general decreasing gradient from north-

west to south-east. The endemic species gradient it is linked to the latitude: 

a.      The north part has more endemisms of fishes 

b.     The Adriatic sea is considered a hot-spot for endemisms 

c.      In the oriental sector are verifiable only 57% of fishes and 48% of Molluscs 

present in the western basin. Of the 60 endemics species of the Mediterranean sea, 

only 3 belongs to the eastern basin 

That could be due to different climate fluctuations that did not allow the incoming 

of different species coming from the strait of Gilbrait to arrive at the terminal area 

of the eastern basin. Also, the Sicilian channel often represents, and has 
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represented, an important barrier between the two basins. After the western sector, 

the central Mediterranean, the Aegean sea and the Adriatic sea are the areas with 

the highest levels of biodiversity in the Mediterranean sea. The main reasons for 

the low number of species in the Adriatic sea are: the reduce exchange with the 

western sector, a reducing gradient of depth going to the north, the presence of 

freshwater and important variations of temperature. The relative's degree of 

isolation could explain the endemisms. The Adriatic and the Aegean sea have low 

salinity and temperature respectively for ancient and recent relationships with the 

Sarmatic basin. The traditional division of the Mediterranean sea in the 2 basins, 

western and eastern, because of the reduction of biodiversity from W to E, with 

minimum values in Levantine sea, should be re-evaluated considering a series of 

temperature gradients present with north-south direction. 

1.4.2 The Elasmobranch of Mediterranean Sea      

Chondrichthyes, are a relatively small group in the Mediterranean Sea (89 species) 

playing a key role in the ecosystems where they are found. At present, many 

species of this group are threatened as a result of anthropogenic effects, including 

fishing activity. Chondrichthyes, which include Elasmobranchii (sharks, rays, 

skates and sawfish) and Holoephali (chimaeras), have been successful in diverse 

ecosystems for over 400 million years. Despite their success, they are currently 

under threat as a result of human activities, including fishery. Chondrichthyes play 
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a key role in the ecosystems where they are found], many of them as apical 

predators. Some Elasmobranch species are facing population declines in their 

distribution area. Therefore, it is important to improve the knowledge of their 

spatial patterns and distribution areas. Recent studies have found that 

Elasmobranchii shows a longitudinal gradient in the Mediterranean Sea. However, 

no more than five batoid species could be considered Mediterranean endemic 

species: the Maltese skate (Leucoraja melitensis), the speckled skate (Raja 

polystigma), the Mediterranean starry ray (Raja asterias), the rough ray (Raja 

radula), and the giant devilray (Mobula mobular). The Suez Canal is an artificial 

sea-level waterway in Egypt, connecting the Mediterranean Sea to the Red Sea 

through the Isthmus of Suez. It was constructed by Ferdinand de Lesseps towards 

1869. Since then, many alien species, considered as Lessepsian invasive species, 

have become established in the Mediterranean Sea making use of this pathway. 

Four Chondrichthyes are considered Lessepsian species: Carcharhinus altimus, 

Carcharhinus melanopterus, Himantura uarnak and Torpedo sinuspersici, 

although the status of Carcharhinus altimus as Lessepsian species has been 

questioned. On the other hand, it is possible to consider as vagrant or visitor 

species in the Mediterranean Sea the following: Carcharhinus falciformis, Pristis 

pristis, Pristis pectinata and Hydrolagus mirabilis. 
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The biodiversity is quite high and the distribution in terms of diversity is not 

homogeneous inside the basin and it is dominated by the western basin with the 

coastal waters of Africa countries like Morocco, Algeria and Tunisia. The diversity 

decreases in the central area of the Mediterranean sea with intermediate level in the 

coastal area of Libya, Malta, Sicily and the countries that face the Adriatic sea and 

Aegean sea (Dulvy et al. 2016; Serena, 2005).  

For what concern the Adriatic Sea, it has peculiar characteristics and in the past, it 

was a basin known for the richness of elasmobranch species and abundance, with 

charismatic species such as the Great white, C. carcarias, C. Taurus and hammer-

head sharks, Spyrna zigaena. Based on some authors (Soldo & Jardas, 2002a), the 

species that live to date in the Adriatic Sea are 28, subdivided into 5 orders, 14 

family and 25 genera. (Lipej et al. 2004).  

The table shows the presence of those species in past years 

 

 

 

Family 

 

 

 

Genus  

 

 

 

Species  

Hexanchidae  Heptranchias  Heptranchias 

perlo  
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Hexanchidae  Hexanchus  Hexanchus 

griseus  

Echinorhinidae  Echinorhinus  Echinorhinus 

brucus  

Squalidae  Centrophorus  Centrophorus 

granulosus  

Squalidae  Dalatias  Dalatias licha  

Squalidae  Etmopterus  Etmopterus spinax  

Squalidae  Squalus  Squalus acanthias  

Squalidae  Squalus  Squalus blainvillei  

Oxynotidae  Oxynotus  Oxynotus centrina  

Squatinidae  Squatina  Squatina oculata  

Squatinidae  Squatina  Squatina squatina  

Odontaspididae  Carcharias  Carcharias taurus  

Odontaspididae  Odontaspis  Odontaspis ferox  

Alopiidae  Alopias  Alopias vulpinus  

Cetorhinidae  Cetorhinus  Cetorhinus 

maximus  

Lamnidae  Carcharodon  Carcharodon 

carcharias  
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Lamnidae  Isurus  Isurus oxyrinchus  

Lamnidae  Lamna  Lamna nasus  

Scyliorhinidae  Galeus  Galeus 

melastomus  

Scyliorhinidae  Scyliorhinus  Scyliorhinus 

canicula  

Scyliorhinidae  Scyliorhinus  Scyliorhinus 

stellaris  

Triakidae  Galeorhinus  Galeorhinus 

galeus  

Triakidae  Mustelus  Mustelus asterias  

Triakidae  Mustelus  Mustelus mustelus  

Triakidae  Mustelus  Mustelus 

punctulatus  

Carcharinidae  Carcharhinus  Carcharhinus 

plumbeus  

Carcharinidae  Prionace  Prionace glauca  

Sphyrnidae  Sphyrna  Sphyrna zygaena 
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The reduced number of species of sharks of the Adriatic Sea, reflect the powerfull 

decline the elasmobranchs are facing worldwide, reason why the species list on the 

table is considered incredibly scarce (Lipej et al. 2004). Today the more common 

species in the Adriatic Sea are: S. acanthias, G. melastomus, S. canicula, S. 

stellaris, P. glauca E. spinax, M. mustelus e M. punctulatus (Lipej et al. 2004). In 

the Adriatic Sea the species of sharks are fished almost exclusively for the meat, 

because the “finning” it is banned following the disposition of European regulation 

1185/2003, and GFCM (General Fisheries Commission for the Mediterranean). 

The species considered “fine” are I. oxyrinchus, L. nasus, S. acanthias e Mustelus 

spp.. Analyzing data coming from MEDITS (Mediterranean International Trawl 

Surveys) and HVAR it’s been quite clear the decrease of abundance and diversity 

and biomass. In support of that, data coming from commercial fisheries confirm 

what said before. Barausse and colleagues, in 2014, have found a dramatic decline 

of elasmobranch catches in the Adriatic Sea, probably due to a general decrease of 

the species as a result of over-exploitation from professional fisheries (Barausse et 

al. 2014). In Adriatic, it is evident the drop of Elasmobranch catches, of species in 

risk of extinction or of species defined as DD (Data Deficient) or with no catches 

since the end of the second WW (world war), such as: E. brucus, O. centrina, S. 

oculata, S. squatina, C. taurus, O. ferox, C. carcharias, L. nasus, C. plumbeus e S. 

zygaena (Lipej et al. 2004). 
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1.5 The smooth-hound shark, Mustelus mustelus 

The smooth-hound shark Mustelus mustelus belongs to the genus Mustelus and the 

family of Traikidae, which includes 34 species distributes in all major oceans. 

Mustelus mustelus, in addition to other 4 species, can be commonly found in the 

Mediterranean Sea. An important area where Mustelus spp. can be found, it’s the 

Adriatic Sea, especially the north, where Mustelus mustelus can be found in 

aggregations together with M. punctulatus. The North Adriatic Sea is also 

considered as a nursery ground, something that can be additional value from the 

point of view of a conservation plan. Mustelus mustelus lives generally on the 

continental shelf till the margin of the continental slope. Usually, those sharks live 

close to the bottom, where can be found down to 350 meters depth, however, it is 

also common between 5 to 50 meters depth on sandy or muggy substrates 

(Notabartolo di Sciara e Bianchi, 1998; Serena et al. 2009). The diet it’s based on 

Portunidae and Processidae (two families of decapods, crustaceans) that represent 

the dominant fraction of the diet, follow by Squilla mantis, and then different type 

of bony fishes like Engraulis encrasicolus; the rest of the diet it’s generally 

composed by other species of crustaceans, mussels and cephalopods (Finotto, 

2014). The reproduction of Mustelus mustelus is placental viviparity with a 

gestation period that ranges between nine months and eleven months.The mating 

season comes usually in the early summer, especially between May and the 
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beginning of June with the parturition that occurs between April and May (Saïdi et 

al. 2008; Da Silva 2007; Smale and Compagno 1997; Notarbartolo di Sciara  and 

Bianchi, 1998). Females can generate a variable number of offsprings, usually 

between 4 to 18, based on the size of the mother; indeed, Saïdi e colleagues (2008), 

have found a positive correlation between the number of offspring and total lengths 

(LT) of the mother in the Gulf of Gabes. The juveniles, once they’re born, have a 

size between 34 and 42 cm. Another important aspect link to that it’s the age of 

Mustelus mustelus. Goosen and Smale, analyzing the vertebrae of the samples got 

in South-Africa, estimated a maximum age of 17 years for male, and 24 years for 

female specimens, suggesting that these species have a maximum age higher than 

the Mustelus spp. Today, by the data proposed/given by IUCN, M. mustelus is 

considered Vulnerable (VU) (Serena, 2009) 
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                      Figure n.6: The picture shows the distribution of Mustelus mustelus 
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Despite of that analyzing historical series of presence/absence of Mustelus asterias, 

Mustelus mustelus and Mustelus punctulatus, in the whole Mediterranean basin, it 

has emerged a decline of 72 to 78% in the last 60 years, suggesting to reconsider 

the conservation status of those sharks (Colloca et al. 2017; Dulvy et al. 2016). 

Actually, there are no specific restrictions for the catches of Mustelus mustelus 

regarding the minimum size of catches, or obligation for the specimens got from 

by-catch to be released. In addition to that, there is an important lack of knowledge 

about Mustelus spp. that has been landed for years. Finally, historical series of 

Mustelus spp. have often misidentified Mustelus spp. mistaking M. mustelus with 

M. punctulatus, giving consequently uncorrected data. This kind of problem is a 

general issue because in general data on catch and landings of elasmobranch 

species are often incorrect and inaccurate, and that is because the data are been 

presented are aggregated data from several species of sharks (Dulvy et al. 2000; 

Worm et al. 2013; Barausse et al. 2014). Those kinds of data are in contrast with 

the assessment of the population's status because they can disguise the trends of the 

single species, with the decrease of one species being compensated by an increase 

of another (Dulvy et al. 2000). The second major problem is the misidentification 

of species during scientific surveys that lead to errors in reading data. The reason 

why is the lack of a clear diagnostic guide for the identification that should be clear 

and unambiguous phenotype-based. In this case, the genus Mustelus is particularly 
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problematic, presenting unclear, and sometimes, contrasting diagnostic 

characteristics. There are three species in the Mediterranean sea, members of the 

genus Mustelus: the starry smooth-hound, M. asterias (Cloquet, 1819), the 

common smooth-hound, M. mustelus (Linnaeus, 1758), and the black-spotted 

smooth-hound, M. punctulatus (Risso, 1827) (Compagno, 1984), with M. asterias 

being currently very rare in this area (Serena 2005; Barausse et al. 2014). M. 

mustelus and M. punctulatus, two placental Triakidae sharks that are often 

misidentified, and different identification guides or papers report different and 

sometimes contrasting diagnostic traits (Quignard and Capapé 1972; Heemstra, 

1973; Compagno, 1984). In the Mediterranean Sea, the two species are common 

mainly in the Strait of Sicily and in the northern-central Adriatic Sea (Jardas, 1996; 

Baino et al. 2001; Jardas et al. 2008; Serena et al. 2009b), where they are the target 

or by-catch of different fishing techniques (Fortuna et al. 2010; Barausse et al. 

2014). At a local level, they have been evaluated as endangered in the Italian Red 

List of the IUCN (Rondinini et al. 2013). Genetic markers useful for the 

identification of the two species have been recently developed, using a small set of 

samples (Marino et al. 2015a). On the other hand, faster and easier morphological 

information for the identification could be needed, for example in conditions where 

there are a lot of specimens to identify and a short time to do that. In the study 

presented by Marino, there are some main aspect that are considered, in order to 
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clearly recognize the difference between the two species: the different shape and 

pattern of ridges of dermal denticles, black spots on body sides, present only in M. 

punctulatus, width of the nostrils and the shape of the mouth. The choice of 

morphological trait for identification is likely to be different depending on the 

context. Working onboard fishing vessels or at fish markets, where speed in 

identification is crucial and the collection of a sample of tissue may not be feasible, 

the use of a combination of black spots and internostril distance/nostril width 

(measured using pictures) appears to be quite a reliable and practical method. This 

may be complemented by an examination of the shape of the mouth. Where 

possible, for instance when samples are brought to the laboratory and full 

processing is possible, the shape of the dermal denticles gives accurate results. 

 

Figure n.7: The picture shows the ventral view of the mouth in A) Mustelus mustelus; B) Mustelus punctulatus 
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Chapter 2: Reproduction biology 

2.1      Reproduction of the Elasmobranch 

The elasmobranch can have different reproductive types and specialization. All of 

them have internal fertilization and generate a good amount of large eggs. The 

internal fertilization is an advantage because it ensures that the energy allocated for 

the development of the embryo is not wasted. Indeed, the development of the 

embryo can be guaranteed because it is protected during the most vulnerable stages 

avoiding the sperm and eggs loss, that in addition, can also be under tremendous 

pressure by other predators. The fecundity of sharks varies along with the species, 

in fact some of them generate a couple of offsprings per year, and others, up to a 

maximum of 300, i.e. the whale shark (Compagno, 1990; Joung et al., 1996). The 

reproductive patterns include oviparity and viviparity, which have a certain degree 

of differentiation. The oviparity is a common strategy also in the bony fishes, 

where generally the specimens produce a large number of eggs and sperm. The 

oviparous elasmobranchs enclose their eggs inside a particular structure called egg-

cases (also known as mermaid bag or devil bag) and lay them on a variety of 

substrate. 
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          Figure n.1: Phylogeny of the elasmobranchs with reproductive modes. Modified after Musick et al. 2004. 

 

The time the embryo spends in the egg case is variable, but usually between less 

than 2 months to up to 1 year. The development of the embryos is outside the body 

of the mother. The vivipary forms keep their eggs inside the mother’s body, in the 

uteri, where the embryo fully develops. The oviparous and viviparous juveniles 

hatch, or are born, fully developed, as miniature copies of the adult. By bypassing 

the larval stage, elasmobranchs reduce losses to predation; by hatching or being 

born as an active, relatively large fish, they also have a greater number of potential 

prey. Viviparity can be divided in placenta and aplacental vivipary. As it said, the 

vivipary forms can have different adaptations focusing on the nutrient connections 

with the mother where the yolk sac interdigitates with the uterine wall to form a 
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placenta in which, a nutrient from the mother, is transferred to the embryo. In most 

of the species, the egg envelope is retained and incorporated into the uteroplacental 

complex (Hamlett, Wourms and Hudson, 1985). Gestation, in viviparous species, 

can ranges from less than six months to greater than two years, and that is very 

important in order to understand the impact that over-exploitation can have on 

those species K-strategy. Another differentiation can be done on the base of 

lecithotrophic or matrotrophic development. The first one occurs when embryos 

derive their nutrition exclusively from yolk reserves and we can find it in many 

aplacental viviparous species. Matrotrophic development occurs when embryos 

supplement the yolk reserves by obtaining maternally derived nutrients during 

gestation and also occurs in many aplacental species and all placental viviparous 

species (Wourms and Lombardi, 1992). The advantage of matrotrophy may be the 

increase in juvenile size at birth and therefore increased survivorship of animals.  

 

 

 

Figure n.2:  Phylogeny of the Carcharhiniformes with reproductive modes. Modified after Compagno 1988 and Maisey et al. 

2004. Mustelus mustelus, as a member of Triakidae family and genus Mustelus, shows placental viviparous reproduction mode 
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2.1.1 Oviparity 

Batoids of the family of Rajidae and six families of the orders of 

Heterodontiformes, Orectolobiformes and Cacharhiniformes, are known to be 

elasmonranchs in which oviparity is present (Compagno, 1990). Oviparous forms 

enclose their eggs in resistant egg-cases and lay them on a different kind of 

substrate on the sea bottom. The egg case generally has tendrils and sticky 

filaments that aide in attaching the egg to some sort of structure or substrate where 

the eggs incubate. Embryos are nourished merely by yolk stored in the yolk sac. 

The incubation period varies from a few months to a year or longer. After a short 

period of development, usually a couple of weeks, a small fissure opens on each 

side of the egg cases and allows ventilation, promoting water flow and exchange 

with the surrounding water. The egg case is the only protection the small embryos 

have against different kind of predators, from gastropods to other sharks, that 

usually can cause high mortality of those eggs. Oviparous forms produce small 

young because the amount of nutrients available to the developing embryo is 

limited by what is stored in the yolk sac. Oviparity is probably the primitive or 

ancestral condition in sharks. It is from this condition that vivipary arose by the 

prolongation of the time that the embryos are retained by the female. 
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Figure n.3: The picture shows the egg-cases of oviparity forms. 

 

2.1.2 Viviparity 

Vivipary species retain their embryos in the uterus, and that is an enormous 

advantage in terms of protection of the embryos, energy waste and size of the 

newborn, which are low in numbers but large in size; they are miniature copies of 

the adults. Viviparity can be divided into aplacental or placental viviparity 

depending on whether a placental connection is developed between mother and 

offsprings. In addition, to that, the aplacental forms can be divided into three 

groups: those that are strictly dependent on the yolk reserves, those which feed on 

other eggs or eventually on embryos and those which have placental analogs. 

 In the first aplacental type, the embryos depend solely on the yolk deposited in the 

egg at the time of ovulation. Although the embryos at the early stages of 

development receive protection because they are retained in the uterus but they do 
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not receive any supplement nutrient from the mother during gestation. 

Consequently, youngsters are generally relatively small at birth. 

In the second aplacental type, which feed on other eggs or embryos, the uterus 

grows incredibly large size. The eggs are generally small because they will be 

eaten by embryos during the development phases. The embryos are generally 

dependent on the yolk during the first weeks, and then when reaching the proper 

size, usually 5 cm, start to ingest other eggs in the uterus. That is possible because 

they develop a premature dentition that allows them to rupture the eggs and ingest 

the content. Usually, only a few fertilized eggs are produced at the beginning of 

gestation. In the case of the smalltooth thresher, Alopias pelagicus, only one 

fertilized egg is released into each oviduct, a single egg inside an egg case. In the 

mako (Isurus oxyrinchus) and white shark (Carcharodon carcharias), six to ten 

fertilized eggs are released into each oviduct. In the unique case of the sand tiger 

shark, Carcharias taurus, as many as a dozen embryos may be produced per 

oviduct. After several egg cases containing a single fertilized egg have been 

produced, the female shifts to producing egg cases containing several unfertilized 

eggs. When developing embryos reach a larger size, like 10 to 12 cm in length, 

start to search for other embryos to kill them and eat them. This kind of 

nourishment happens inside the uterus it is sometimes called intrauterine 

cannibalism. Because of that strategy, it is quite easy to understand why the 
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offsprings of those species have great size at birth; this kind of energy supply 

guaranteed a larger dimension.  

In the third aplacental type are present the placental analogues. In those cases we 

can find long villous extensions of the uterine epithelium called trophonemata, that 

secrete the so-called  “intrauterine milk”, which can be absorbed by the embryo. 

This type of nourishment can occur in all rays of the order of Myliobatiformes. 

Trophonemata encase the embryo and sometimes enter the embryo through 

spiracles. 

Instead, in the placental forms, the embryos receive the nourishment by the yolk 

only in the first stages of development, then the yolk sac elongates and its distal 

surface becomes vascularized, interacts and attach s to the uterine wall and forms a 

yolk sac placenta. The associated yolk stalk forms the umbilical cord. Once the 

placenta is formed, nutrients can be shunted to the developing embryo directly 

from the bloodstream of the mother. The embryos of placental elasmobranchs have 

practically an unlimited supply of energy. Nutrients are limited only by the health 

of the mother and her food supply.  
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Figure n.4: Atlantic sharpnose shark (Rhizoprionodon terraenovae); 43 mm embryo. Note yolk sac becoming flaccid as the yolk is 

being consumed. (Photo copyright José I. Castro). 

 

 

Figure n.5: Atlantic sharpnose shark (Rhizoprionodon terraenovae); 250 mm embryo at midterm.  

(Photo copyright José I. Castro) 

  

2.2 Reproduction behavior 

The terms courtship and mating are used generally to describe both pre-copulatory 

(usually courtship) and copulatory (usually mating) behaviors of male and female 

elasmobranchs (Klimley, 1980; Tricas, 1980). ‘Courtship,’ as it generally 
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understood, is an activity for mate identification and assessment, could be an 

inappropriate term referring to elasmobranch in which there is apparently rough 

and direct pre-copulatory behavior. However, detailed observations of the nurse 

shark are showing that ‘courtship’ may eventually prove to be accurate even in the 

popular sense of females being ‘choosy’ and selective through avoidance behaviors 

and males competing for the cooperation of a specific female during the prelude to 

mating. 

 Successful mating requires the male to physically hold the female and to introduce 

one, or perhaps both (Leigh-Sharpe, 1920), claspers into the cloaca and common 

vagina. Repeated copulations may be necessary for some species for successful 

fertilization. Sperm viability, the extent to which males and females of different 

species may store and maintain sperm and the role of mating behavior in sperm 

competition has yet to be established. Recent research has also revealed the 

interesting role of the electro-sensory system (Tricas et al. 1995) and the 

neuroendocrine system (Dodd, 1983; Rasmussen and Gruber 1990; Tricas et al. 

2000) in courtship and mating.  

Many elasmobranchs have relatively large testes and during the mating season 

carry prolific sperm in the upper and lower epididymis (Pratt, 1979). Usually, 

abundant sperm production is usually an indicator of sperm competition (Eberhard, 

1998), which may be a facet of many shark mating systems. In the mature sexually 
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active male shark, sperm packets are stored in the ampulla epididymis (Jones and 

Jones 1982) as encapsulated spermatophores in Cetorhinus maximus and lamnids 

(Matthews, 1950) or with naked exposed tails as spermatozeugmata in 

carcharhinids (Pratt and Tanaka, 1994, Hamlett, 1999). During or immediately 

before copulation, sperm exit the paired ampullae to the urogenital sinus and then 

are injected into the apopyle and groove of the copulating clasper. From the clasper 

groove, the sperm are propelled into the female’s vagina and uterus either through 

the hydraulic action of the corresponding muscular subdermal siphon sac (Gilbert 

and Heath 1972) or by the action of smooth muscles in the walls of the ampullae 

epididymides or both.  

The reproduction behavior of the elasmobranch species, usually required male 

‘biting’ or holding behavior, during the courtship, especially in the mating 

relationships. Some courtship bites are preliminary and may serve to stop the 

female or signal male intent. These bites are less tenacious than feeding bites and 

usually do not appear to employ full force or full closure of the jaw. Springer 

(1967) noted: ‘Among the larger species, some cooperation on the part of the 

female seems necessary.’ In most species in which mating behavior has been 

observed, the male bites and often hold the female, possibly as a pre-copulatory 

releasing mechanism to invoke female acquiescence, to facilitate insertion of the 

clasper and to maintain the proper position and proximity until sperm transfer is 



36 
 

complete. During the mating season, female elasmobranchs and some males will 

usually bear some combination of courtship marks on their fins, flanks and 

elsewhere on their bodies. Some scaring patterns are species-specific, depending 

on male biting, ‘grasping’ and mating behaviors and the presence and employment 

of dentition, horns, spines, and denticles. Most commonly found are tooth cuts and 

abrasions on the female pectoral fins, but marks on males of some species are not 

uncommon. Gordon (1993) reported several types of biting behavior in 

captive Carcharias taurus. Males bit females to mate, and also snapped at smaller 

species in the tank, but never at each other. The mature females also bit the mating 

males as noted in wild populations by Gilmore et al. (1983). These observations 

indicate that there may be sexual hierarchies that are maintained through 

aggressive behavior (Gordon 1993). These hierarchies may serve to synchronize 

mating sequences in some sharks. Social hierarchies and interactions may precede 

or follow active mating, and carry over into non-reproductive periods, particularly 

in species which remain together or repeatedly use particular mating sites over 

several annual cycles as in Carcharias taurus (Gilmore et al. 1983) 

and Ginglymostoma cirratum (Carrier et al. 1994).  
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2.1.1 Reproductive biology of Mustelus mustelus 

The reproduction of Mustelus mustelus is placental viviparity with a gestation 

period that ranges between nine months and eleven months. The mating season 

cames usually in the early summer, especially between May and beginning of June 

with the parturition that occurs between April and May (Saïdi et al., 2008; Da Silva 

2007; Smale e Compagno 1997; Notarbartolo di Sciara e Bianchi, 1998). The 

female can generate a variable number of offsprings, usually between 4 to 18, 

based on the size of the mother.  

 

 

Figure n.6: A) Uterus of Mustelus canis containing 6 fetuses. Each placenta (p) is connected to the umbilical cord (uc). Ovary = o. 

B). Term M. canis fetus with umbilical cord (uc) connecting to the fetal portion of the placenta (p). Paraplacental uterine areas = 

pp 
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Furthermore, Saïdi e colleagues (2008), have found a positive correlation between 

the number of offspring and total lengths (LT) of the mother in the Gulf of Gabes. 

The juveniles, once they’re born, have a size between 34 and 42 cm. Another 

important aspect link to that it’s the age of Mustelus mustelus. Goosen and Smale 

(DATA), analyzing the vertebrae of the samples got in South-Africa, estimate a 

maximum age of 17 for males, and 24 for female specimens, suggesting that these 

species have a maximum age higher than the Mustelus spp.  According to the 

results found by Sadi and colleagues (2008), the smallest mature male was 880 mm 

LT and the largest immature one was 1120 mm LT, whereas L50% (the size at 

which 50% of individuals -LT50%- were sexually mature) was estimated to be 971 

mm LT. In the Gulf of Gabe`s, the smallest mature female was 1075 mm LT and 

the largest immature one was 1230 mm, whereas L50% was calculated as 1172 

mm LT. The smallest pregnant female was 1150 mm LT. Males IG reached 

maximum values between January and March before declining through to 

June.  Trends in the IG suggested that mature male smooth-hound sharks in the 

Gulf of Gabe`s initiated spermatogenesis sometime after August, with the 

spermatozoa produced being accumulated in the seminal vesicle during April in 

preparation for mating. Mature males examined during late April and May had 

visibly atrophied testes compared to those collected in March and early April. 
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Their seminal vesicles, however, were still highly swollen and contained a large 

amount of semen. Thus, the mating season of M. mustelus off the Gulf of Gabe`s 

occurred through May and early June. Mating occurred in May in the Gulf of Tunis 

(Capape, 1974), from April to June in the Senegalese coasts (Capape et al. 2006) 

and between January and May off Mauritania (Khallahi, 2004). The pattern of the 

IG peak in males before ovulation in females observed in M. mustelus was also 

observed among other mustelids (Teshima et al. 1974; Conrath & Musick, 2002; 

Walker, 2007). This pattern suggested that in placental viviparous sharks, mating 

occurs during the brief period from the end of parturition to the beginning of the 

next ovulation. In fact, during pregnancy, embryos and intrauterine compartments 

probably obstructed the passage of spermatozoa from reaching the oviducal glands 

(Walker, 2007). The trend of embryonic growth and DOmax (The mean maximum 

oocyte diameter) development indicate that M. mustelus off the Gulf of Gabe`s has 

an annual reproductive cycle with a gestation period of c. 10–11 months. Ovulation 

occurred from early June to early July and parturition lasted from mid-April to 

early May. Parturition occurred during April and May in the Gulf of Tunis 

(Capape, 1974), from April to July in the Senegalese coasts (Capape et al. 2006), 

between February and June off Mauritania (Khallahi, 2004) and during May to 

June in the Adriatic Sea (Costantini et al. 2000). The 12 months oocyte 

development and nine to 12 months gestation periods were common in Mustelus 
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species (Francis & Mace, 1980; Francis, 1981; Capape, 1983; Lenanton et al. 

1990; Yamaguchi et al. 1997; Conrath & Musick, 2002; Oddone et al. 2005). The 

gestation period of 7–10 months off Mauritania is the shortest reported for M. 

mustelus. Similar to M. mustelus, there were 1 to 2 months differences in the 

timing of gestation periods of Mustelus manazo Bleeker and Mustelus antarcticus 

among separate regions (Yamaguchi et al. 2000; Walker, 2007). Regional 

differences in the timing of reproductive events among populations of M. mustelus 

might be related to ecological conditions. On the basis of the timing of parturition 

and ovulation, female M. mustelus off the Gulf of Gabe`s have a resting period of 

4–6 weeks between pregnancies. All Mustelus species may have a short resting 

period between pregnancies (Francis & Mace, 1980). The present study suggests 

that parturition, mating, and ovulation occurred over a 3 month period as was the 

case for specimens from the Gulf of Tunis (Capape, 1974) and Senegal (Capape et 

al. 2006). This was shorter than the estimated 5 month parturition period suggested 

for the species in the Mauritanian coasts (Khallahi, 2004). 
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2.2 Male reproductive system 

2.2.1 Anatomy of the testis 

The testis has two functions: spermatogenesis and steroidogenesis (secretion of 

steroid hormones). It is packed with spherical spermatocysts consisting of many 

spermatoblasts (each with a single Sertoli cell and its synchronously developing 

isogenetic clone germ cells) bounded by a basement membrane. 

The male genital tract is, anatomically speaking, quite elaborate. Elasmobranchs 

have two elongated testes, genital ducts (ductus efferents, epididymis, ductus 

deferens and seminal vesicle), accessory glands, such as Leydig’s gland and siphon 

sac, and secondary sex organs. The testes are paired structure and usually are 

closely associated with epigonal organ, an important tissue related to the 

production of leukocytes, granulocytes and lymphocytes. Usually, each testis is 

suspended from the mid-dorsal body wall by a mesorchium. In some species, the 

testes are embedded at the anterior end of the epigonal organ. In immature animals, 

the testes could appear as an inconsistent mass of opaque tissue, while in the adult 

specimens, the testes vary in a species-specific way for what concerns the 

morphology and functional arrangement.  
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.  

Figure n.7: The picture shows the elasmobranch reproductive system 

 

Pratt (1988) identified three types of testes in elasmobranchs: radial, diametric and 

compound, defined by their pattern of the seminiferous follicle or cysts origin and 

propagation: 

 In the radial type of testes, the germinative zone is at the center of the lobule 

and the development of the seminiferous follicles proceeds radially from the 

center of the lobule toward the circumference, where efferent ductules 
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collect the spermatozoa as they mature. The lamniform sharks share this 

type of testis.  

 In the diametric testis type, such as in the requiem sharks (Carcharhinidae) 

and the hammerhead sharks (Sphyrnidae), the testes protrude from the 

surface of the epigonal organ. In this type of testis, the development of the 

spermatocysts proceeds from one wall across the diameter of the testis to the 

opposite wall, where efferent ductules collect the spermatozoa. 

 The compound testis shows elements of both diametric and radial 

morphology and is found in many batoids.  
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Figure n.8: The picture shows the 3 type of testis (Biology of sharks and their relatives (book), edited by Carrier CJ, 2004). 

 

Concerning the outside of the reproductive systems, there are two modifications of 

the pelvic fins, which are known as claspers and are cylindric extinction that 

during the reproduction, sometimes both, usually one, are inserted inside of the 

female cloaca. During the copula, the siphon sac, placed under the skin of the 

animal, is filled with water, to facilitate the transfer of sperm to the female 

(Gilberth and heath, 1972) by inducing uterine contractions or assist sperm 

competition by washing female genital tract before ejaculation with water flux. 
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Sometimes the apex of the cluspers can have the presence of modified terminal 

cartilage variously bear sharpened ridges, hooks or barbs that expand out when 

flexed to lock the clasper in the vagina and often leave abrasions and lesions in the 

vaginal wall. In species that bear clasper spines or hooks, the relative bluntness of 

the spine can serve as an index of a male’s mating activity.  

 

 

Figure n.9: The picture shows the presence of paired cluspers in male shark. 

 

In immature elasmobranchs, the claspers are small and flexible. Upon reaching 

maturity, the claspers calcify, harden, and form articulations with the pelvic fin 

base. Then calcification and rigidity of the clasper, and the ability of the rhipidion 

to splay open and erect the spur, are the best standards for determining maturity in 

elasmobranchs (Clark and von Schmidt, 1965). 
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The testes are the location of spermatogenesis and also play a role in creating and 

secreting steroid hormones. The epididymis is connected to the testis via the ductus 

efferens, which are fine tubules that cross the mesorchium at the anterior edge of 

the testis. Mature sperm are discharged from the testis through the ductus efferens 

(Wourms, 1977). The efferent ducts join the epididymis, which expands to form a 

long tube with complex convolutions. The epididymis is continuous with the next 

section of the genital duct, the ductus deferens, also known as the vas deferens or 

Wolffian duct. The ductus deferens are continuous with the seminal vesicle or 

ampulla ductus deferens. The ductus deferens and seminal vesicle function as 

storage areas for seminal products and in some species sperm are packaged into 

either spermatozeugmata or spermatophores here (Wourms, 1977). The ureter 

becomes entwined with the terminal portion of the seminal vesicle and both end in 

the anterior wall of the urogenital sinus. The urogenital sinus vents into a common 

cloaca employing a single large papilla. Two accessory glands are present, Leydig 

glands and the alkaline gland. 

2.2.2 Spermatogenesis 

Spermatogenesis is a developmental process of mature male gametes. During this 

process, a small number of diploid spermatogonial stem cells produce a large 

number of highly differentiated spermatozoa carrying a haploid, recombined 

genome. Those cells are extremely specialized and adapted to motility. Comparing 
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them with the female gametes, are smaller in terms of dimension and, in terms of 

metabolic effort, are largely less costly. Indeed, the cellular basis of sexual 

reproduction in animals are haploid gametes, one sex producing a relatively small 

number of large gametes, eggs that are rich in reserves, the other sex producing a 

high number of small gametes, spermatozoa. 

 

Figure n.10: The picture shows a schematic representation of spermatogenesis 

Spermatogenesis can be defined as a sequence of complex cellular events: 

 commitment to spermatogenesis proper 

 mitotic proliferation 

 apoptosis (in some situation)  

 meiosis (the central event of spermatogenesis) 



48 
 

 spermiogenesis (metamorphosis of an immotile round cell to a free-

swimming spermatozoon) (Roosen-Runge 1977).  

 

Generally, mature spermatozoa are considered such when they are still inside the 

cyst ready to reach the epididymis through the efferent ductules. From the 

epididymis, they go to the ductus deferens and seminal vesicles, along with 

secretions from the genital ducts and from the Leydig gland. Secretions from the 

Leydig gland facilitate maturation of spermatozoa and matrical material form in 

the lumena of the seminal vesicles and associate with individual and previously 

bundled sperm. The sperm are held together by a sticky matrix as either 

spermatophores (sperm encapsulated) or spermatozeugmata (sperm not 

encapsulated but tails of peripheral sperm protruding). Ciliated epithelial columnar 

cells lining the lumen convey the spermatozoa through the genital ducts; only the 

seminal vesicles have a muscular wall. At copulation and ejaculation, sperm 

transfer from the seminal vesicle through the urogenital papilla to the dorsal 

groove of each clasper. Spermatozoa acquire the potential for modest motility 

while in the terminal regions of the genital ducts but acquire active, robust motility 

at ejaculation (Hamlett, 1999). 
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Chapter 3: Aim of the thesis 

3.1 Aim of the thesis 

The knowledge of the fish reproduction is essential to define the regulation of 

fishing activities, decreasing the pressure out of the stocks as well as to establish 

the interruption of fishing activities that could and should coincide with the mating 

seasons, and allow the fishes to reach the sexual maturity for the reproduction. The 

aim of the thesis was to amplify, improve and discover new features and aspects 

about the male reproductive system (with a focus on spermatogenesis), of the 

common smooth-hound shark, Mustelus mustelus, caught in the Adriatic 

Sea. Mustelus mustelus is generally caught by demersal trawls, trammel nets, 

gillnets, longlines, as well as by-catch. Furthermore Mustelus spp. have recently 

been classified as “Endangered” in the Italian IUCN Red List (Rondinini et al. 

2013) and there isn’t any regulation for the catches, such as the minimum size for 

capture. 

To reach our goal, two different approaches were used: the histological analysis 

and the FT-IR (Fourier Transform Infrared Spectroscopy) analysis. 

The histological analysis was used for an accurate investigation of the testis and in 

general to evaluate the mating season in male, as well as the sexual maturity or the 

seasonality in reproduction. Histology, in fact, allow us to identify the different 

phases of the germinal cells and to determinate, based on that, the maturity state of 
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the specimens. In this thesis, for the first time in shark male gonads, FT-IR analysis 

has been applied to characterize the macromolecular composition and maturation 

of germinal and somatic components of spermatocysts. Furthermore, the FT-IR 

analysis have been used as a support of the histology and as a future helpful tool 

for the reproduction analysis in sharks.  

Generally, the main notions collected about the reproductions of elasmobranchs 

refer to female individuals, and a few papers, concentrate on the reproduction of 

genus Mustelus, even less, on the common smooth-hound shark. Furthermore, 

there is a lack of uniformity about the spermatogenesis process previously 

described, as well as a lack of general knowledge of the elasmobranch 

reproduction.  

Therefore, in this work it has been investigated and characterized every step that 

leads to the formation of the spermatozoa inside the spermatocysts, from the 

spermatogonia to the haploid gametes. In literature, there are few works on the 

male reproductive system in the species of the genus Mustelus, but unfortunately, 

this has been accomplished sometimes with questionable results, other times with 

inaccurate results. The aim of the thesis was in fact, to build up a solid base of 

knowledge regarding the spermatogenesis process in the common smooth-hound 

shark.  
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4. Material and Methods: 

4.1 Histology 

The animals were collected by fishing vessel in the Adriatic Sea (FAO- 

Geographical Sub-Area 17, according to GFCM division). A portion of the gonadal 

tissue from males were fixed in solution of Formol, inside the Eppendorf with a 

volume ratio of the sample and the tissue of 1:10. In order to allow a better 

fixation, the samples were stored at room temperature for 24 hours, then stored at -

4°C. Inside a plastic support, without any fixative, and store at -18°C Temperature, 

for the Cryostat and FT-IR analysis. 

4.1.1 Paraffin Inclusion 

The first phase required the dehydration of the samples that are previously placed 

into biocassettes. Tissues are dehydrated through a series of ascending graded 

ethanol baths, to displace the water. Then, the protocol used required 2 steps 

through xylene (generally used in histology as a cleaning agent) baths. And after 

the samples are included in paraffin  

4.1.2 Microtome 

Tissues, previously fixed and embedded into paraffin block, are ready to be cut 

into sections using the microtome (Leica RM2125RTS). Tissues are sectioned and 

so they are cut with a thickness of 4 μm. The slices are put in a deionized water 
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bath, with a temperature that has to be close to 37°C, and then, the slices are put 

onto the surface of clean glass slides. The glass slides with the paraffin section are 

placed in a warm place to allow the wax residues to melt and to allow to bond the 

tissue to the glass. Slides can be stored overnight at room temperature. 

4.1.3 Staining technique 

The section were stained by Mayer’s Hematoxylin and Eosin.  

The protocol requires 2 steps in which the section on the glass  is placed in a 

consequential bath of Xylene 1 and Xylene 2, to allow the deparaffinize process. 

Subsequently, the samples are placed in a decreasing graded bath of ethanol first, 

and after the staining, in a crescent graded ethanol bath. The first dye utilized is the 

Hematoxylin, and the second one is the Eosin. After several attempts, for a proper 

staining of the male shark gonad, we choose to retain the samples, 2 minutes for 

the Hematoxylin dye, and 30 seconds for the Eosin dye. After the ethanol phase, 

the protocol requires a last bath in Xylene, to better facilitate the mounting of the 

glass under the hood. Some drops of glue are needed to allow the mount of the 

glass using the coverslip. Sections were then observed and evaluated under a light 

microscope for the characterization and the understanding of spermatogenesis steps 

by Zeiss Axioscop (Oberkochen, Germany) and using the software Zen (Carl 

Zeiss, Oberkochen, Germany). 
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4.2 FT-IR measurements and data analysis: 

The samples were processed utilizing the protocol of the histology (see above), 

from paraffin inclusion to microtome cutting. Once obtained the glass sections, 

they were deparaffinized with xylene. Subsequently, the samples were dehydrated 

through a series of ascending graded ethanol baths. 

A Bruker VERTEX 70 interferometer coupled with a Hyperion 3000 Vis-IR 

microscope was used. The spectrometer was equipped with a liquid nitrogen 

cooled bidimensional Focal Plane Array (FPA) detector that allows to perform the 

imaging analysis of non-homogeneous biological samples by simultaneously 

acquiring 4096 spectra on an area of 164x164 μm2. The visible image of each testis 

section was obtained with a 15X condenser/objective and used to select areas 

containing spermatocysts at different development stages. On these selected areas, 

IR maps were collected in transmission mode in the 4000-900 cm-1 MIR range 

with a spatial resolution of ~2.56 μm. Each spectrum was the result of 256 scans 

with a spectral resolution of 4 cm-1. The size of the areas to be mapped was chosen 

based on cysts’ dimension. Background spectra were acquired on clean regions of 

CaF2 optical windows.  

Raw IR maps were corrected by applying the Atmospheric Compensation routine, 

to remove the contribution of atmospheric carbon dioxide and water vapour, and 

then vector normalized in the 4000-900 cm-1 spectral range, to avoid artefacts due 
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to differences in thickness (OPUS 7.1 software, Bruker Optics, Ettlingen, 

Germany).  

These preprocessed IR maps were integrated under the following spectral regions, 

to obtain false colour images representing the topographical distribution and 

relative amount of the most relevant biochemical features: 2995–2825 cm-1 

(containing the vibrational modes of lipids, named LIPIDS); 1718–1481 cm-1 

(containing the vibrational modes of proteins, named PROTEINS); 1274–1181 cm-

1 (containing the vibrational modes of phosphates groups inside nucleic acids, 

named PHI DNA), and 1130–1013 cm-1 (containing above all the vibrational 

modes of pentos, named PHII DNA). An arbitrary colour scale was used, white 

colour indicating areas with the highest absorbance values and blue colour areas 

with the lowest ones.  
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Chapter 5: results and discussion 

5.1 Structural and macromolecular characterization of male gonad in Mustelus 

mustelus 

The elasmobranch, due to their phylogenetic origin and due to their peculiar 

reproduction mode, offers an opportunity to obtain elucidation into the origin, 

evolution and basic functioning of the vertebrate reproductive system. 

Furthermore, the elasmobranch, have a unique testicular organization that make 

those cartilaginous fishes a really good model for investigate the role and the 

interactions between Sertoli cells and the germ cells, as well as the role of 

hormones and environmental toxicants during spermatogenetic progression that, in 

this case, are not take into account for the work of this thesis. Elasmobranchs are 

often considered ancestral in their design compared to extant vertebrate species 

(Helfman et al. 1997), and are considered virtually unchanged since their 

development over 400 million years ago with the emergence of jaw fishes, the 

gnathostome. Nevertheless, they have evolved diverse, highly complex 

mechanisms for assuring reproduction success. In opposition to many bony fish 

species, elasmobranchs are considered K-strategists, exhibiting slow growth, high 

maternal investment, and production of only a few, often well developed, 

offspring. Added problems of seasonality and a migratory lifestyle have made the 

acquisition of successful mating and reproduction strategies crucial to their 
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survival across evolutionary time. Examples of their adaptation are the internal 

fertilization for all species, viviparity, with peculiar mechanisms of nutrition 

transmission from the mothers to the embryos, and finally the oviparity. Another 

interesting characteristic is the sperm storage in males and/or females has evolved 

in different elasmobranch species (Pratt and Tanaka1994). At last, the production 

of enough numbers of functionally competent spermatozoa is considered one of the 

best successes of all the strategies. 

The sub-class of elasmobranchs presents an exceptional male genital tract that by 

some aspects, appears more related to the genital tract of amniotes than of 

anamniote species (epididymis for example). Furthermore, they present 

characteristic features like the close relationship between the testis and the 

epigonal tissue or the diversity of testicular cells involved in steroidogenesis. 

Those features could have some meanings in the evolutionary contest of 

reproduction in vertebrates. Endocrine and paracrine controls of spermatogenesis 

are still poorly understood while knowledge on the reproduction of elasmobranchs 

is still ongoing. 

Comparing the process by which the haploid gametes are formed between 

elasmobranch and other vertebrate taxa, it seems that, in many ways, the 

reproductive modes of elasmobranchs are more akin to those seen in mammals 
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than in most other fish species. Anyway, elasmobranch still maintains for sure 

major affinities with fishes.  

It is known that both in fish and in mammals, the testis is composed of two main 

compartments, the intertubular (or interstitial) and the tubular compartment. The 

intertubular compartment contains several types of cells and connective tissue 

cells. The tubular compartment is delineated by a basement membrane and 

peritubular myoid cells and contains the germinal epithelium where can be seen in 

Sertoli cells and germ cells, which are found at different stages of maturation. 

•          In amniote vertebrates (reptiles, birds, mammals), usually  

Sertoli cells proliferate until puberty when only spermatogonia and a few early 

spermatocytes are present in the germinal epithelium. For this reason, the adult 

amniote testis contains a fixed number of ‘‘immortal” Sertoli cells supporting 

successive waves of spermatogenesis. During these waves, a given Sertoli cell 

supports at the same time different developmental stages of germ cells (i.e. cells 

belonging to different clones; see below). For example, the Sertoli cell basis 

contacts spermatogonia, whereas lateral parts contact spermatocytes and early 

spermatids, and adluminal parts late spermatids.  
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•          In anamniote vertebrates (fishes and amphibians), on the other hand, we 

find the cystic type of spermatogenesis (Callard, 1996). There are two main 

differences compared to the testis of higher vertebrates. First, within the 

spermatogenic tubules, cytoplasmic extensions of Sertoli cells form cysts that 

envelope a single, clonally and hence synchronously developing group of germ 

cells deriving from a single spermatogonium. Second, the cyst-forming Sertoli 

cells retain their capacity to proliferate also in adult fish (Schulz et al., 2005). 

Hence, the basic functional unit of the spermatogenic epithelium in fish is a 

spermatogenic cyst formed by a dynamic group of Sertoli cells surrounding and 

nursing one synchronously developing germ cell clone. Different clones being in 

different stages of development generate the typical histological picture of fish 

testes, where the tubular compartment contains differently sized groups of germ 

cells in different stages of spermatogenesis. Comparing cystic and non-cystic 

spermatogenesis, cystic Sertoli cells might be more efficient in supporting germ 

cell development, e.g. by concentrating specific growth factors required for each 

developmental phase, resulting in a low percentage of germ cell apoptosis, and 

consequently high spermatogenic yield. The non-cystic Sertoli cells, on the 

contrary, are more diversified or regionalized in context with the complex 

requirements for nursing different germ cell clones at the same time. 
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•          Elasmobranchs are closer to the spermatogenic cyst mode of reproduction, 

but with unique features such as the haploid gametes that have an exclusive 

characteristic morphology presented in this work, as well as the peculiar 

orientation of this cells towards the edge of the cyst. In contrast with both analyzed 

taxa, it is generally accepted that elasmobranchs do not have Leydig cells. 

Anyway, recently has been debated about the presence or absence of Leydig cells. 

Undifferentiated Leydig-like cells resembling those in the fetal mammalian testis 

are observed (Pudney and Callard 1984b). These authors postulated, therefore, that 

the Leydig-like cells of dogfish sharks are the evolutionary forerunners of true 

vertebrate Leydig cells (Callard, 1991a), a conclusion that is consistent with the 

absence of seminiferous tubules (and an interstitium) at this phyletic level. On the 

other hand, Marina and coworkers (2002), also using electron microscopy, reported 

Leydig cells in the mature Torpedo marmorata. These were located in the 

interstices between spermatocysts and were steroidogenic in appearance. 

Considering the importance of elasmobranches from an evolutionary point of view 

and considering the fact that several species among them are endangered, it is 

fundamental to achieve information on   

The testes are generally equal in size and shape and comprise 1 to 5% of the body 

weight in the adult animal. The testes are found in the body cavity and are 

separated from the dorsal body wall by double mesorchia. Each testis is embedded 
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in an epigonal organ, a lymphomyeloyd tissue producing leukocytes, granulocytes, 

and lymphocytes. The epigonal organ probably also contributes immune cells to 

the intratesticular population. Although interactions between the immune system 

and the gonads have been extensively researched in mammals, the functional 

significance of the association between the testis and epigonal organ of 

elasmobranchs is largely unknown. 

 

Figure n.1: A) In the first picture took in the lab, are evident the two testis equal in shape and dimension, as well as the ductus 

deferens with the peculiar anatomy of the epididymis: highly convoluted tubule with a narrow lumen and an epithelium 

consisting of few ciliated and relatively more secretory cells. B) An overview of the visceral content of Mustelus mustelus. 

 

 A  B 
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In the testis of the smooth-hound shark, there are two main types of cells: germ 

cells and somatic cells and from the very first steps of testicular development, the 

activities of these cells are coordinated and interdependent. Within the testis 

spermatogenesis and steroidogenesis occur. 

For what concerns the germ cells, they generated from a self-renewing population 

of stem cells that originate in the embryonic sac and migrate to the gonadal ridge, 

where they stay permanently inside the testis. In the mature specimens, the stem 

cell population is located in a distinct germinal zone (GZ). This type of cell 

population is, of course, the source of the successive wave of divisions and 

differentiations that the germ cells are facing trough the spermatogenesis phases. 

The interesting thing is that, as we will see, the germ cells develop not as 

individual cells, but as isogenetic clones; daughter cells formed by successive 

divisions of a single primary spermatogonium remain connected, functionally and 

structurally, by intercellular bridges. That is known to be determined by 

incomplete cytokinesis. This clonal syncytium of germ cells is synchronized in 

development not only in Mustelus mustelus but in the whole class of elasmobranch 

and continues to the stage of mature spermatids. 
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Figure n.2: the arrow shows the syncytium, due to incomplete cytokinesis between two germ cells (enlargement 100x) 

 

Figure n.3: the arrow shows the intercellular bridges between spermatogonia (enlargement 40x) 
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Sperm bundles then dissociate into individual sperm or small groups in the lumen 

of the collecting ducts (Mellinger, 1965). Only in certain species sperm bundles 

reassociate into spermatophores. 

Sertoli cells are the most prominent somatic elements of the elasmobranch testis. 

From the very first steps, the Sertoli cells are associated with the germ cells within 

an anatomically distinct structure called spermatocyst. Sertoli cells are connected 

to each other by gap junctions in the basal regions where the plasmalemmas of the 

two cells appeared to be fused. Furthermore, Sertoli cells of the testis of 

elasmobranch, undergo several cycles of proliferation, differentiation, and 

degeneration (Pudney and Callard 1986), and as it said before, are associated, and 

developmentally synchronized, with a single germ cell clone. A third characteristic 

is the capacity of elasmobranch Sertoli cells for steroid production (Callard et al. 

1978). In the results presented and published in the book of William C. Hamlet 

(Reproductive Biology and Phylogeny of Chondrichthyes, 2005), Sertoli cells are 

the primary, and possibly exclusive, source of intratesticular androgen, estrogen 

and progestins in the spiny dogfish during spermatogenesis. This is marked by the 

development of prominent Golgi, an increase in the rough endoplasmic reticulum, 

and the accumulation of secretory products in its cisternae (Collenot and Damas 

1975, 1980). In addition, markers of steroid synthesis, including a well-developed 

agranular reticulum, and mitochondria with tubulovesicular cristae and numerous 
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lipid droplets, were observed to increase dramatically during spermatogenesis in 

Sertoli cells of S. acanthias (Pudney and Callard 1984a). 

For what concerns the Leydig cells, there is a debate concentrating on the presence 

or the absence of this type of cell. Some authors, propose the presence of Leydig-

like cells in some sharks, others the presence of similar cells that could be the 

evolutionary forerunners of true Vertebrate Leydig cells (Callard, 1991a). In 

addition to somatic elements comprising the blood and lymphatic vasculature of 

the testis, there is a transient population of immune cells derived mainly from the 

epigonal organ. Also, cells of the intratesticular collecting duct system within the 

testis are interspersed among the germinal elements. In conclusion, the unit 

structure of the testis is the spheroidal spermatocyst, defining the testicular 

structure as a “polyspermatocyst” type. The germ cells-Sertoli cells unit is an 

anatomically discrete, closed sphere, bounded by an acellular basal lamina, termed 

as it said a spermatocyst (“follicle”, “ampulla”, or “lobule”) (Callard, 1991b). In 

elasmobranchs, spermatocysts are embedded directly in the testicular matrix, 

attached to the termini of a system of intratesticular collecting ducts, which are not 

patent until the end of spermatogenesis when they empty into the efferent ducts 

(Callard et al. 1994). 
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5.2 Spermatogenesis stages and macromolecular characterization (FT-IR) 

In literature, there are few papers about the reproduction of the genus Mustelus, 

considerably fewer regarding the species of Mustelus mustelus. Moreover, there is 

a lack of information and uniformity about the spermatogenesis process with a bit 

of superficiality on the subject. In this work, starting from different information 

from different authors a clear and well-established description of gametogenesis as 

well as a description testis structure and development of Mustelus mustelus. 

In this work, 8 main developmental stages of spermatocyst trough which, germ 

cells and Sertoli cells divide, proliferate and differentiate themselves, have been 

described.  

The phases are: 

1) Germinative Zone (GZ) and Pre-cyst  

 

2) Early-cyst containing Spermatogonia and Sertoli cell proliferating, moving and 

forming the cyst with a lumen (Spermatocyst) 

 

3) Spermatocyst containing primary spermatocytes and first meiotic division  

 

4) Spermatocyst containing secondary spermatocytes and second meiotic division 
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5) Spermatocyst containing spermatids:  a) rounded cells with spherical nuclei 

b) ellipsoid shape c) grouped in bunches  

 

6) Spermatocyst containing pre-maturation phase/immature sperm, “tree frond” 

shape 

 

7) Spermatocyst containing mature spermatozoa 

 

8) Degenerated cysts/ empty cysts 

 

Phase 1: GZ and Pre-cyst 

Cysts originate from the germinative zone located at fixed sites on the dorsal or 

dorsal-lateral margins of the testis according to species. In Mustelus mustelus the 

development and the direction of the spermatogenesis wave are diametric (Figure 

2); in the diametric type, the development of the seminiferous follicles proceeds 

from one wall across the diameter of the testis to the opposite wall, where efferent 

ductulus collect the spermatozoa. Because new cysts are being formed and added 

continually, older cysts are moved forward in sequential order, to the opposite 

wall. The  first phase  corresponds to large spermatogonia of the germinative zone, 

surrounded by elongated somatic cells that correspond to Sertoli cell precursors. In 
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the different subparts of the germinative zone, from the area just behind the fibrous 

albuginea toward the blood vessel, spermatogonia are isolated, paired or in 

clusters. Moving from the germinative area, spermatogonia and Sertoli cells 

undergo a series of coordinated mitotic divisions, which are accompanied by 

growth and differentiation of the two cell types. Sertoli cell precursors and 

spermatogonia proliferate and both types of cells regroup progressively to form 

spherical cysts with a lumen that gradually appears in phase 2. 
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Figure n.4: A) The picture show the gradient of the spermatogenesis wave; The arrow shows the GZ (enlargement 5x). 
B) The picture shows, by an enlargement of 100x, large spermatogonia organizing themselves with Sertoli cells precursors. 

 

 

GZ 
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Phase 2: Spermatocyst 

From the first mitotic division, all spermatogonia will be connected with 

intercellular bridges to form a germ cell syncytium. While leaving the germinative 

area, both Sertoli cell precursors and spermatogonia proliferate andgroup 

progressively to form spherical cysts with a lumen that start to appears. In the 

formed cysts it can be seen a layer of ordinate Sertoli cells distributed around the 

central lumen, and in the beginning, 1 or 2 layer of spermatogonia cells (figure 5). 

The number of spermatogonia increase through mitosis, always maintaining an 

order given by the cytoplasmatic bridges between the cells. The mitotic divisions 

occur till the germ cells reach a certain degree of differentiation that will lead in 

the subsequent stages of spermatocytes. 

 

Figure n.5: In the picture it can be seen the first organizations of the cyst with two layers of spermatogonia connected to the 

single layer of Sertoli cells around the lumen (enlargement 40x). 
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Figure n.6: A) The picture shows, with an enlargement of 100x, the newly  formed cyst in the second phase. B) The picture 

shows the ongoing divisions between the germ cells (enlargement 100x). 
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In the subsequent steps, the cells increase in number and in some elasmobranch 

species, when they reach six or seven layer of germs cells, it can be seen, as in this 

case, differentiate into primary spermatocytes (Figure 7).  

 

 

Figure n.7: The figure number 7 show the progression from phase 2 to phase 3. A) The picture show 4 layers of spermatogonia. 

B) The picture shows 5 layers of spermatogonia. C) The germs cells layers are more than six and differentiate to  primary 

spermatocytes; (A, B, C: enlargement 100x). D) The picture show the cyst in which the primary spermatocytes are about to form 

(enlargement 40x).  
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Phase 3 Spermatocyst containing Primary spermatocytes 

Still later in development (mid-late spermatogonial stages), Sertoli cell nuclei 

migrate peripherally to assume a position adjacent to the basement membrane of 

the spermatocyst, which is maintained through all subsequent meiotic and 

postmeiotic stages. In this phase, It is evident the increase of the cyst diameter due 

to the increase in size and number of the germ cells as well as an increase of 

cytoplasmatic volume of the Sertoli cells (Stanley 1966). The primary 

spermatocytes phase is characterized by the first meiotic division (prophase, 

metaphase, telophase) where germs cells have a large nucleus with distinct, 

elongates chromosomes (W.C. Hamlet, 2005) and subsequently, the division leads 

to the secondary spermatocytes (Figure 8). 

 

 

 

Figure n.8: A) Cyst containing primary spermatocytes (enlargement 20x). B) A 100x picture show the primary spermatocytes. 
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Figure n.9: FTIR microspectroscopy analysis of a section of a representative Spermatocyst containing Primary spermatocytes.  

Microphotograph (164x164 m2). IR maps representing the topographical distribution of: Proteins, Lipids, Phosphate I and 

Phosphate II groups (PHI and PHII) relative to DNA. Due to different molar extinction coefficients of the analysed peaks, 

different scales were used for each IR map (blue colour indicating the areas with the lowest absorption values, while white 

colour the highest ones). 

In Fig. 9, a section of spermatocyst containing primary spermatocytes analyzed by 

FTIR microspectroscopy is shown. The occurrence of spermatocytes is put well in 

evidence by the topographical distribution of lipids and proteins related to lipidic 

membranes and cytoplasm of such cells. In addition, the distribution of phosphates 

groups related to DNA let us localize spermatocytes nuclei and in particular let us 

evidence in some cases the occurrence of the first meiotic division. 
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Phase 4: Spermatocyst containing secondary spermatocytes 

The two meiotic divisions occur in short succession and the short interval between 

the first and second meiotic divisions is termed the secondary spermatocyte phase. 

The secondary spermatocyte stage, marking completion of meiosis I, is short, as 

indicated by relatively few cysts seen in this stage compared to those stages 

immediately preceding and following. By the end of the spermatocyte stage, 

Sertoli cells are located along the periphery of the cyst (Callard 1991a, b) and 

subsequently spermatids are formed, in which the major changes have still to 

happens (Figure 10). 

 

 

 

Figure n.10: A) The enlargement of 100x shows 2 different cyst  with primary and secondary spermatocytes. B) The picture 

shows the secondary spermatocytes differentiate into spermatids (enlargement 20x). 
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Figure n.11: FTIR microspectroscopy analysis of a section of a representative Spermatocyst containing secondary 

spermatocytes.  Microphotograph (164x164 µm2). IR maps representing the topographical distribution of: Proteins, Lipids, 

Phosphate I and Phosphate II groups (PHI and PHII) relative to DNA. Yellow arrows indicate Sertoli cells. Due to different molar 

extinction coefficients of the analysed peaks, different scales were used for each IR map (blue colour indicating the areas with 

the lowest absorption values, while white colour the highest ones). 

 

In Fig. 11, a section of spermatocyst containing secondary spermatocytes analyzed 

by FTIR microspectroscopy is shown. The occurrence of spermatocytes in the 

inner part of the cyst and Sertoli cells localized along the periphery of the cyst is 

put well in evidence by the topographical distribution of lipids and proteins related 

to lipidic membranes and cytoplasm of such cells. In addition, the distribution of 

phosphates groups related to DNA let us to localize spermatocytes and Sertoli cells 
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nuclei and in particular let us to evidence the differences on DNA condensation 

rate between spermatocytes and Sertoli cells.  

 

Phase 5: Spermatocyst containing Spermatids a) rounded;  b) ellipsoid shape;  

c) Grouped in bunches 

In this phase which represents the “road” to the maturations, we have 3 distinct 

sub-phases in which spermatids differentiate themselves to form mature gametes. 

During this process, the major transformations are the acrosome formation, the 

compaction of chromatin, the formation of the flagella, the reorganization of the 

cytoplasm that is going to be strongly reduced as well as the reduction and 

eventually, elimination of organelles in order to maintain the cytoplasm mainly 

restricted to the midpiece containing mitochondria. 

In the first sub-phase, it can be seen round spermatids that are just starting to orient 

to the border of the cyst, as well as the nuclei with dense chromatin and flagella 

that start to be evident (figure n.12). In some cysts, it is possible to evidence the 

relationship between the Sertoli cells and the germ cell becoming more evident 

with the formation of some sort of pocket containing a group of spermatids. In the 

second step, the head becomes more elongated with an elliptical shape and the 

flagellum can be easily recognized by the histological section done in this work 

(Figure n.13). In the last sub-phase, the spermatids organize themselves grouped in 
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bunches and they reach the maximum orientation toward the periphery of the cyst 

where start the progression through which the development of the helical head, a 

characteristic feature of chondrichthyan spermatozoa, occurs and is completed in 

the next phases described in this thesis. 

 

 

 

Figure n.12: A) Round spermatids in which the tails are starting to sprout (enlargement 100x). B) The tails are getting longer 

(enlargement 40x) 

 

 

Figure n.13: A) the head becomes more elongated with an elliptical shape and the flagellum can be easily recognized by the 
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histological section done in this work (enlarged 20x). B) The picture shows a focus on the elliptical shape of the spermatids head 

(enlargement 40x) 

 

 

 

Figure n.14: The picture show the last sub-phase of spermatids (enlargement 100x) 
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Figure n.15: FTIR microspectroscopy analysis of a section of a representative Spermatocyst containing spermatids.  

Microphotograph (164x164 µm2). IR maps representing the topographical distribution of: Proteins, Lipids, Phosphate I and 

Phosphate II groups (PHI and PHII) relative to DNA. Yellow arrows indicate Sertoli cells. White arrows indicate flagella that start 

to be evident. Due to different molar extinction coefficients of the analysed peaks, different scales were used for each IR map 

(blue colour indicating the areas with the lowest absorption values, while white colour the highest ones). 
 

In Fig. 15, a section of spermatocyst containing spermatids analyzed by FTIR 

microspectroscopy is shown. The occurrence of spermatids in the inner part of the 

cyst and Sertoli cells localized along the periphery of the cyst is put well in 

evidence by the topographical distribution of lipids and proteins related to lipidic 

membranes and cytoplasm of such cells. In this phase proteins distribution let us to 

observe the flagella which start to forming.  Once again, the distribution of 

phosphates groups related to DNA let us to localize spermatocytes and Sertoli cells 
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nuclei and in particular let us to evidence the differences on DNA condensation 

rate between spermatocytes and Sertoli cells. 

Phase 6: Spermatocyst containing immature spermatozoa; Pre-maturation 

phase, “tree frond” shape 

From the latest step of spermatid phase, the cells inside each brunches come closer 

to each other and become more compact and close to the basal lamina, where are 

evident the Sertoli cells around the peryphery of the cyst. The heads of the 

immature spermatozoa came together and orient themselves in a position that will 

remain until the formation of mature sperms. The heads are finely organized in 

packages, in a shape similar to a three frond which remembers a weeping willow 

frond, that in the final step of the maturation, will be extremely compact and will 

assume an arrowhead shape. Furthermore, the tails are evident, projecting towards 

the lumen, and get the characteristic orientation of a large spiral (figure 16) 
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Figure n.16: The picture shows the tree-frond shape of the spermatozoa heads (enlargement 40x; white bar 20µm) 

 

 

 

 

 

 

 

Figure n.17: The picture shows the heads founding the right orientation close to the edge of the cyst (enlargement 100x) 
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Figure n.18: FTIR microspectroscopy analysis of a section of a representative Spermatocyst containing immature spermatozoa.  

Microphotograph (164x164 µm2). IR maps representing the topographical distribution of: Proteins, Lipids, Phosphate I and 

Phosphate II groups (PHI and PHII) relative to DNA. Yellow arrows indicate Sertoli cells. White arrows indicate flagella. Due to 

different molar extinction coefficients of the analysed peaks, different scales were used for each IR map (blue colour indicating 

the areas with the lowest absorption values, while white colour the highest ones). 

In Fig. 18, a section of spermatocyst containing immature spermatozoa analyzed 

by FTIR microspectroscopy is shown. The occurrence of immature spermatozoa 

grouped in bunches with their helical heads oriented toward the periphery of the 

cyst its well evidenced by the distribution of DNA (PHI and PHII). In addition, 

Sertoli cells have been localized along the periphery of the cyst by the distribution 

of DNA relative bands (PHI and PHII). On the contrary in the inner part of the cyst 

is put well in evidence by the topographical distribution of proteins the tails 

projecting towards the lumen, with the characteristic orientation of a large spiral. 
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An interesting finding it was evidenced by the topographic distribution of lipids: 

they describe like the proteins the tails of the spermatozoa but in addition they 

reveal a peculiar Sertoli cytoplasm very reach in lipids and in lesser extent in 

proteins. Pudney and Callard evidenced that during the stages of spermiogenesis in 

elasmobranchs, the appearence of a large protein body in the intermediate 

cytoplasm of Sertoli cell, the Semper’s body. Its function is unclear and it will be 

released with bundles of spermatozoa during spermiation. A similar body have 

been found in the semen of the spiny dogfish and named “Sertoli cell cytoplast”. 

As it contains organelles (mitochondria, ribosomes, endoplasmic reticulum) and 

lipid droplets, some of them associated to steroid synthesis, Pudney and Callard 

hypothesized that it could contribute to the steroids found in the semen and 

necessary for maturation and maintenance of spermatozoa in the reproductive 

ducts (Pudney and Callard, 1986).  

Phase 7: Spermatocyst containing Mature spermatozoa  

In this phase it is evident the change of degree of compactations of the grouped 

heads, that from loosely packets organization and tree-frond shape, become with an 

arrow-head shape and extremely dense. This tightly shaped packets arrange 

themselves  spirally along the borders of the cysts. For what concern the tails, they 

seems to follow the same little changes the heads are going trough: the maintaine 
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the orientatation which is still  a large spiral but the body of the tails is denser 

(Figure 19-20-21). 

 

Figure n.19: The picture shows a spermatocyst with mature spermatozoa (enlargement 20x; white scale bar: 50µm) 
 

 

Figure n.20: The picture focuses on the degree of compactations of the grouped heads (enlargement  40x; white scale bar: 

20µm) 
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Figure n.20: The picture shows Sertoli cells cytoplasm, the heads of mature spermatozoa and the mid.piece connected to the 

tails (enlargement 100x). 
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Figure n.22 and n.23: FTIR microspectroscopy analysis of a section of two representative Spermatocyst containing mature 

spermatozoa. Microphotograph (164x164 µm2). IR maps representing the topographical distribution of: Proteins, Lipids, 

Phosphate I and Phosphate II groups (PHI and PHII) relative to DNA. Yellow arrows indicate Sertoli cells. White arrows indicate 

flagella. Light blue arrows indicate the neck of the spermatozoa. Blue arrows indicate spermatozoa grouped heads with the 

characteristic arrow-head shape. Due to different molar extinction coefficients of the analysed peaks, different scales were 

used for each IR map (blue color indicating the areas with the lowest absorption values, while white color the highest ones). 

 

In Figs. 22 and 23, sections of spermatocyst containing mature spermatozoa 

analyzed by FTIR microspectroscopy are shown. The occurrence of heads of 

mature spermatozoa grouped in a structure with the characteristic arrow-head 

shape oriented toward the periphery of the cyst its well evidenced by the 

distribution of DNA (PHI and PHII). In addition, by the distribution of DNA 
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relative bands (PHI and PHII) two different type of Sertoli cells have been 

localized: one along the periphery of the cyst the others in the inner of the cyst near 

the neck of the spermatozoa. Tails from mature spermatozoa with the characteristic 

orientation of a large spiral present a different macromolecular composition with 

respect to ones of immature spermatozoa rich only in lipids. In addition proteins 

and lipids distribution evidenced also a change on Sertoli cytoplasm.  

 

Phase 8: Empty cysts 

In this phase, the spermatozoa are mature and ready to leave the cysts. The 

detachment of the arrow-head pockets carries with them the adluminal part of the 

Sertolian cytoplasm. Therefore, groups of spermatozoa are evacuated trough the 

collecting ductules. The empty cysts, as a result of the evacuations of the 

spermatozoa, contains basal cytoplasms and nuclei Sertoli cells, that be eventually 

be absorbed by the epigonal organ. The transference of spermatozoa will be 

allowed thanks to the presence of ciliated epithelial cells lining the lumen of 

branched, stem and collecting ducts. Contraction of myoid cells surrounding the 

intratesticular ducts probably also contributes to the transport of spermatozoa 

towards the epididymis where maturation occurs (Sourdaine et al. 2018). In 

mammals, spermatozoa acquire their motility and fertilizing properties during their 
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epididymal transit. Epididymis has been poorly studied in elasmobranchs, which is 

surprising considering its size and its apparent similarity to that of mammals. 

Studies in the Port Jackson Shark, Heterodontus portusjacksoni and in the 

Clearnose Skate Raja eglanteria have shown that epididymis effectively 

participates in luminal fluid modifications, including sodium resorption, and that 

spermatozoa, immotile in the proximal segment, acquired their motility during 

their transit in the terminal segment of epididymis (Sourdaine et al. 2018). 

 

 

 

Figure n.24: The picture shows an empty cyst with the only presence of cytoplasm and Sertoli cells (enlargement 100x). 
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4.2.1 Characterization of the germ and somatic cells 

In this thesis, germinal and somatic components have been characterized both from 

a morphological and macromolecular point of view. The morphological description 

and characterization is resumed and presented below:  

 

 

 

Phase 1: large 
spermatogonia and Sertoli 

cells precursors

Phase 2: Mature 
spermatogonia enterin 

mitosis. Mature Sertoli cells

Phase 3: Primary 
spermatocytes

Phase 4: Secondary 
spermatocytes
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Phase 5: Round spermatids
Phase 5: Elliptical shape 

spermatids

Phase 5: Grouped spermatids
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In addition to a morphological description, the use of FTIR microspectroscopy 

enabled us to characterize somatic and germinative cells also on the basis of their 

macromolecular composition.. 

Phase 6: Three frond shape; 
pre.maturation phase

Phase 7: The maturation of the 
spermatozoa is completed

Phase 8: Empty cyst with Sertoli cells and 
cytoplasm
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Figure n.25: In figure n.25 are reported the average spectra representative of each maturation stage of germinative cells from 

primary spermatocytes to mature spermatozoa.  
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Comparing all the representative spectra it was possible to evidence how the 

maturation process consists on changes in particular related to lipids (in terms of 

amount, length of the chains and saturation levels) and related to DNA (in terms of 

amount and metilation rate). Finally no differences related to proteins were also 

evidenced 

 



94 
 

 Figure n.26: In this figure  are reported the average spectra representative of Sertoli cells in spermatocysts at different 

maturation stages.  

Comparing all the representative spectra it was possible to evidence how the 

maturation process consists on changes in particular related to lipids (in terms of 

length of the chains and saturation levels) and to proteins (in terma of amount and 

secondary structure). In lesser extent have been evidenced also slight differences 

related to DNA (in terms of metilation rate).  
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Chapter 6: Conclusions 

6.1 Conclusion 

Concluding, the present study represents significant progress in the comprehensive 

understanding of the Mustelus mustelus spermatogenesis process. Here for the first 

time, a complete and precise description of testis and spermaticystis structures has 

been done. Besides, for the first time, the FTIR microspectroscopy assay has been 

applied to characterize the macromolecular composition and maturation of 

germinal and somatic components of spermatocysts. Furthermore, the novelty in 

the use of this technique in shark males has led to the use of a different improved 

sample preparation protocol, which has shown excellent results; the novelty also 

lies in the fact that the sample is usually frozen and requires the use of a cryostat, 

while in this case the sample was first paraffinized and subsequently 

deparaffinized. With a view to increasingly frequent future use of spectroscopic 

techniques applied for male shark gonads, this represents a huge advantage in 

terms of time and money spent. The spectral characterization of Mustelus 

mustelus spermatozoa at different developmental stages is a starting point and a 

useful tool to evaluate changes in sperm quality related to different conditions. 

Further studies are in progress with the aim to evaluate sperm composition 

modifications in males caught in different periods of the year or in different fishing 

areas. The new challenge will be the finding and subsequently the characterization 
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of spectral biomarkers inside the spermatocysts, so as to quickly recognize any 

differences between the cyst cells of the same individual and between different 

individuals. In conclusion, the FT-IR analysis could be used in the process of large 

quantities of samples to be assessed quickly, and as an important tool to validate 

the discoveries and descriptions made with histology. These results will be of great 

importance to support the institutions which are in charge to regulate and manage 

the elasmobranches stock. 
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