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“Success is walking from failure to failure with no loss 
of enthusiasm” 

 

-Winston Churchill 

  



 

Riassunto 

Dagli anni ’50 in poi, è stato registrato un forte calo sia in termini di numero di 

organismi appartenenti allo stock ittico (pesci ossei e pesci cartilaginei), sia in 

termini di dimensione media di tali organismi. 

Organismi quali gli elasmobranchi, ossia organismi definiti k-strateghi per quanto 

riguarda la strategia riproduttiva, sono fortemente impattati dalla pesca intensiva 

ed estensiva praticata oggigiorno nei mari di tutto il pianeta. 

Vengono generalmente definiti organismi k-strateghi organismi caratterizzati da 

taglia dimensionale medio grande, caratterizzati da crescita corporea lenta e 

quindi di insorgenza di maturità sessuale in tarda età; questo comporta quindi una 

fecondità generalmente bassa, definita in termini di numero di organismi figli 

partoriti oltre a anche di periodi di gestazione estremamente lunghi. 

Alla base dell’organizzazione di un’industria della pesca sostenibile, è necessario 

avere conoscenze approfondite inerenti alla biologia delle diverse specie ittiche 

target. 

La biologia della riproduzione risulta fondamentale nel pianificare in modo 

corretto i periodi di fermo pesca oltre che nel definire la taglia di prima maturità, 

essenziale per poter definire quali organismi possano essere pescati e quali no. 



 

Ideologicamente, la taglia di prima maturità sessuale dovrebbe consentire a tutti 

gli organismi di poter avere la possibilità di riprodursi almeno una volta nella vita, 

andando ad impattare quanto meno possibile lo stock ittico. 

Molti sono ancora i punti interrogativi inerenti alla biologia della riproduzione 

degli elasmobranchi, specialmente per specie vivipare placentate come il 

Mustelus mustelus. 

Oggetto di questa tesi è stata la biologia della riproduzione di organismi di sesso 

femminile di Mustelus mustelus appartenenti alla popolazione presente in 

Adriatico. Il Mar Adriatico oggigiorno è considerato essere un’area adibita alla 

riproduzione e vede la presenza di elevati numeri di organismi giovanili, fattore 

estremamente importante da tenere in considerazione in un’ottica volta a 

sviluppare piani di conservazione e regolamentazione della pesca. 

La biologia della riproduzione del Mustelus mustelus è stata indagata utilizzando 

diverse tecniche istologiche quali Ematossilina ed Eosina (EE), Tricromica di 

Masson e colorazione PAS, in aggiunta ad analisi di spettroscopia infrarossa 

(Focal Plan Array Fourier Infrared Spectroscopy (FPA FT-IR analysis). 

I tessuti campionati sono appartenenti all’ovario, alla ghiandola definita 

“Oviducal gland” (OG), all’isthmus in aggiunta all’utero. 



 

All’interno dell’ovario sono stati campionati oociti caratterizzati da diversi stadi 

di maturazione, una sub-porzione dell’oviducal gland è stata campionata, così 

come una sezione dell’isthmus ed infine la membrana esterna dell’utero. 

Lo spettro FT-IR in campo biologico viene definito come fingerprinting 

molecolare delle componenti macromolecolari, presenti nel tessuto oggetto di 

studio; permettendo quindi una caratterizzazione sia biochimica che 

ultrastrutturale. 

Questa tesi vuole rappresentare un caso studio preliminare per meglio poter 

comprendere l’estremamente complessa biologia della riproduzione di organismi 

elasmobranchi vivipari placentati. 

Le principali analisi effettuate tramite FPA FT-IR hanno avuto l’obiettivo di 

identificare i pattern di distribuzione delle principali macromolecole di interesse 

biologico quali proteine, carboidrati, lipidi in aggiunta a collagene. 

Ulteriori analisi, volte a poter identificare la specifica composizione biochimica 

di molecole di estremo interesse quali: la sostanza definita vitellogenina-like 

presente in oociti vitellogenici, in aggiunta alla specifica natura delle sostanze 

secrete dalle ghiandole appartenenti all’Oviducal gland, oltre alla natura 

biochimica di molecole segnali tali da poter permettere il corretto sviluppo e 

mantenimento della gravidanza intra utero, sono ancora necessarie. 

  



 

ABSRACT 

Nowadays, the elasmobranchs worldwide overexploitation is a well-known 

problem; hence, the vulnerability condition of several Chondrichthyans species. 

The baseline for sustainable fisheries programmes requires information about the 

targeted organism’s biology, thus, reproductive biology. 

Unfortunately, the knowledge on several aspects of the biology of 

elasmobranchs’ is still little understood. 

The common smooth-hound, Mustelus mustelus, is a viviparous placental 

organisms, characterized by widespread distribution worldwide. 

The object of the present case study is to investigate the macromolecular pattern 

of distribution of proteins, carbohydrates, lipids, phosphates and collagen in the 

reproductive tract of a female of Mustelus mustelus from the Adriatic Sea, 

investigated by a Focal Plan Array Fourier Infrared Spectroscopy (FPA FT-IR 

analysis). 

In this thesis, FPA FT-IR analysis were coupled with histological analysis for a 

more comprehensive characterization of the female reproductive tract of a female 

of Mustelus mustelus, including the ovary tissue, the oviducal gland (OG), the 

Isthmus and the Uterus. 

The histological techniques applied are the Mayer’s Hematoxylin-Eosin stain as 

well as the Masson’s trichrome stain and the Periodic Acid-Schiff (PAS). 
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Chapter 1                                                            

Introduction 

1.1. Systematics of Chondrichthyes 

Vertebrates originated in the lower Cambrian (Shu et al. 2001), and their 

diversification and morphological innovations have been attributed to large-scale 

gene or genome duplications at the origin of the group (Holland et al. 1994). 

Cartilaginous fishes or chondrichthyans are classified among the jaw vertebrates 

(Robinson-Rechavi et al 2004). 

The earliest fossils assigned to Chondrichthyes are from the Silurian, 444–416 

Ma (Schultze et al 2001). Fossils become more common in the Devonian (416–

359 Ma), including many representatives of nowadays extinct groups. 

The fossil records of chondrichthyans has historically been considered excellent, 

based largely on deposits of dental material (Maisey et al 1984). 

Chondrichthyans are characterized a cartilaginous skeleton that is superficially 

mineralized by prismatic calcifications, that fossilize very poorly, therefore 

skeletal fossil material is much rarer (Carrier et al 2004). 
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It is generally accepted that, the class chondrichthyans, is a monophyletic group 

(Carrier et al 2004). 

Cartilaginous fishes are divided in two different subclasses: Elamobranchi and 

Holocephali (Hara et al 2018). 

The elasmobranchii subclass includes sharks, skates and rays; whilst the 

holocephali subclass includes chimeras (Hara et al 2018). 

The Elasmobranchii and Holocephali division is supported by both, anatomical 

and morphological data (Heinicke et al 2009). 

Based on the fossils, the Subclasses Holocephali and Elasmobranchii are 

estimated to have diverged by 410 Ma (Schultze et al 2001). 

Nowadays, the specific relationships among elasmobranchs is still an open 

debate, several competing hypotheses exists (Vélez-Zuazo et al 2011). 

Most of these hypotheses are based on the analysis of morphological data, only 

in recent years there has been an incredible outburst of molecular studies (Vélez-

Zuazo et al 2011). 

With the advent of molecular data, species phylogenetic position and 

evolutionary distinctiveness have started to play a role in establishing 

conservation priorities (Faith et al 1992, Faith et al 2008; Steel et al. 2007; Isaac 

et al. 2007; Mooers et al. 2008). 



11 

Morphological data have historically supported the Hypnosqualean hypothesis, 

which classified Batoidea among the Squalea superorder (Vélez-Zuazo et al 

2011). 

Morphological evidences where a dorsal-ventral symmetry, in addition to gills 

opening to the ventral side of the organism lastly the lack of the pelvic fin (Vélez-

Zuazo et al 2011). 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Phylogenetic tree reporting Vélez-Zuazo et al 2011 case study, 
on the phylogenetic relationship among extant Selachimorpha. 
Legends under the molecular-based hypotheses list the molecular 
markers used in the study. 
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Nonetheless, the most recent comprehensive molecular phylogenies of sharks 

specifically address the phylogenetic relationships among shark orders (Naylor et 

al. 2005; Heinicke et al. 2009) and reject the hypnosqualean hypothesis. 

Both studies support the groups Galeomorphii and Squalimorphii, previously 

established using morphological characters (Compagno, 1977). 

Mustelus mustelus or common smooth hound, is a species belonging to the 

Triakidae family, which is one of eight families that compose one of the most 

species-rich orders of sharks, the Carcharhiniformes (López et al 2006). 

The history of changes in the taxonomy of the Triakidae reflects the difficulty 

that systematics have encountered, when searching for characters to 

unambiguously diagnose the family and groups of species within the family 

(López et al 2006). 

Nevertheless, the lack of clearly recognizable apomorphies shared by these 

genera puts into question the monophyly of this family (Compagno et al 1988). 

Classification of carcharhiniforms based partly on cladistic considerations, yields 

ambiguous results concerning triakid relationships (Compagno et al 1988). 

The current classification of triakid taxa divides the genera between the sub-

families Triakinae and Galeorhininae. The former includes the species in the 

genera Triakis, Mustelus, and Scylliogaleus, whilst the Galeorhinin species are 
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further divided into iagins (Iago, Furgaleus, Hemitriakis, and Gogolia) and 

galeorhininins (Galeorhinus and Hypoggaleus). 

None of the López et al 2006 analyses suggested that the sequence data are most 

congruent with a monophyletic Triakidae. However, the specific aspects of the 

resulting topologies vary with analysis type and are always weakly supported by 

the data (López et al 2006). 

Still, none of the optimal or consensus trees from López et al 2006 analyses 

contains a monophyletic Triakidae. 

The distribution of reproductive modes on the phylogeny suggests that placental 

viviparity is the ancestral condition for the ‘higher carcarhinoid’ clade, e.g., 

Leptochariidae, Triakidae, Carcharhinidae, Hemigaleidae, and Sphyrnidae 

(López et al 2006). 

Among vertebrate radiations, mammals and chondrichthyans are unique in the 

frequency of viviparity; which is present in a variety of forms, that have been 

categorized based on the source of nutrition used by the developing embryo in 

utero (López et al 2006). 

López et al 2006 phylogenetic analysis put aplacental viviparity within the group 

as the result of the loss of placentatrophy. 

This hypothesis implies that placental viviparity has been independently lost a 

minimum of two times in triakid lineages (López et al 2006). 
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However, the widely varying placement of several triakid lineages prevents a 

confident reconstruction of the events that led to the diversity of reproductive 

modes within this clade (López et al 2006). 

Thus, future studies should focus on better defining the placement of the other 

aplacental carcharhiniform lineages to test the hypothesis that placentatrophy in 

shares a common origin or not. 

 

1.2. Mustelus distribution in the world 

Members of the genus Mustelus display a widespread distribution worldwide, 

with specific pattern across ocean basins with a high degree of sub-regional 

endemism (Maduna et al 2020). 

Musick et al. (2004) suggested that such patterns of distribution and endemism in 

Mustelus are most likely a consequence of the interaction between different 

oceanographic features and the multifaceted dispersal behaviour exhibited by the 

members of the genus (Brevé et al. 2016; Campos et al. 2009; da Silva et al. 

2013). 

Mustelus species are abundant in temperate to tropical coastal habitats 

(Weigmann et al 2016). 
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The species belonging to the genus Mustelus (Linck et al 1790), currently 

comprise 27 circumglobally distributed small to medium sized organisms, 

generally < 2 m of body size (Maduna et al 2020). 

Mustelus mustelus is the most widely distributed species of genus Mustelus; it is 

characterized by a widespread distribution, across three oceanographic regions: 

from the Mediterranean Sea and eastern Atlantic Ocean to south-western Indian 

Ocean. 

 

 

 

 

 

 

 

 

 

In various regions of the world, the biogeographic origin of the genus Mustelus 

still remains rather unclear, even though molecular phylogenies have proven 

Fig 2. Mustelus species worldwide distribution according to Weigmann et al 2016. (EIO = Eastern 
Indian Ocean; NEA = Northeastern Atlantic Ocean, including the Mediterranean and Black seas; 
NEP = Northeastern Pacific Ocean; NWA = Northwestern Atlantic Ocean; NWP =  Northwestern 
Pacific Ocean; SEA =  Southeastern Atlantic Ocean; SEP = Southeastern Pacific Ocean; SWA = 
Southwestern Atlantic Ocean; SWP. = Southwestern Pacific Ocean; WIO = Western Indian Ocean).
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useful in understanding the geographic origins of widespread shark species such 

Mustelus spp. (Boomer et al. 2012; Corrigan et al 2009). 

Boomer et al 2012 proposed the ‘Northern Hemisphere Dispersal’ hypothesis, 

placing the ancestral range for smoothhounds in the Northern Hemisphere; origin 

is further supported by fossil evidence. 

The fossils evidence is primarily based on fossil tooth morphology, which maps 

the oldest record of the genus to the Northern Hemisphere from the Thanetian 

(55.8–58.7 Ma) (Maduna et al 2020). 

The dispersal of species across biogeographical barriers over time, often results 

in sympatric species that originated in different areas of endemism (Anderson et 

al 1994). 

Maduna et al 2020 propose that the dispersal route for the Mustelus mustelus, 

occurred via West Africa or North-east Atlantic; the radiation of Mustelus 

mustelus in the southern hemisphere appears to have been primarily driven by 

long-distance dispersal. 

In addition, Maduna et al 2020 data show paraphyly of southern African Mustelus 

species, suggesting that there could have been at least two separate dispersal 

events from the north; hence, they support the Northern Hemisphere hypothesis. 

Nonetheless, Maduna et al 2020 data strongly suggest that all Mustelus species 

present in the world have originated by a Northern Hemisphere ancestor. 
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1.3. Mustelus species in the Mediterranean Sea 

The Mediterranean Sea covers an area of approximately 2.5 million km2 that 

corresponds of about the 0.7% of the world’s ocean surface area. The 

Mediterranean Sea has an average depth of 1,500 m, reaching 5,200 m at its 

deepest point in the Ionian Sea. The coastline extends for 4,600 km and 21 

countries have coastline territory in that face the Mediterranean Sea (Zenetos et 

al. 2002). 

Although the Mediterranean is a semi-enclosed basin, the chondrichthyan fish 

fauna is relatively diverse with an estimated 80 species, which represents 

approximately 7% of total living chondrichthyans; comprising 45 species of 

sharks from 17 families, 34 batoid species from nine families and one species of 

chimaera (Compagno et al 2001; Compagno et al. 2005). 

Within the Mediterranean, the distribution of chondrichthyan fishes is not 

homogenous (Serena et al 2005). Some areas are considered critical habitat for 

chondrichthyans, such as nursery areas that are species-specific sites. 

The most common Mustelus spp. present in the Mediterranean Sea are the 

common smooth‐hound Mustelus mustelus (Linnaeus 1758), the blackspotted 

smooth‐hound Mustelus punctulatus (Risso, 1827) and the starry smooth‐hound 

Mustelus asterias (Linnaeus 1758). 



18 

Spatio‐temporal analyses of smooth‐hound abundances in the Mediterranean Sea, 

are conditioned by a limited amount of available quantitative data, as well as 

uncertainty in species identification, but show that the population status of 

Mustelus spp. spatially ranges from overexploited to locally depleted and local 

extinction (Colloca et al 2017). 

The observed historical trend for Mediterranean smooth‐hounds (Colloca et al 

2013), suggests that the ongoing overexploitation will bring the remaining viable 

populations to local and regional extinction without the implementation of a 

conservation strategy at the Mediterranean scale. 

The worrying status of elasmobranchs in the Mediterranean, should be considered 

as an urgent conservation priority for national and international management 

bodies such the General Fisheries Commission for the Mediterranean (GFCM) 

and the European Union (EU). 
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1.4. Diet composition of Mustelus 

Elasmobranchs are frequently apex predators in marine environments; thus, they 

play a major role in the marine ecosystems. Information on the composition of 

their diet is essential for understanding trophic relationships in these systems 

(Cortes et al 1999). 

Elasmobranchs are characterized by a wide trophic spectrum that ranges from 

plankton to marine mammals; some of them might also be often opportunistic 

predators (Filiz et al 2009). 

The smooth-hound, Mustelus mustelus (Linneaus, 1758), is a small, bottom-

living shark, which occurs at depths between 3 and 150m (Whitehead et al 1984). 

The species is common in the northeast Atlantic and in the Mediterranean 

(Whitehead et al 1984; Compagno et al 1984). 

Demersal sharks occupy open habitats, including sandy, as well as more complex, 

closed habitats such as rocky areas and coral reefs (Bennett et al 2005). The 

sharks that are living on or near the seafloor, generally have ventral mouths 

containing relatively small teeth, as is the case in Mustelus mustelus (Filiz et al 

2009). 

Some bottom-dwelling species, such as the Mustelus mustelus have teeth 

modified for crushing hard-shelled invertebrate prey such as crustaceans and 

molluscs (Stevens et al 1987). 
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Data on trophic ecology only mention that Mustelus mustelus species mainly feed 

on crustaceans, but also cephalopods and bony fishes are present in the diet 

(Compagno et al 1984). 

Despite its abundance, published information about feeding of this species is 

limited (Filiz et al 2009). 

Sauer et al 1991 provided some data on diet composition for Mustelus spp in the 

Atlantic, Morte et al.1997 quantified the diet of juvenile Mustelus mustelus in the 

Gulf of Valencia (Mediterranean). Costantini et al. 2000 gave information about 

feeding habits in the northern Adriatic Sea (Mediterranean). However, similar 

studies in other regions of the world, hence, in the Mediterranean southern coasts 

such Turkey’s coasts are still scarce. The only information about feeding in this 

species comes from Kabasakal et al 2002 for the northern Aegean Sea. 

Yet, such information is necessary to understand the role that this species plays 

in the trophic structure of coastal marine communities (Gelsleichte et al 1999), 

hence, this piece of information is strictly necessary in order to better manage 

fisheries and preserve also cartilaginous fish such Mustelus mustelus. 
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1.5. Mustelus morphological characteristics 

Members of the genus Mustelus are difficult to separate from one another; 

especially without the use of internal characters and molecular genetic data. 

Many of the morphological, morphometric and meristics charaters, which are 

used for distinguishing species partially overlap; however, there exist 

considerable variation among the species (Compagno et al 2005). 

Several morphological data are usually analysed, in order to properly classify 

Mustelus species like the total length (TL), presence of dark spots on body sides, 

coloration of the margin of the first and second dorsal fins, appearance of the 

margin of the first and second dorsal fins. 

In addition the morphology of the dermal denticles, and the pattern of distribution 

of buccopharyngeal denticles. 

Also, the pre-first dorsal fin length (PD1), from the tip of the snout to the insertion 

of the first dorsal fin is analysed; in addition to the head length (HDL), from the 

tip of the snout to the fifth gill opening. The pre-pectoral fin length (PP1), from 

the tip of the snout to the anterior insertion of the pectoral fin is also analysed. 

Additional morphological data analysed are: the pre-narial length (PRN), from 

the tip of the snout to the imaginary line traced between the anterior part of the 

two nostrils). Also, the pre-oral length (POR), from the tip of the snout to the 

anterior part of the mouth arch is analysed. The mouth length (MOL), from the 
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anterior part of the mouth to the imaginary line traced between the apexes of the 

mouth arch is analysed; in addition to the mouth width (MOW), between the 

apexes of the mouth arch. The right and left lower labial-furrow length (LLA), 

length of the inner labial-furrow are other morphological data typically analysed; 

as well as the right and left upper labial-furrow length (ULA), length of the 

external labial-furrow). Lastly, the right and left nostril width (NOW), between 

the apexes of the nostril and inter-nostril distance (INW), between the two nostrils 

are characteristics analysed with morphological-classification based purposes. 

 

 

 

 

 

 

 

 

The shape and pattern of ridges of dermal denticles are usually considered the 

most reliable diagnostic trait, when it comes to morphological analysis of 

elasmobranchs species. 

Fig 3. Morphometric traits usually analysed in order to classify 
Mustelus species. Images taken from Marino et al 2018 article. 
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Dermal denticles of Mustelus mustelus have lanceolate or weakly tricuspidate 

crowns with longitudinal ridges extending along their entire length (Marino et al 

2018). 

 

 

 

 

 

 

 

 

Buccopharyngeal denticles pattern of distribution has been proposed by Heemstra 

et al 1973, as species-specific morphological trait. Marino et al 2018, suggested 

that it did not result a diagnostic trait for the Mustelus mustelus species. 

Usually no black spots on body sides are present in Mustelus mustelus specimens, 

Marino et al 2018 reported only 4 individuals out of 230 analysed with this 

morphological feature. 

The shape of the mouth of the Mustelus mustelus presents a pointed shape, in 

particular of the upper arch Fig 5 Marino et al 2018 article. 

Fig 4. Dermal denticles of Mustelus mustelus, 
images from Marino et al 2018 article. 
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The width of the nostrils results to be an accurate trait when it comes to 

morphological data related to the anterior part of the specimen. 

 

 

 

 

 

 

In addition, also the mouth width and length, the upper and lower labial-furrow 

length, the pre-first dorsal fin length and the head length resulted accurate 

morphological data (Marino et al 2018). 

Marino et al 2018 reported that the colour and shape of the margin of the first and 

second dorsal fin do not appear to be a useful diagnostic trait. 

The study also shows that yet, the combination of several morphometric traits 

may allow a high percentage of correct identification; nonetheless, the use of 

multiple traits does not greatly improve the results with respect to the sole use of 

the distance in relation to width of the nostrils (Marino et al 2018). 

  

Fig 5.Ventral view of the head and mouth 
Mustelus mustelus, images from Marino et 
al 2018 article. 
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1.6. Reproduction 

1.6.1 Introduction 

The study of the reproductive biology is based on the ensemble of the knowledge 

of a diverse array of research fields like taxonomy, anatomy, physiology, 

endocrinology, immunology, genetics and population demographics and 

dynamics (Yoshida et al 2020). 

Reproductive biology can be related to the ecology as well as the ethology and 

the zoogeography in addition to the phylogeny of the studied group (Yoshida et 

al 2020). 

Maturation and seasonal changes in the reproductive condition of the organism 

depend on the control of the endocrine system. 

The hypothalamic-pituitary-gonadal axis (HPG axis), which refers to the 

Hypothalamus, the pituitary gland and the gonads, regulates the reproductive 

functions of the organism (Carrier et al 2004). 

Once reached the length of first maturity, environmental signals initiate an 

endocrine cascade, which begins with the secretion of the gonadotropinreleasing 

decapeptide hormone (GnRH), in the hypothalamus (Carrier et al 2004). 

Through the vertebrates’ classes, several GnRH isoforms have been isolated and 

identified (Wright et al 1993). 
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Most vertebrates appear to contain multiple forms of GnRH in their central 

nervous systems (CNS) (Sherwood 1986), and cartilaginous fishes are similar in 

this respect. 

The anatomical distribution of GnRH in elasmobranchs is relatively unknown 

(Wright et al 1993). 

The release of GnRH stimulates the production of gonadotropins (GTHs) from 

the elasmobranch pituitary gland, which in turn promotes gametogenesis and the 

secretion of reproductive steroids like androgens, estrogens, and/or progestins in 

the gonads. 

In addition to regulating gametes production via autocrine and/or paracrine 

mechanisms, gonadal steroids are presumably involved in modulating 

reproductive behavior, as well as the development and function of secondary sex 

organs (Carrier et al 2004). 

Furthermore, these compounds are likely to influence the production of GnRH 

and GTHs via feedback mechanisms, based on the presence of steroid binding 

sites in the elasmobranch hypothalamus (Jenkins et al., 1980). 
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1.6.2 Female reproductive anatomy 

The general reproductive 

anatomy is the same for each 

sex across the different 

elasmobranchs taxa 

(Henningsen et al 2004). The 

Mustelus mustelus female 

reproductive system is 

composed by the presence of 

two ovaries (right and left 

ovaries), a funnel-shaped 

ostium, an anterior oviduct, 

the Oviducal gland, the 

isthmus, two uteri (right and 

left) and a cervix leading 

posteriorly to the urogenital 

sinus; both tracts open into 

the cloaca (Yoshida et al 

2020).  

Fig 6. Overview of the female chondrichthyan 
reproductive system. The diagram represents a generalized 
scheme, the reproductive tract is reported in pale grey, 
other structures like the ovaries (texture color) are not 
correctly placed next to the ostium since it is just a 
generalized representation. Ca corpora atretica, Ce cervix, 
Co corpora luteum, Eg epigonal organ/gland, Is isthmus, 
Od Oviduct, Of ovarian follicle, Og Oviducal gland, Os
ostium, Ov ovary, Us urogenital sinus, Ut uterus. 
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1.6.3 Modes of reproduction 

Chondrichthyes have evolved several different reproductive adaptations thus 

reproductive strategies, during their extremely long evolutionary history (Carrier 

et al 2004). 

The reproductive biology of elasmobranchs is characterized by delayed sexual 

maturity, due to a relative long lifetime span (k-strategists species), low fecundity 

with different reproduction cycles as well as diverse modes of embryonic 

nutrition (Henningsen et al 2004). 

The most primitive reproductive strategy is oviparity, which consists in producing 

a large number of oocytes and sperm, in teleost fish the gametes are released in 

either the water column, or females gametes are adhered to the benthonic 

substrate and fertilized afterwards (Yoshida et al 2020). 

All chondrichthyan reproduction has internal fertilization (Henningsen et al 

2004). Internal fertilization ensures that: the extremely energy-expensive oocytes 

are not consumed by other animals as a food source; thus, the energy allocated 

by the female organisms in the reproduction is entirely passed to the embryos, in 

addition to the fact that fertilized oocytes and embryos are protected in the 

mother’s body during the most vulnerable stages (Carrier et al 2004). 

The evolutionary success of elasmobranchs is partly due to the efficiency of the 

reproductive adaptations, starting with a modified oviparity: characterized by 

internal fertilization and the production of a small number of large embryos which 
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after hatching are born as fully developed as active as the adults (Carrier et al 

2004). Moreover, elasmobranchs display viviparous reproductive modes 

(Yoshida et al 2020) such as aplacental yolk sac viviparity (Squalus acanthias), 

aplacental viviparity with oophagy and intrauterine cannibalism (Carcharias 

taurus) and with trophonemata (Urolophus jamaicensis) and placental viviparity 

(Mustelus mustelus, Carcharhinus plumbeus, Rhizoprionodon terraenovae) 

(Hamlett et al 1998). 

Viviparity is defined as a “live bearing” reproduction mode; the female organisms 

retain developing eggs between the reproductive tract and at parturition, live 

offsprings are born (Hamlett et al 2011). 

Viviparity has evolved independently at least eight times in chondrichthyan 

(Buddle et al 2019). 

Multiple origins of viviparity in elasmobranchs have resulted in a variety of 

strategies to provide embryos with respiratory gas exchange, waste removal, 

water and nutrients (Buddle et al 2019, Hamlett et al 2005). 

Elasmobranchs display several different reproductive cycles, which can be 

continuous for those species that reproduce throughout the entire year, seasonal 

for the species that are reproductively active only for a part of the year and 

punctuated for those species that are pregnant for one year and the next pregnancy 

is necessarily the year after (Henningsen et al 2004). 
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1.7. Commercial interest in Mustelus spp. 

The most exploited Mustelus spp. in the Mediterranean Sea since the Neolithic 

times are: the common smooth‐hound Mustelus mustelus (Linnaeus 1758), the 

blackspotted smooth‐hound Mustelus punctulatus (Risso, 1827) and the starry 

smooth‐hound Mustelus asterias (Linnaeus 1758); hence, this are the most 

commercially important elasmobranch in the Mediterranean (Morales‐Muñiz et 

al 2008). 

These species are mainly exploited as a by‐catch of trawlers and small‐scale 

vessels (Compagno et al 2005). The term “by catch” identifies the unwanted fish 

or simply not target specimen that anyway are trapped by commercial fishing nets 

during fishing for a different species that are the so called targeted ones. 

The Mediterranean Sea is one of the world's marine areas with the longest history 

of human exploitation; most of the available current knowledge on the status of 

fish populations is based on recent datasets covering only the last 15–20 years. 

The past two decades have been characterized by high fishing exploitation in 

which marine populations are presumably close to their lowest historical biomass 

(Colloca et al. 2013). 

Elasmobranchs are K-strategists, which it means that the selected life-history 

strategy includes slow growth, which implies late age at sexual maturity; hence, 

low fecundity and long gestation period (Barker et al 2005; Stevens et al 2000). 
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K-strategist are extremely vulnerable to the modern fishing pressure that is 

characterize by technological vessels with propulsion generate by advanced 

engines; the vessels are also equipped with localization of the prey technology 

systems. Modern fisheries vessels are characterized by state of the art nets, made 

of synthetic material that ensures robustness; in addition to that, nets have a great 

catch capacity that can easily be stored on board thanks to the great storage 

capacity of current fishing vessels. 

The Mediterranean is considered a biodiversity hot‐spot for elasmobranchs 

(Bradai et al. 2012; Dulvy et al. 2014). 

The Mediterranean Sea is also at the same time the area in the world with the 

highest proportion of threatened species because of unregulated fishing, i.e. 

species classified by the International Union for Conservation of Nature (IUCN) 

as Vulnerable, Endangered and Critically Endangered (Cavanagh et al 2007; 

Dulvy et al. 2014). 

Rebuilding depleted elasmobranch populations is considered a key conservation 

priority for the Mediterranean ecosystem, as this group of species has played a 

key role in the trophic chain for millions of years and it is now under a growing 

risk of depletion and extinction (Ferretti et al. 2010; Lotze et al 2011). 
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1.8. IUCN red List 

The IUCN Red List of Threatened Species (IUCN Red List) is widely recognised 

as the most comprehensive scientifically based source of information on the 

global status of both plant and animal species. 

IUCN Red List Categories and Criteria are applied to individual species 

assessments, which contain information on aspects such as ecology and life 

history, distribution, habitat, threats, current population trends and conservation 

measures, in order to determine their relative threat of extinction. 

Threatened species are listed as: Critically Endangered (CR), Endangered (EN) 

or Vulnerable (VU). Taxa that are, either close to meeting the threatened 

thresholds, or would be threatened were it not for ongoing conservation 

programmes are classified as Near Threatened (NT). Taxa evaluated as having a 

low risk of extinction are classified as Least Concern (LC). Also highlighted 

within the IUCN Red List are taxa that cannot be evaluated due to insufficient 

knowledge, and therefore assessed as Data Deficient (DD). 

Data deficient category does not necessarily mean that the species is not 

threatened, only that their risk of extinction cannot be assessed with the current 

data available. 

The Mustelus mustelus species is currently classified by the IUCN Red List as a 

vulnerable species, with a population trend estimated to be decreasing. 
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There are no specific management measures in place for M. mustelus, throughout 

the majority of its range. Mustelus species are protected within Balearic Island 

(Spain) marine reserves. 

Current catch levels appear to be unsustainable throughout the majority of this 

species' range and management intervention is required to reduce catches. 

  

Fig 7. IUCN Red List status for Mustelus mustelus species worldwide. 
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Chapter 2                                                   

Materials and Methods 

2.1 Sampling Area  

The sampling area established was the Northern Adriatic Sea (FAO-Geographical 

Sub-Area 17 - according to the General Fisheries Commission for the 

Mediterranean). 

 

  

Fig 8. GSA Geographical Sub-Areas of the Mediterranean Sea, according to the General 
Fisheries Commission for the Mediterranean (GFCM). 
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Samples were caught by commercial fishermen, operating on board of vessels 

that performed bottom-trawling fishing. 

The period of sampling extended from May 2019 until August 2019 and resulted 

in only one female sample. 

Since this sample was not derived from on board sampling, the exact geographical 

location is not available as well as other information like the exact depth sampled 

or physical-chemical characteristics of the water column. 

 

Fig 9. Bathymetry of the Mediterranean Sea, with a focus on the Adriatic Sea GSA 17-18. 
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2.2 Analyzed Samples 

Several different tissue samples were dissected from the reproductive apparatus.  

The oocytes present in both ovaries were all sampled for this case study, in 

addition tissue of the Oviduct, the Oviducal gland (OG), the Isthmus and the left 

Uterus was sampled. 

 

2.2.1 Oviducal Gland  

Oviducal Glands (OG) were extracted from the sample, sectioned and then fixed 

in a formaldehyde/glutaraldehyde solution (NaH2PO4-H2O + NaOH + 

formaldehyde 36.5% + glutaraldehyde 25% + H2O) and kept at 4°C until 

histological analysis. 

 

2.2.2 Isthmus 

A central section of the Isthmus was dissected and then fixed in a 

formaldehyde/glutaraldehyde solution (NaH2PO4-H2O + NaOH + formaldehyde 

36.5% + glutaraldehyde 25% + H2O) and kept at 4°C until histological analysis.  

 

2.2.3 Uterus 

The left Uterus was opened with surgical scissors, both the external membrane 

(EM) and the egg envelope (ee) were sampled. 
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The external membrane was separated from the gelatinous egg envelope and 

successively multiple samples were dissected from the central part of the external 

uterus membrane. 

The samples were then fixed in a formaldehyde/glutaraldehyde solution 

(NaH2PO4-H2O + NaOH + formaldehyde 36.5% + glutaraldehyde 25% + H2O) 

and kept at 4°C until histological analysis. 

Multiple sections of the egg envelope were sampled. The uppermost part 

connecting with the Isthmus was dissected, in addition samples from the central 

section and the posterior part were taken and store in a plastic Eppendorf at -20°C 

without any fixative for the FT-IR analysis. 

 

2.2.4 Ovary 

Ovary tissue containing oocytes of all different dimensions, were sampled from 

both, the right and left ovary. The Oocytes were divided into groups, according 

to similar dimensions ranges, each group was then divided in subsets and those 

were stored in different plastic Eppendorf. 

Ovarian samples were fixed with a formaldehyde/glutaraldehyde solution 

(NaH2PO4-H2O + NaOH + formaldehyde 36.5% + glutaraldehyde 25% + H2O) 

in a plastic Eppendorf and kept at 4°C until histological analysis. 
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Oocytes of each dimensions were sampled for the FT-IR analysis and each one 

was placed into a different plastic Eppendorf with no fixative in it and then stored 

at -20°C. 

 

2.3 Tissue processing 

The first step was to dehydrate the tissue samples, through a graded series of 

progressively higher alcohols concentrations (EtOH 50% -EtOH 100%); the 

second step was the clearing step and required the use of the xylene as a clearing 

agent, the last step was to embed the samples in a paraffin wax. 

 

2.4 Histology 

Sections of 4µm, 5 µm, 6 µm were cut respectively for the Oviducal Gland (OG), 

External Uterus membrane (EM) plus the Isthmus and the Oocytes. 

The sections of embedded tissue were cut using Leica Biosystems 819 microtome 

blades on the RM2125 RTS rotational microtome (Leica Biosystems, Wetzlar, 

Germany). The sections were affixed to glass slides and dried for a minimum of 

12 hours. 

Separated sections of the Oviducal gland were stained with the Mayer’s 

haematoxylin-eosin stain and the Masson’s trichrome stain. 
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Sections of the Isthmus were stained with the Mayer’s haematoxylin-eosin stain. 

Separated sections of the External Uterus membrane were stain with the Mayer’s 

haematoxylin-eosin stain and the Masson’s trichrome stain. 

Oocytes sections were stained with both the Mayer’s haematoxylin-eosin stain 

and the Periodic Acid-Schiff (PAS). 

Sections were mounted on glass slides with SafeMount mounting media, the 

sections were then covered with glass microscope coverslips (Bio-optica). 

The protocol for the Mayer’s haematoxylin-eosin stain had a retention time of 

2.30 minutes for the haematoxylin dye and 25 seconds for the eosin dye. 

The Bio-optica kit was used for the periodic acid Schiff (PAS), the protocol we 

used modified the retention time for the reagent E for a total time of 2 minutes. 

The Bioptica kit was used for the Masson’s trichrome stain, no modification to 

the protocol were made. 

 

2.5 FT-IR measurements and data analysis 

Sections of 5 µm of embedded tissue in paraffin wax were also cut with the 

RM2125 RTS rotational microtome (Leica Biosystems, Wetzlar, Germany). 

The sections were then fixed on a Calcium Fluoride (CaF2) slide. 
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The slides were processed twice in a xylene solution, respectively for 5 minutes 

and 4 minutes each time, the last step included 5 minutes in 100% Et-OH. 

The slides were then stored at room temperature and analyzed within the next 24 

hours. 

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 

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

containing subject of interest. 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 subject’ 

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 

to differences in thickness (OPUS 7.1 software, Bruker Optics, Ettlingen, 

Germany). 
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These pre-processed 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); 1330–1140 

cm−1 (representative of collagen, named COLLAGEN); 1274–1181 cm-1 

(containing the vibrational modes of phosphates groups PHOSPHATES), and 

1130–1013 cm-1 (containing above all the vibrational modes of COH, named 

CARBOHYDRATES). 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 3                                                             

Results 

3.1 Oviducal Gland 

3.1.1 Macroscopic Anatomy 

The Oviducal Gland Fig 10, 

is composed of two similar 

halves. 

In the internal surface of 

each half of a mature 

Oviducal gland is it 

possible to observe four 

different morphological 

zones: the club zone (c), 

the papillary zone (p), the 

baffle zone (b) and the 

terminal zone (t). The dimension of the analyzed Oviducal gland was estimated 

to be 1.71 cm in width, using the Micarelli et all. 2010 algorithm. 

 

Fig 10. Macroscopic overview of the Oviducal Gland of a female 
of Mustelus mustelus, scale bar 5 cm. 
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3.1.2  Oviducal Gland microscopic analysis 

As follows, the microscopic morphological structure of the Oviducal Gland (OG) 

stained with Hematoxylin-Eosin (H&E), the Masson’s trichrome stain and the 

histological section acquired by the FT-IR are reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig 11. On the top right is reported the microscopic overview of the Oviducal Gland stained with 
Mayer’s Hematoxylin-Eosin stain, whilst on the top left if reported the Masson’s trichrome stain 
of the same section, and in the middle below is reported the overview of the Oviducal gland 
acquired by the FT-IR, 15x magnification. 
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The following Hematoxylin-Eosin histological section also includes the different 

regions of the Oviducal gland tissue analyzed with the FT-IR machine. 

 

 

 

 

 

 

 

 

 

 

 

The numbers 8, 10, 12 are not reported in the microscopic overview of the 

Oviducal Gland, since they represent data that was collected during the analysis 

phase; but due to the scares quality of the resolution of the result, in this particular 

case study, they have been disregarded. 

  

Fig 12. Microscopic overview of the Oviducal Gland stained with Mayer’s Hematoxylin-Eosin stain. 
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Distinct secretory regions could be observed in the histological section of the 

mature Oviducal gland of the female of Mustelus mustelus sample: the papillary 

zone lamellae (5;6), the baffle zone lamellae (9,13), the papillary zone gland 

tubules (1;2;4), the baffle zone gland tubules (3; 7), the mixed zone (11;14), in 

addition to the lumen and the peritoneum. 

The FT-IR imaging includes a colorimetric scale, the colors selection was 

arbitrary, having the blue tones set as the indicators of the least absorbance whilst 

the white pixels indicate the maximum absorbance detected in the section. 
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3.1.2.1  Papillary zone 

 

 

 

 

 

 

 

 

 

 

 

The papillary zone is composed of digit-shaped lamellae (la), Fig 13. The lamellae 

epithelium is columnar, composed with sustentacular cells (su) with cilia (ci), 

secretory cells (se) and blood vessels (bv), Fig 14. The Papillary gland tubules (gt) 

have cilia (ci) located in the lumen. 

 

  

Fig 13. Transition zone in between the Papillary zone lamellae of the 
Oviducal Gland of a female of Mustelus mustelus and the Baffle 
zone, with the Mayer’s Hematoxylin-Eosin stain, 5x magnification. 
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Papillary zone lamellae 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pattern of distribution of the carbohydrates reported in the FT-IR map is 

extremely similar to the phosphates one. The analysis of both biochemical 

components highlight a gradient or a gradual increase of the concentration 

CARBOHYDRA PHOSPHATES 

ci 
su 

se 

bv 

Fig 14. Papillary zone lamellae (section 6) of Mustelus mustelus. On the left is reported the 
histological section acquired by the FT-IR whilst on the right is reported the Mayer’s 
Hematoxylin-Eosin stain. The magnification is 15x and 10x, scale bar 100µm. 

Fig 15. Papillary zone lamellae (section 6) of Mustelus mustelus. On the left is reported the 
Carbohydrates FT-IR map whilst, on the right the phosphate FT-IR map is reported. Each FT-IR 
map has its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 
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respectively for carbohydrates ad phosphates, starting from the outer cells layer 

of the columnar epithelium of digit shaped-lamellae. The carbohydrates 

absorbance in the sustentacular cells (su) with cilia (ci) and in the secretory cells 

(se) varies from 1.10-1.50, whilst for the phosphates the absorbance in the same 

exact section varies from 0.4-0.6. 

The pattern of the distribution of the carbohydrates and phosphates is different in 

the two lamellae analyzed. The right lamella is characterized by a higher 

concentration of both carbohydrates and phosphates thought the whole extension 

of the lamellae itself if compared with the left lamella. 

It is possible to locate a cluster in the inner matrix at the very end of the tip of the 

lamellae, characterized by a peach of absorbance for carbohydrates around 3.25 

and for phosphates 1.35; the cluster region has an average of absorbance ranging 

from 2.70-3.00 for carbohydrates and for phosphates from 1.15-1.25. 

The average absorbance for carbohydrates in the apical region ranges in between 

1.90-2.50, whilst for the phosphates the average absorbance ranges between 0.8-

1.05. 

Through the extension of the right lamellae is also possible to locate two other 

clusters that perfectly overlap for both carbohydrates and phosphates. The 

average absorbance is comparable to the cluster situated in the apical region, but 

the maximum absorbance has a lower peak at about 2.90 for both clusters for 
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carbohydrates whilst it differs more significantly for phosphates 1.20 for the 

second cluster and 1.35 for the third cluster. 

The apical region of the left lamella is characterized by a much lower absorbance 

for both carbohydrates and phosphates, ranging from 1.90-2.30 for carbohydrates 

and ranging from 0.70-0.85 for phosphates. 

It is possible to locate a cluster at the very far end of the left lamella, characterized 

by a peach of absorbance for carbohydrates around 2.95, whilst the peak of 

absorbance for phosphates is 1.41. 

The cluster region has an average of absorbance ranging from 1.95-2.30 of 

absorbance for carbohydrates and for phosphates from 0.85-1.0. 

It is possible to speculate that the higher intensity of the absorption spectrum in 

the mentioned above regions is due to a more active secretory activity of the cells 

in that peculiar region. 

It is indeed possible to concur that, the absorbance spectrum for both lamellae 

analyzed, overlaps almost perfectly has it is shown in the carbohydrates and 

phosphates FT-IR map. 

Nonetheless, it is possible to suggest the hypothesis that both carbohydrates and 

phosphates molecules might be transported by the blood vessel. 
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The blood vessels in both lamellae show consistently much lower concentration 

of the carbohydrates (1.30) and phosphates (0.5) if compared to the rest of the 

tissue analyzed. 

This evidence, as well as, the scatter pattern of distribution that still underlines an 

increase towards the secretory cells, suggests a transportation of the 

macromolecules while proceeding from the blood vessel to the inner tissue matrix 

and eventually the addition to the transported material to the in situ produced one, 

might cause such higher peak of absorbance and such high macromolecules 

concentration. 

 

 

 

 

 

 

 

The pattern of distribution is rather different for proteins and lipids in the 

papillary zone lamellae; nonetheless, it is possible to identify some overlaps of 

the two biochemical components. 

PROTEINS LIPIDS 

Fig 16. Papillary zone lamellae (section 6) of Mustelus mustelus. On the left is reported 
the Proteins FT-IR map whilst on the right the lipids FT-IR map is reported, each FT-
IR map has its own colored absorbance scale ranging from blue (no absorption) to white 
(maximum absorption). 
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The right lamella shows a more precise overlapping of the protein and lipid 

absorption spectrum; the FT-IR image shows a clear pattern of distribution from 

the blood vessel for the lipids with average of absorbance right outside the blood 

vessel of 3.80-4.60. 

It is possible to speculate that both protein and lipids molecules might be 

transported and released by the blood vessel into the papillary zone lamellae. 

The protein and lipid spectra show both, overlapping maximum absorbance in 

concurrence of the position of the previously analysed carbohydrates, and 

phosphates peaks; with the apical cluster showing a much higher absorbance of 

respectively 30.08 for proteins and 6.86 lipids. 

The overlapping of each absorption spectrum, especially the maximum 

absorption peaks previously analysed, shows the nature of the substance secreted 

by the papillary lamellae, which appears to be a glycol-lipo-phospho-protein; yet 

the exact biochemical composition is open to further investigations. 

 

 

 

 

 

  

Fig 17. Papillary zone lamellae (section 5) of Mustelus mustelus. 
On the left is reported the histological section acquired by the FT-
IR whilst on the right is reported the Masson’s trichrome stain. 
The magnification is 15x and 5x. 
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Fig 18 shows a precise overlapping of the absorption spectrum of proteins, collagen 

and carbohydrates. 

Collagen is a protein molecule, composed indeed by amino acids. 

The collagens represent a heterogeneous family of extracellular matrix 

glycoproteins, containing at least one triple helical domain; collagen is usually 

involved in the formation of the supramolecular network (Jean-Yves Exposito et 

al 2010). 

Fig 18. Papillary zone lamellae (section 5) of Mustelus mustelus. On the top left is reported the protein 
FT-IR map on the top right the collagen FT-IR map is reported whilst in the middle the carbohydrates 
FT-IR map is reported and, each FT-IR map has its own colored absorbance scale ranging from blue 
(no absorption) to white (maximum absorption). 
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Collagens play a key structural role by also contributing to the mechanical 

properties, as well as the organization and shape of animal tissues, as shown in Fig 

17; in which, collagen molecules are coloured in blue (Masson’s trichrome stain). 

The carbohydrates, protein and collagen distribution and concentration in the very 

central region of the lamella in section 5 Fig 18, perfectly overlaps with the 

collagen section in the Masson’s trichrome stain indicated by the blue dyed region 

in the Fig 17. 

It is possible to observe, for each macromolecular molecule analysed, an 

extremely similar pattern of distribution as well as a comparable increase or 

decrease of the absorbance through the histological section Fig 18. 

The maximum peaks of absorbance for proteins and collagen overlaps almost 

perfectly with respectively 67.55, and 1.97 of absorbance, whilst for the 

carbohydrates the maximum peak of absorbance is 3.07 and it is located at the tip 

of the section. 

It is possible to locate another cluster, positioned at the “C” shaped region of the 

section; the cluster is characterised by a maximum peak in absorbance for all the 

macromolecules analysed, respectively 67.55 for protein, 2.40 for carbohydrates 

and 1.97 for collagen. 

The cluster regions are believed to be the sections characterized by a higher 

secretory cell activity. 
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The lipid pattern of distribution is more relatable to the carbohydrates ones, 

overlapping on the histological section also the region with the maximum peak 

of absorbance with a value of 13.01. 

It is indeed possible to also locate the second cluster at the “C” shaped region of 

the section, characterized by a maximum absorbance of 9.50. 

  

LIPIDS 

Fig 19. Papillary zone lamellae (section 5) of Mustelus mustelus. 
The image reports the lipid FT-IR map with its own colored 
absorbance scale ranging from blue (no absorption) to white 
(maximum absorption). 



55 

Papillary zone gland tubules  
 

 

 

 

 

 

The Oviducal gland comprises a set of tubular glands that differ both, in 

morphology and in the secreted substances hence in the dye affinity. 

 

 

 

 

 

  

su 

se 

ci 

Fig 20. Gland tubules of the Papillary zone (section 1) of Mustelus mustelus. On the left, is reported the 
histological section acquired by the FT-IR whilst on the right is reported the Mayer’s Hematoxylin-
Eosin stain. The magnification is 15x and 10x. 

Fig 21. Gland tubules of the Papillary zone (section 1) of Mustelus mustelus. On the left is reported the 
histological section stained with the Masson’s trichrome stain, whilst on the right is reported the 
Mayer’s Hematoxylin-Eosin stain. The magnification is respectively 10x, scale bar 100 µm and 40x, 
scale bar 20µm. 
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The Papillary zone gland tubules are composed of two different types of cells: the 

sustentacular cells (su) characterized by the presence of apical nuclei, whilst the 

secretory cells (se) have basal nuclei Fig 21. 

The lumen is coated by a columnar ciliated epithelium (ci) Fig 21. 

 

 

 

 

 

 

 

The carbohydrates pattern of distribution is characterize by an increase of the 

concentration starting from the inner lumen ciliated epithelium, towards the 

external section of the gland. The pattern is not indeed homogenous through the 

histological section, indicating perhaps a different activity of the secretory cells 

in the gland. 

  

CARBOHYDRAT
ES  

Fig 22. Gland tubules of the Papillary zone (section 1) of Mustelus mustelus. On the left is reported 
the histological section acquired by the FT-IR, magnification 15x; whilst on the right is reported the 
carbohydrates FT-IR map with its colored absorbance scale ranging from blue (no absorption) to white 
(maximum absorption). 
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It is possible to observe a very similar pattern of distribution as well as the 

increase or decrease of the absorbance, common to all: proteins, collagen and 

lipids molecules. 

The difference in the absorption intensity results from the various quantitative 

contents of the above-mentioned compounds. 

PROTEINS 

LIPIDS 

COLLAGEN 

Fig 23. Gland tubules of the Papillary zone (section 1) of Mustelus mustelus. On the upper left is reported 
the protein FT-IR map whilst on the upper right is reported the collagen FT-IR map, in the middle the 
lipid FT-IR map is reported, each FT-IR map has its own colored absorbance scale ranging from blue 
(no absorption) to white (maximum absorption). 
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The adjoining region in between each gland is characterized by peaks in 

absorbance for all, proteins collagen and lipids components. 

The maximum peak of absorbance detected was 47.87, 1.95 and 11.26 

respectively for proteins, collagen and lipids; the maximum peaks of absorbance 

do not overlap perfectly as shown in Fig 23. 

 

 

 

 

 

 

 

 

 

 

The carbohydrates pattern of distribution in Fig 24 highlights the secretory cells 

(se) distribution, as well as the sustentacular cells’ (su). 

  

Fig 24. Gland tubules (section 2) of Mustelus mustelus. On the top left is reported the histological 
section acquired by the FT-IR , on the left below is reported the carbohydrates FT-IR map whilst on 
the right is reported the general structure of glands in the Papillary zone with the Masson’s trichrome 
stain. The magnification 15x for the FT-IR section 40x, scale bar 20µm respectively. 
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The protein, collagen and lipid distribution appears to be more concentrated in 

the adjoining region in between each gland. 

Overall, the above-mentioned macromolecules’ pattern overlap; with a more 

precise overlapping, observed for the protein and collagen. 

The lipids are almost exclusively present in the adjoining region in between each 

gland, whilst protein and collagen are also present internally to the gland. 

PROTEINS COLLAGEN 

LIPIDS 

Fig 25. Gland tubules of the Papillary zone (section 2) of Mustelus mustelus. On the upper left is 
reported the protein FT-IR map whilst on the upper right is reported the collagen FT-IR map, in the 
middle the lipid FT-IR map is reported, each FT-IR map has its own colored absorbance scale ranging 
from blue (no absorption) to white (maximum absorption). 
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The Masson’s trichrome stains light red in the gland tubules of the papillary zone, 

section 4 Fig 26. It is also possible to observe the collagen, mainly concentrated in 

the adjoining region in between glands, which stains light blue with the Masson’s 

trichrome stains. 

The carbohydrates pattern of distribution results to be quite irregular. 

There is clearly a zone that registered the maximum peak of absorbance for 

carbohydrates, whilst the rest of the gland does not show such a high 

carbohydrates concentration. 

The highest peaks of carbohydrates absorbance are registered in the 

correspondence of the secretory cells in the upper left region of the gland and 

extend almost all the way into the gland’s lumen. 

  

Fig 26. Gland tubules of the Papillary zone (section 4) of Mustelus mustelus. On the left is reported the 
histological section acquired by the FT-IR whilst in the middle is reported the same histological section 
stained with the Masson’s trichrome stain, 15x and 10x, scale bar 100µm; on the right is reported the 
carbohydrates FT-IR map, with its own colored absorbance scale ranging from blue (no absorption) to 
white (maximum absorption). 
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The protein, collagen and lipid pattern is extremely similar to that of section 2. 

Nonetheless, it is possible to observe a much more gradual gradient of each 

macromolecular component from the internal part of the gland, to the exterior. 

Proteins are slightly less concentrated in section 4 if compared to section 2, whilst 

the collagen appears to be much more concentrated; lipids are generally less 

concentrated in section 4 than in section 2. 

  

Fig 27. Gland tubules of the Papillary zone (section 4) of Mustelus mustelus. On the upper left is 
reported the protein FT-IR map whilst on the upper right is reported the collagen FT-IR map, in the 
middle the lipid FT-IR map is reported, each FT-IR map has its own colored absorbance scale ranging 
from blue (no absorption) to white (maximum absorption). 
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3.1.2.2  Baffle Zone  

 

 

 

 

 

 

 

 

 

The baffle zone is composed of lamellae with two different kind of projections: a 

pair of baffle plates (bp), forming the spinneret region (1), from which it passes 

through the secretory material; adjacent to the baffle plates there are two small 

segments (2). The baffle zone is also composed of the plateau projections (pp) Fig 

28. 

The gland tubules (gt) near the lumen stain more intensively, and the morphology 

is quite similar to the papillary zone gland tubules Fig 28. 

The secretory tubules are extending around the circumference of the Oviducal 

gland and inward, parallel to one another until the region of the central lumen. 

gt 

Lumen 

Fig 28. Overview of the Baffle zone of Mustelus mustelus, stain with the Mayer’s Hematoxylin-Eosin 
stain, magnification 5x scale bar 200µm. 
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Baffle zone lamellae  
  

 

 

 

 

 

 

 

 

 

 

 

The Baffle zone lamellae are characterized by an epithelium that is columnar 

ciliated, with two different cell types: sustentacular cells (su) with cilia (ci) and 

secretory cells (se) Fig 29. 

The baffle zone lamellae, internally are characterized by the presence of 

connective tissue (ct), represented in light blue in the Masson’s trichrome stain in 

Fig 29. 

The baffle zone lamellae are also rich in blood vessels (bv). 

  

ct 

Fig 29. Baffle zone plateau (section 13) of Mustelus mustelus. On the left is reported the histological 
section acquired by the FT-IR whilst on the right is reported the Masson’s trichrome stain. The
magnification is 15x and 40x, scale bar 20µm. 
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The carbohydrates, phosphates, lipids and proteins absorption spectrum overlaps 

to some extent, especially in the top left hump of the lamella. 

This indicates an active secretion from the secretory cells, the general 

macromolecular composition of the secreted material appear to be a 

glycolipophosphoprotein. 

The differences in the absorbance spectrum might also indicate a difference in 

the activity of the secretory cells of the baffle zone lamellae. 

  

Fig 30. Baffle zone plateau (section 13) of Mustelus mustelus. On the upper left is reported the 
carbohydrates FT-IR map, in the right upper section is reported the phosphates FT-IR map, on the 
bottom left the lipids FT-IR map is reported, whilst on the bottom right is reported the proteins. Each 
FT-IT map has its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 



65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig 32. Baffle zone plateau (section 9) of Mustelus mustelus. On the upper left is reported the 
carbohydrates FT-IR map whilst on the upper right is reported the phosphates FT-IR map, in the middle 
the protein FT-IR map is reported. Each FT-IR map has it Each FT-IR map has its own colored 
absorbance scale ranging from blue (no absorption) to white (maximum absorption). 

Fig 31.Baffle zone plateau (section 9) of Mustelus mustelus. On the left is reported the histological 
section acquired by the FT-IR whilst on the right is reported the Masson’s trichrome stain. The 
magnification is 15x and 10x, scale bar 100µm. 
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Section 9 reports another lamella in the baffle zone. 

The trend in the section appears to be different that the one reported for section 

13. A gradual distribution of all macromolecular components is observed, starting 

from the blood vessel that is central to the baffle zone lamella. 

The blood vessel is recognized thanks to the perfect overlap of proteins, which 

show the greatest absorbance in that specific region, as well as for phosphates and 

carbohydrates. 

The phosphates are present in the entire baffle zone lamellae tissue; whilst, the 

protein and carbohydrates appear to be much more concentrated in the secretory 

cells of the baffle zone lamellae. 

The region of the secretory cells shows the highest absorbance for all 

macromolecules analysed. 

This might also indicate an in situ secretion of material from the secretory cells; 

with mainly a glycophosphoproteic composition. 
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Baffle zone gland tubules  
 

 

 

 

 

 

 

 

The baffle zone gland tubules, in Mustelus mustelus, resemble the papillary zone 

gland tubules (see Papillary zone gland tubules). 

The cells in the baffle zone gland tubules appear to be more vacuolated. 

The Hematoxylin-Eosin stains a light rosé color for the entire gland, with purple 

cells nuclei, whilst the Masson’s trichrome stains a more dark red if compared to 

the histological section of the papillary zone tubules gland. 

 

  

Fig 33. Gland tubules of the Baffle zone (section 3) of Mustelus mustelus. On the left is reported the 
histological section acquired by the FT-IR, in the middle is reported the Mayer’s Hematoxylin-Eosin 
stain, whilst on the right is reported the Masson’s trichrome stain. The magnification is 15x and 20x, 
scale bar 50µm for both the Mayer’s Hematoxylin-Eosin stain and the Masson’s trichrome stain. 
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The pattern of distribution of protein and carbohydrates shows some degree of 

overlap. The proteins appear to be the macromolecules secreted the most by the 

secretory cells, internally to the baffle zone gland. 

The carbohydrates have a much more extensive distribution in the gland, in 

addition to the adjoining region in between each gland. 

The lipids pattern of distribution is somewhat similar to the carbohydrates one. 

The collagen patter of distribution and hence, the absorbance follows the same 

pattern as the protein’s one.  

Fig 34. Gland tubules of the baffle zone (section 3) of Mustelus mustelus. On the upper left is 
reported the carbohydrates FT-IR map, in the right upper section is reported the lipids FT-IR map, 
on the bottom left the protein FT-IR map is reported, whilst on the bottom right is reported the 
lipids.Each FT-IT map has its own colored absorbance scale ranging from blue (no absorption) to 
white (maximum absorption). 
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The baffle zone tubules in Fig 35 show an almost perfect overlap for the 

absorbance and the distribution patter for lipids, proteins and collagen. 

The concentrations of the macromolecules appear somewhat scatter in section 7 

baffle zone tubules, with a few spots characterized by high peaks of absorbance 

that perfectly overlap for all the mentioned-above macromolecules. 

The carbohydrates pattern of distribution results more homogenous and consists 

in mainly a set of two parallel stripes, characterized by a much higher absorbance; 

thus, and higher concentration. That area represents the secretory cells of the 

baffle zone tubules.  

Fig 35. Gland tubules of the baffle zone (section 7) of Mustelus mustelus. On the upper left is 
reported the carbohydrates FT-IR map, in the right upper section is reported the lipids FT-IR map, 
on the bottom left the protein FT-IR map is reported, whilst on the bottom right is reported the 
lipids.Each FT-IT map has its own colored absorbance scale ranging from blue (no absorption) to 
white (maximum absorption). 
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3.1.2.3  Mixed Zone Gland Tubules 

 

 

 

 

 

 

 

The gland tubules of the mixed zone stain light pink with the Hematoxylin-Eosin 

stain; the cell nuclei show a different organization pattern in respect to the 

papillary and baffle zone gland tubules. 

The gland tubules of the mixed zone are characterized by the presence of serous 

adenomers, which stain with an intense red in the Masson’s trichrome stain. 

The mixed zone gland appear to be ramified tubular glands as reported in Fig 36. 

The adjoining region in between each gland is characterized by the presence of 

collagen, as indicated by the light blue coloration in the Masson’s trichrome stain 

in Fig 36. 

  

Fig 36. Gland tubules of the mixed zone (section 11) of Mustelus mustelus. On the left is reported the 
histological section acquired by the FT-IR, in the middle is reported the Mayer’s Hematoxylin-Eosin 
stain, whilst on the right is reported the Masson’s trichrome stain. The magnification is 15x and 10x, 
scale bar 100µm for both the Mayer’s Hematoxylin-Eosin stain and the Masson’s trichrome stain. 

c 

c 
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The pattern of distribution of protein and phosphates perfectly overlaps in section 

11. It appears clear that, the mixed zone tubular glands produce a substance that 

is rich in protein and phosphates composition. 

The carbohydrates pattern of distribution appears to be rather scatter in the gland, 

whilst the lipid patter of distribution rests much more homogenous and it is indeed 

characterized by 7.00 of absorbance as an average though section 11. 

  

Fig 37. Gland tubules of the mixed zone (section 11) of Mustelus mustelus. On the upper left is reported 
the protein FT-IR map, in the right upper section is reported the phosphates FT-IR map, on the bottom 
left the carbohydrates FT-IR map is reported, whilst on the bottom right is reported the lipids. Each 
FT-IT map has its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 
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The protein patter of distribution in the mixed zones gland tubules, section 14, is 

rather different than the one reported for section 11. The maximum peaks of 

absorbance are reported not internally to the gland but in the peripheral zone. 

Phosphates are less concentrated in this section if compared to section 11. 

Phosphates and lipids appear to show an extremely similar pattern of distribution, 

characterized by a higher concentration, hence, and higher absorbance in the 

peripheral zone of the gland. 

Overall, the carbohydrates are the only macromolecules that display a different 

patter of distribution with higher concentration inside the gland.  

Fig 38. Gland tubules of the mixed zone (section 14) of Mustelus mustelus. In the upper left is 
reported the carbohydrates FT-IR map, on the top right is reported the phosphates FT-IR map, 
whilst at in the lower left is reported the protein FT-IR map, and at the lower right the lipids FT-
IR map is reported. Each FT-IR map has its colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 



73 

3.2 Uterus 

3.2.1 Macroscopic Anatomy 

 

 

 

 

 

 

 

 

 

 

Females of elasmobranchs have paired oviducts, which are long tubular structures 

that run the entire length of the body cavity of the organism on both sides of the 

vertebral column. Both oviducts unite at the anterior ends at the ostium, which 

form a wide funnel each one that opposes one ovary (not shown in the Fig 39). 

The posterior part of each oviduct is enlarged to form the uterus. 

A 

B 

OG 
Is 

Fig 39. Macroscopic overview of the Uteri of a female of Mustelus 
mustelus, scale bar 3.5 cm. 
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Females of Mustelus mustelus have two functional uteri respectively the left and 

the right uterus (A, B) that unite posteriorly in a chamber, the vagina, which opens 

into the cloaca (not present in the picture Fig 39). 

The region that connects the OG to the uterus is called Isthmus (Is). 

3.2.2 Uterus microscopic analysis 

The following Hematoxylin-Eosin histological section also includes the different 

regions of the Uterus tissue analyzed with the FT-IR machine. 

 

 

 

 

 

 

 

 

The apical surface of uterine epithelium in mid-term pregnant females, results 

folded into uterine villi (vi). The uterine tissue is composed by the mucosa (Mu), 

the submucosa (SubM) and the serosa (S).  

vi 

S 
Mu 

SubM 

Fig 40. Microscopic overview of the Uterus stained with Mayer’s Hematoxylin-Eosin stain. 
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3.2.2.1  Uterine villus 

Uterine epithelium 
 

 

 

 

 

 

 

The uterine epithelium of a mid-pregnant female, Fig 41, is characterized by 

cuboidal luminal epithelium cells. The uterine ridges contain connective tissue 

(ct), with capillaries that extend forming a vascular bed (*) underneath the 

epithelium Fig 41. 

 

 

 

 

 

Fig 41. Uterine villus epithelium of Mustelus mustelus (section 10). On the left is reported the 
histological section acquired by the FT-IR, magnification 15x; whilst on the right is reported the 
Mayer’s Hematoxylin-Eosin stain, scale bar 20µm. 

Fig 42. Uterine villus 
epithelium of Mustelus
mustelus, tip of the villus 
(section 1), Masson’s 
Trichrome stain, 40x 
magnification. 
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The epithelium differs along the uterine villi, the basis of the villi are covered by 

a stratified cuboidal epithelium, whilst the epithelium enclosing the tips of the 

villi is characterized by a simple squamous epithelium Fig 42. 

 

 

 

 

 

 

 

 

 

 

Through the gestation, epithelium folds project further in the uterine lumen, 

forming the uterine villi. Both, the number and the extension of the uterine villi, 

thought the pregnancy increase. 

Smooth muscles (sm) layers contain the blood vessels (bv) Fig 43. 

The connective tissue in the uterine villi is rather minimal in terms of extension 

Fig 43. It is possible to observe a clear collage band, surrounding and supporting 

the blood vessel Fig 43.  

bv 

sm 
ct 

Fig 43. Tip of  uterine villus (section 1) of Mustelus mustelus. On the left is reported the histological 
section acquired by the FT-IR whilst on the right is reported the Masson’s trichrome stain. The 
magnification is 15x and 20x, scale bar 50µm. At the bottom is reported the FT-IR collagen maps, 
with its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 
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The tip of uterine villi is extremely rich in proteins; the pattern of distribution of 

the protein biochemical components might suggest that macromolecular 

components might be transported and released from the blood vessel in situ. 

The pattern of distribution of lipids and carbohydrates overlaps perfectly in the 

tip of uterine villi Fig 44.  

Fig 44.Tip of a uterine villus (section 1) of Mustelus mustelus. On the top is reported the FT-IR 
map of the proteins. At the bottom, on the left is reported the FT-IR lipids map, whilst at the bottom 
on the right is reported the carbohydrates FT-IR map. Each map has its own colored absorbance 
scale ranging from blue (no absorption) to white (maximum absorption). 
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The uterine epithelium at the base of the villus is stratified Fig 41. The epithelium 

of the uterus thought the gestation period is characterized by a reduction in the 

stratification, hence the overall thickness decreases. The stratification showed in 

Fig 45 confirms that the organism was indeed pregnant, and that the female 

organism was about mid-pregnant. 

The distribution pattern for proteins, carbohydrates and lipids overlaps to some 

extent, whilst lipids concentration remains homogenous.  

Fig 45.Uterine epithelium at the base of a villus (section 10) of Mustelus mustelus. On the top left is 
reported the FT-IR map of the proteins, whilst on the top on the right is reported the carbohydrates FT-
IR map. At the bottom, on the left is reported the FT-IR collagen map, whilst at the bottom on the right 
is reported the lipids FT-IR map. Each map has its own colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 
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Uterine blood vessels 
 

 

 

 

 

 

 

 

 

 

 

 

The blood vessels uterine muscles layers in a mid-pregnant female of Mustelus 

mustelus are quite large Fig 46. 

Collagen macromolecules surround and support the smooth muscles of the blood 

vessel, whilst carbohydrates mostly concentrate internally to the blood vessel. 

  

Fig 46. Blood vessels in uterine villus (section 2) of Mustelus mustelus. On the top left is reported 
the histological section acquired by the FT-IR, 15x magnification; whilst on the right is reported 
the Masson’s trichrome stain, scale bar 100µm. At the bottom, on the left is reported the FT-IR 
carbohydrates map, whilst at the bottom on the right is reported the collagen FT-IR map. Each 
map has its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 
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The distribution pattern of protein and lipids perfectly overlaps in the blood vessel 

reported in Fig 47. Both macromolecules appear to be more concentrated internally 

to the blood vessel. 

The distribution pattern is characterized by concentrically oriented bands; with 

the same absorbance. 

The general trend does not see a gradual increase in the absorbance, but rather an 

alternation of bands with a higher or lower absorbance. 

This might indicate that macromolecules transported by the peripheral blood flow 

might be released in situ in the uterine villi. 

Hence, the most important macromolecular components in the blood vessel 

represented in Fig 47 are lipoproteins. 

  

Fig 47. Blood vessels in uterine villus (section 2) of Mustelus mustelus. On the left is reported the 
proteins FT-IR map, on the right is reported the lipids FT-IR map. Each map has its own colored 
absorbance scale ranging from blue (no absorption) to white (maximum absorption). 
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The carbohydrates macromolecular composition in the blood vessel represented 

in Fig 46 is significantly higher in respect to the one in Fig 48. 

The distribution pattern of macromolecules in the blood vessel Fig 48 is 

characterized by higher values of all macromolecular components internally to 

the blood vessel. 

It does not appear to be significant the trend of distribution of the macromolecular 

components from the blood vessel to the external uterine tissue.  

Fig 48. Blood vessels in uterine villus (section 3) of Mustelus mustelus. On the top left is reported 
the protein FT-IR map, whilst on the top right is reported the collagen FT-IR map. At the bottom, 
on the left is reported the FT-IR carbohydrates map, whilst at the bottom on the right is reported 
the lipids FT-IR map. Each map has its own colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 
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The highest peak of the lipids indicate a small blood vessel. 

The same location on the FT-IR image is characterized of maximum peaks for all 

the other macromolecules analysed. 

The collagen is much more represented in terms of extension in section 4 of the 

uterine villus. 

The proteins remain the most represented macromolecules both in terms of spatial 

distribution and in terms of maximum absorbance registered. 

  

Fig 49. Small blood vessels in uterine villus (section 4) of Mustelus mustelus. On the top left 
is reported the protein FT-IR map, whilst on the top right is reported the collagen FT-IR map. 
At the bottom, on the left is reported the FT-IR carbohydrates map, whilst at the bottom on the 
right is reported the lipids FT-IR map. Each map has its own colored absorbance scale ranging 
from blue (no absorption) to white (maximum absorption). 
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3.2.2.2  Uterine Mucosa 

 

 

 

 

 

 

 

 

 

 

Section 6 represents the apical part of the mucosa, which folds into branched 

uterine villi Fig 40. 

Section 6 shows extremely high absorbance for lipids across all the section 

analysed. 

The high presence of lipids is also confirmed by the Masson’s trichrome stain; 

since lipids usually do not stain the section results extremely light in the 

coloration confirming an extremely high concentration of lipids in the tissue. 

  

Fig 50. Uterine mucosa (section 6) of Mustelus mustelus. On the left is reported the histological section 
acquired by the FT-IR whilst on the right is reported the Masson’s trichrome stain. The magnification 
is 15x and 40x, scale bar 20µm. At the bottom on the left is reported the FT-IR lipids maps, with its 
own colored absorbance scale ranging from blue (no absorption) to white (maximum absorption). 
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The protein concentration in the apical part of the uterine mucosa is rather low. 

The carbohydrates are the macromolecules represented the least in section 6. 

The collagen absorption peaks are rather high, also indicating the presence of 

connective tissue in the sample. 

Both the carbohydrates and the collagen pattern of distribution are not 

homogeneous, whilst the protein show a much more evenly distributed pattern 

through the entire section.  

Fig 51. Uterine mucosa (section 6) of Mustelus mustelus. On the top left is reported the protein 
FT-IR image, whilst on the top right is reported the carbohydrates FT-IR image. At the bottom 
in the middle is reported the FT-IR collagen maps. Each map has its own colored absorbance 
scale, ranging from blue (no absorption) to white (maximum absorption). 
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Section 7 reports a much more central zone of the uterine mucosa. 

The section is characterized by a much higher concentration of carbohydrates if 

compared to the uterine mucosa in section 6. 

It is possible to observe for each macromolecule analysed the same exact pattern 

of distribution, which is composed by two parallel layer characterized by higher 

absorbance values. 

In between the two layers, there is a section characterized by lower values of 

absorbance for each macromolecule analysed.  

Fig 52. Uterine mucosa (section 7) of Mustelus mustelus. On the top left is reported the protein 
FT-IR map, whilst on the top right is reported the collagen FT-IR map. At the bottom, on the left 
is reported the FT-IR carbohydrates map, whilst at the bottom on on the right is reported the lipids 
FT-IR map. Each map has its own colored absorbance scale ranging from blue (no absorption) to 
white (maximum absorption). 
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3.2.2.3  Uterine Submucosa 

 

 

 

 

 

 

 

 

 

The uterine submucosa is composed by the areolar connective tissue (ct). 

 

The submucosa in the mid-term pregnant Mustelus mustelus is rather extended. 

In this particular case, it is also possible to observe the presence of smooth 

muscles (sm) in the submucosa uterine tissue of Mustelus mustelus. 

  

Fig 53. Uterine submucosa (section 8) of Mustelus mustelus. On the left is reported the histological 
section acquired by the FT-IR whilst on the right is reported the Masson’s trichrome stain. The
magnification is 15x and 20x, scale bar 50µm. At the bottom on the left is reported the FT-IR collagen 
maps, with its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 
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The FT-IR images (FTIRI), clearly show the smooth muscles present in the 

submucosa tissue of the female of Mustelus mustelus. 

The ultrastructure of the tissue is characterized by almost perfectly parallel stripes 

that represent the smooth muscles. 

The smooth muscles are characterized by the maximum peak of absorbance for 

each of the macromolecule analysed: proteins, carbohydrates, lipids and collagen 

Fig 53 and Fig 54.  

Fig 54. Uterine submucosa (section 8) of Mustelus mustelus. On the top left is reported the protein FT-
IR image, whilst on the right is reported the lipids FT-IR image. At the bottom in the middle is reported 
the FT-IR carbohydrates maps. Each map has its own colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 
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3.2.2.4  Uterine Serosa 

 

 

 

 

 

 

 

 

 

The serosa represents the outer wall of the uterus, facing the peritoneal cavity. 

The serosa consists in smooth muscles (sm) layers and an outer mesothelial layer. 

The smooth muscles are supported and interconnected by the connective tissue 

(ct). 

The collagen appears to be more concentrated in the external part of the section, 

this result is confirmed by both the histological analysis (blue colour in the 

Masson’s trichrome stain) and in the FT-IR image. 

  

Fig 55. Uterine serosa (section 9) of Mustelus mustelus. On the top left is reported the histological 
section acquired by the FT-IR, 15x magnification; whilst on the right is reported the Masson’s 
trichrome stain, scale bar 50µm. At the bottom, on the left is reported the FT-IR collagen map. Each 
map has its own colored absorbance scale ranging from blue (no absorption) to white (maximum 
absorption). 
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The serosa appears to be extremely rich in proteins. 

The pattern of distribution of protein and lipids overlaps perfectly, hence, the 

maximum peak of absorbance of each macromolecule overlap precisely. 

The carbohydrates appear to be much less represented. 

It is possible to observe clearly on the carbohydrates that, the maximum peak 

correspond to a very small blood vessel in the uterine serosa.  

Fig 56. Uterine serosa (section 9) of Mustelus mustelus. On the top left is reported the protein FT-IR 
map, whilst on the right is reported the lipid FT-IR map. At the bottom, in the middle is reported the 
FT-IR carbohydrates map. Each map has its own colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 
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3.2.3 Isthmus microscopic analysis 

 

 

 

 

 

 

 

 

The isthmus represents a short segment of the reproductive tract that joins the 

Oviducal Gland to the Uterus. The isthmus is thought to function as a sphincter, 

isolating the contents of the uterus, while also preventing the reflux of the uterine 

contents back into the abdominal cavity. 

The Isthmus of Mustelus mustelus is characterized by a ciliated highly folded 

epithelium (e). The muscular layers of the isthmus comprises of smooth muscles 

(sm). 

The isthmus is characterized by the presence of ciliated cells (ci) that face the 

internal lumen. 

The tissue is also characterised by the presence of glands (g).  

Fig 57. Microscopic overview of the Isthmus stained with Masson’s trichrome stain, scale bar 500 µm.
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ci 
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3.3 Ovaries 

3.3.1 Macroscopic Anatomy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mustelus mustelus female organisms present two functional ovaries (A, B). 

Both ovaries show a cluster conformation, it is possible to observe that this 

particular organism had both ovaries about the same dimension in size. 

The ovaries appear to have a pale yellow coloration; oocytes at different stages 

of maturation are present in each ovary. 

Macroscopically it is not possible observe clearly the ovary and epigonal organ 

association since both ovaries appeared as a compact single mass; in addition to 

B 

A 

Fig 58. Macroscopic overview of the ovaries of a female of Mustelus mustelus, scale bar 2,5 cm. 
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that, most part of the epigonal organ was not sampled since it had not been 

received in the laboratory for analysis. 

3.3.2 Ovaries microscopic analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The elasmobranch ovaries are strictly associated with the epigonal organ (EO) 

that is present in the ovarian stroma; ovarian components include all the stages of 

the oogenesis and folliculogenesis such as oogonia and oocytes.  

EO 

EO 

EO 

Fig 59. Microscopic overview of the Ovaries and the Epigonal Organ, stained with Mayer’s 
Hematoxylin-Eosin stain. Magnification 15x. 
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3.3.2.1  Epigonal Organ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The epigonal organ tissue is composed by a variety of blood cells such as 

eosinophilic granulocytes (E), lymphocytes (Ly), basophil granulocytes (B) and 

plasma cells (P).  

Fig 60. Microscopic overview of the Epigonal Organ (EO) stained with Mayer’s 
Hematoxylin-Eosin stain, scale bar respectively 50µm and 20µm. 
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The pattern of distribution for proteins, lipids and phosphates almost perfectly 

overlaps, whilst there is much less correspondence for the distribution pattern, 

hence, the concentration in section for carbohydrates and lipids.  

Fig 61. Epigonal organ of Mustelus mustelus. In the upper left is reported the proteins FT-IR map, 
on the top right is reported the phosphates FT-IR map, whilst at in the middle is reported the lipids 
FT-IR map. At the bottom on the left is reported the carbohydrates FT-IR map whilst on the right is 
reported the fatty acid FT-IR map, each FT-IR map has its colored absorbance scale ranging from 
blue (no absorption) to white (maximum absorption). 
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3.3.2.2  Previtellogenic Oocyte 

 

 

 

 

 

 

 

 

 

 

Previtellogenic follicles have stratified columnar epithelium, which is oriented 

perpendicular to the follicular layer. 

In mid-previtellogenic oocytes, the zona pellucida (Zp) is clearly visible, the 

granulosa cells (Gc) are present as well as the theca cells (Tc), but it is still not 

possible to identify the internal and the external theca. 

The interface of the Zp and the ooplasm, in some regions appears striated; this is 

likely due to the interdigitation of cell processes of the oocytes and follicular cells. 

The nucleus (N) with nucleoli (nu) is still positioned in a semi-central position, 

the migration to the suboolemmal region will conclude only in late 

previtellogenic oocytes.  

Fig 62. Mid-previtellogenic oocyte stained with Mayer’s Hematoxylin-Eosin stain, scale bar 
respectively 100µm and 50µm. 
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The zona pellucida (Zp) shows histochemical reactivity to the Periodic Acid 

Schiff (PAS) stain, as well as the ovarian stroma (Os). 

The FT-IR analysis also highlight the presence of carbohydrates substances in the 

Zp, as well as in the granulosa cells (Gc) and in the theca cells (Tc). 

This data is also supported by the histochemical reactivity to the PAS stain of the 

previtellogenic oocyte reported in Fig 63. 

In early mid-stage previtellogenic, no yolk globules are yet present and visible in 

the cytoplasm. 

Fig 63. Previtellogenic oocyte of Mustelus mustelus. In the upper left is reported the carbohydrates 
FT-IR map, on the right is reported the PAS stained section, at the bottom on the left is reported the 
protein FT-IR map, each FT-IR map has its colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 



97 

The FT-IR analysis shows that the content of the cytoplasm at this stage is 

extremely rich in both proteins and carbohydrates. Both absorbance spectrum 

overlap almost perfectly, indicating perhaps richness in glycoproteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The lipids clearly indicate the plasma membrane of the eccentric nucleus. 

The phosphate indicate the genetic material such DNA or RNA, located internally 

to the nucleus. In Fig 62, it is also possible to observe nucleoli (nu) inside the 

nucleus, which is supported by the scattered localization of the phosphates in the 

nucleus. 

Fig 64. Previtellogenic oocyte of Mustelus mustelus. In the upper left is reported the phosphates FT-
IR map, on the right is reported the lipids FT-IR map, at the bottom on in the middle is reported the 
fatty acid FT-IR map, each FT-IR map has its colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 
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The fatty acid distribution is peculiar; it appears that the fatty acids are distributed 

in the cytoplasm whereas proteins and carbohydrates are absent. 

The separation is not indeed perfect, so areas of overlapping in the distribution of 

proteins, carbohydrates and fatty acids occur. 

3.3.2.3  Vitellogenic Oocyte 

 

 

 

 

 

 

 

 

 

 

Vitellogenic oocytes have stratified columnar follicular epithelium; it is possible 

to observe a distinct zona pellucida (Zp), granulosa cells (Gc) and theca cells (Tc) 

that are dived into the theca interna and theca externa. 

The ooplasm is characterize by the presence of yolk globules (Yg), that gradually 

with the proceeding of the maturation of the oocyte, from early vitellogenic to 

middle vitellogenic and lastly to late-vitellogenic; increase both in size and the 

concentration in the ooplasm.  

Fig 65. Vitellogenic oocyte of Mustelus mustelus. Details of Vitellogenic oocyte stained with Mayer’s 
Hematoxylin-Eosin stain, scale bar respectively 200µm and 50µm. 
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The Zp of a Vitellogenic oocyte is bigger in size (µm), if compared to a 

previtellogenic oocyte; nonetheless, the Zp stains positive to the Periodic Acid 

Schiff stain (PAS). 

The FT-IR imaging shows high peaks of absorbance in the Zp, with a gradual 

decrease moving outward to the theca cells (Tc), starting respectively from the 

theca interna and the theca externa. 

The yolk globules show histochemical reactivity to the PAS and are scattered in 

the ooplasm of the oocyte.  

Zp 
Tc 

Fig 66. Vitellogenic oocyte of Mustelus mustelus. In the upper left is reported 
the histological section acquired by the FT-IR, 15x magnification; whilst in the 
upper right is reported the histological section stained with Periodic Acid Schiff 
stain, scale bar 20µm. At the bottom is reported the carbohydrates FT-IR image, 
with its colored absorbance scale ranging from blue (no absorption) to white 
(maximum absorption). 
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The Zp shows high peaks of absorbance for lipids and proteins, whilst the 

phosphates appear to be more concentrated in the theca cells, especially the theca 

externa. 

The FT-IR imaging shows that the macromolecular biochemical composition of 

the yolk globules is extremely high in proteins, lipids and phosphates as well as 

carbohydrates. 

The FT-IR map shows that, clearly, a protein-base material is actively entering 

the ooplasm and it is distributed in the entire area of the inner surface of the 

Vitellogenic oocyte.  

Fig 67. Vitellogenic oocyte of Mustelus mustelus. In the upper left is reported the protein FT-IR image, 
whilst in the upper right is reported the phosphate FT-IR image. At the bottom is reported the lipids 
FT-IR image. Each FT-IR map has its own colored absorbance scale ranging from blue (no absorption) 
to white (maximum absorption).  
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Further oocyte development involves an increase thickness of the columnar 

follicular epithelium; hence, theca cells layers that surround the oocyte. 

In late vitellogenic oocytes the accumulation of yolk globules, which increase 

internally to the oocyte, both in terms of size and concentration. 

  

Fig 68. Vitellogenic oocyte of Mustelus mustelus. In the upper left is reported the histological 
section acquired by the FT-IR, 15x magnification; whilst on the right is reported the histological 
section stained with Mayer’s Hematoxylin-Eosin stain, scale bar 20µm. At the bottom left is 
reported the phosphates FT-IR image, with its colored absorbance scale ranging from blue (no 
absorption) to white (maximum absorption). 



102 

 

 

 

 

 

 

 

 

 

 

 

It is possible to clearly observe, yolk globules being incorporated in the ooplasm 

of the vitellogenic oocyte Fig 69. The gradient is showed distinctly on both 

performed analysis, thus, the Mayer’s Hematoxylin-Eosin stain histological 

analysis and the FT-IR imaging. 

The FT-IR imaging (FTIRI), shows that the proteins are the much more 

represented macromolecular components present in the ooplasm. 

It has been possible to detect also fatty acids, that spread homogeneously in the 

ooplasm, as well as the lipids. 

  

Fig 69. Vitellogenic oocyte of Mustelus mustelus. On the extreme left is reported the histological section 
of a stained with Mayer’s Hematoxylin-Eosin stain, scale bar 20µm. In the upper left is reported FT-IR 
map of proteins, whilst on the right is reported the lipids FT-IR map. At the bottom, in the middle is 
reported the fatty acids FT-IR image. Each FT-IR map has its colored absorbance scale ranging from 
blue (no absorption) to white (maximum absorption). 
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The zona pellucida shows reactivity to the Periodic Acid Schiff stain, by 

positively staining purple in the histological section, suggesting that there might 

be a mixture of neutral and carboxylated acid glycan. 

The presence of carbohydrates is also confirmed by the FT-IR analysis, which 

show extremely high concentration in the ZP. 

The theca cells also show positive reactivity to the Periodic Acid Schiff stain, 

data also confirmed by the FT-IR imaging; which clearly show a parallel pattern 

of accumulation of carbohydrates in the theca region that is also visually 

confirmed by the histological PAS section. 

Yolk globules, scattered in the peripheral ooplasm, also stained positive to the 

Periodic Acid Schiff stain, the FT-IR imaging shows an overall low concentration 

of carbohydrate in the peripheral ooplasm.  

Fig 70. Vitellogenic oocyte of Mustelus mustelus. On the left is reported the carbohydrates 
FT-IR image, with its colored absorbance scale ranging from blue (no absorption) to white 
(maximum absorption). On the right is reported the histological section stained with Periodic 
Acid Schiff stain, scale bar 50µm. 
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Chapter 4                                                         

Discussion 

4.1 Oviducal Gland 

The Oviducal Gland (OG), also referred as the shell or nidamental gland (Prasad 

1945, 1948; Knight et al 1993), is a specialized region of the anterior portion of 

the oviduct in cartilaginous fish. 

Early description of the Oviducal Gland in elasmobranchs were given by Borcea 

(1904, 1906), Widakowich (1906), Filhol and Garrault (1938), Nalini (1940), 

Prasad (1945, 1948).  

The vast majority of case studies focus on oviparous species like Scyliorhinus 

canicula or Rajidae species, due to greater availability of the species 

(Scyliorhinus canicula: IUCN Red list, considered “least concern” and Rajidae 

species: IUCN Red list considered depending on the species “ least concern”, 

“near threatened”, “Vulnerable”) in addition to easier breeding condition in the 

lab. 

The term “shell gland” or “nidamental shell gland” is derived from the Latin term 

“nidus”, which it means nest and it was indeed formulated while studying the 
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reproductive biology of oviparous elasmobranch, such as Scyliorhinus canicula 

and species listed in the Rajidae family. 

The main morphology and function of the Oviducal Gland (OG) are essentially 

identical between all Condrichthyes (Bàrbara Serra-Pereira et al 2010). 

The Oviducal Glands of different species consistently display the partition into 

four fundamental zones, notwithstanding the reproduction strategy, so whether 

the species is oviparous or aplacental viviparous or placental viviparous. 

Oviducal glands have a proximal club zone, a papillary zone, a baffle zone and a 

terminal zone (Hamlett et al 1998). 

Each zone is characterized by the presence of distinct shaped lamellae that extend 

full width across the lumen, in addition to differently shaped glands that can be 

either simple tubular glands or ramified tubular glands. 

Formerly, the Oviducal gland zones were designated with the term “albumen 

secreting” and “shell secreting”. 

This terminology is oversimplified, and cannot be accurately applied to all 

species, therefore, is vastly much more applied the morphological based 

terminology rather than the purported function one (W.C. Hamlett et al 1998). 

The proximal club zone and the papillary zone, replace the former designation 

“albumen secreting” zone, whilst the baffle zone replace the designation of the 

“shell secreting” zone. 
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The Oviducal Gland of chondrichthyan fish main functions are thereafter to: 

produce egg jelly, form the tertiary egg envelope, storage for long-term periods 

sperm, protect the sperm from the immunological attack by the female organism.  

The egg jelly or jelly coats that surround the egg are produced from both the 

proximal club zone and the papillary zone, instead the various types of egg 

coating or investments seen in elasmobranchs are produced from the baffle zone. 

The terminal zone is responsible for the sperm storage in exclusive structures, 

referred as the sperm storage tubules (SST). 

Fertilization most likely occurs anterior to these zones, since the sperm would not 

be able to penetrate both the egg investments and the tertiary egg covering 

(Megan T. Storrie et al 2008). 

Possible functions of the oviduct include the transport of sperm, the transport of 

mucus; in addition, the oviduct is thought to provide a site for fertilization 

(Metten et al 1939; Stanley et al 1963; Young 1995, Knight et al 1996b, Fishelson 

and Baranes, 1998; Smith 2001; Hamlett et al 2002; Smith et al 2004)  

In this particular case study, the proximal club zone was not sampled and therefor 

it could not be analysed. 

Microscopic analysis of the papillary zone showed the presence of digit shaped 

lamellae, as well as the coexistence of both simple and ramified tubular glands. 
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The histological analysis showed the lamellae epithelium to be columnar and to 

be composed by sustentacular cells with cilia, secretory cells and blood vessels. 

The macromolecular characterization of the female reproductive tract of the 

Mustelus mustelus had never been investigated using the Fourier Transformed 

Infrared Spectroscopy (FT-IR technology) up until the present day, this precise 

case study supposedly represent a kickoff project in order to better investigate the 

biochemical structure of the apparatus. 

The biochemical analysis of the papillary zone lamellae highlighted a diverse 

composition while proceeding along the papillary zone itself. 

Section 5 shows an higher absorbance for proteins with a peak about 67.55, whilst 

the maximum of absorbance for Section 6 was 30.08. 

The lipid maximum absorbance resulted to be 13.01 in section 5 and 6.86 in 

section 6. 

No flapping of the histological section had been reported, which it means that the 

2x times fold difference in the concentration is no artefact. 

The carbohydrates concentration is relatable with very similar maximum 

absorbance peaks for both sections, respectively 3.07 for section 5 and 3.25 for 

section 6. 

The collagen spectrum of absorbance range had not been clearly detected for  
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section 6, whilst for section 5 it has not been possible to properly detect the 

phosphate absorption range. 

It is possible to identify in section 6 a cluster characterized by maximum peaks 

for all the macromolecular molecules analyzed; thus carbohydrates, phosphates, 

protein and lipid compounds. 

The perfect overlapping of the absorption spectrum indicated that such tissue 

region of the papillary lamellae tip produces indeed, phospho-glyco-lipo-protein 

molecules. 

Section 5 displays a similar pattern of absorbance through the papillary lamellae; 

the tip once again exhibits the maximum absorption. 

Once again, the precise overlapping of the carbohydrates, lipid and protein 

absorption spectrum suggests that this tissue region certainly produces glycol-

lipo-protein molecules. 

To better understand the specific molecules composition, further 

spectrophotometric analysis investigating each possible convolution in the 

spectrum, by the peak-fitting procedure, will need to be carried on. 

It is also possible to speculate that, for both sections 5 and 6, the specific 

macromolecular type composition might not be glycolipophosphovitin-like or 

teleost’s Vitellogenin-like (Vtg-like), due to the fact that, the absorption peak at 

1740 cm-1 was not detected. 
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The 1740cm-1 is the fatty acid absorption wavelength, which had been reported 

always present when analyzing Vitellogenic oocytes in teleost’s studies 

(Carnevali et al 2019). 

Section 5 presents an excellent overlapping of the absorption intensity of 

carbohydrates, collagen and protein; which results in a commensurate 

modification of various quantitative contents of the above-mentioned 

compounds. 

This match is easily explained by the fact that collagen molecules represent a 

heterogeneous family of extracellular matrix glycoproteins (Jean-Yves Exposito 

et al 2010). 

Collagen molecules are major components of extracellular matrices of all 

metazoans organisms, and play a crucial role in maintaining the tissue 

tridimensional structure by forming a supramolecular network (Jean-Yves 

Exposito et al 2010), in addition to help maintaining the tissue homeostasis 

(Kielty et al. 2002). 

It is also possible to speculate, due to the specific overlapping of the protein and 

carbohydrates absorption spectrum, that section 5 is characterized by the presence 

of proteoglycan compounds. 

Elìas et al 2015 reported that, in Mustelus schmitti female organisms, the papillary 

zone lamellae epithelium stained Alcian Blue positive (AB+). 
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The Masson’s trichrome stain of the section 5 showed large presence of collage 

in the central region of the section. 

It has increasingly become apparent in recent years that molecules present in the 

matrix surrounding cells, may play a profound role influencing the 

morphogenetic activity and the cytodifferentiation of those cells (Fisher et al 

1977). 

The extracellular matrix (ECM) is complex organization of structural protein, 

such as the collagen family and a wide variety of proteoglycans (Harley et al 

2008). 

Proteoglycans or PGs are a macromolecule complex that consists of a protein 

core that during the transport through the secretory pathway acquires one or 

usually more than one negatively charged glycosaminoglycan (GAGs) chains that 

is covalently bonded (Prydz et al 2015). 

Glycosaminoglycans (GAGs) are linear polysaccharides comprises of 

hexosamine-containing disaccharides repeating units (DeAngelis et al 2013). 

There are two main types of GAGs: the non-sulphated GAGs that include for 

instance the Hyaluronic Acid (HA); whereas the sulphated GAGs include 

chondroitin sulphate (CS), keratan sulphate (KS), heparin and heparan sulphate 

(HS) (Gandhi et al 2008). 
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GAG sulphated molecules stain positive to the Alcian Blue, the non-sulphated 

GAGs, depending on the tissue processing might not stain as intensely; the FT-

IR analysis showed in the analyzed region the presence of both carbohydrates and 

proteins, in addition to collagen. 

GAG molecules are known to link to proteins such as collagen in the extracellular 

matrix; the complexity of GAG-protein interaction is in part due to the sulphation 

patterns of the GAGs (Gandhi et al 2008). 

This data might indicate the presence of GAGs in the specific analyzed region, in 

order to confirm this hypothesis, a much more detailed spectrophotometry 

analysis is needed. 

The existing literature on the papillary zone greatly focuses on the gland tubules 

secreted substances, which are nowadays well known to be mucopolysaccharides 

compounds also referred as “mucin” (Hamlett et al 2011). 

The term mucin is most frequently used, in order to identify glycopeptide or a 

polysaccharide protein complex (Roger W. Jeanloz et al 1960). 

Recent studies on the Mustelus spp. reported that the papillary zone gland tubules 

secretes both, Periodic Acid Schiff (PAS) and Alcian Blue positive (AB+) 

substances; respectively, in the anterior and in the posterior or caudal section but 

only in a single row of tubules (Elias et al 2015). 
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The PAS technique is used to identify the glycoproteins or any mucous substance 

containing neutral sugars, whilst the AB pH 2.5 indicates sulphated, non-

sulphated acid glycosaminoglycans and sialoglycoproteins. 

In this particular case study, the Periodic Acid Schiff stain and the Alcian Blue 

stain were not used, but thanks to the FT-IR analysis, it was possible to highlight 

the biochemical composition of the material secreted by the simple glands. 

Section 1 shows both the distribution trends and the different concentration of the 

distinct macromolecules; proteins are the compounds secreted the most, followed 

by lipids and carbohydrates whilst the collagen is mainly present in the adjoining 

region in between each gland. 

This result indicates that the compounds secreted by this gland are mostly 

glycolipoproteins. 

The macromolecular composition results extremely similar also in section 2, 

indicating that, the gland tubules in this section, likewise secretes a 

glycolipoprotein material. 

Section 4 reports a lower concentration of lipids with peak of only 1.49, versus 

the 11.26 of section 1 and 16.98 of section 2. 

The collagen concentration appeared to be the highest of the three glands 

analysed, with a peak of 9.55 compared to 2.12 of section 1 and 2.35 of section 
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2. Section 4 shows a greater production in protein and carbohydrates that also 

translates in higher collagen concentrations. 

No phosphates were detected in any of the three gland tubules sections analysed. 

Our preliminary results confirm the state of art knowledge on the nature of the 

papillary zone tubules secretions to be glycoproteins. 

Further investigations should address the importance of the lipid component in 

the specific tissue. 

Each section of the Oviducal gland tubules analyzed (section 1; 2; 4) reports a 

non-homogeneous trend of the distribution of the macromolecules, this result 

might be explained by a different activity of the secretory cells. 

It is possible to observe in each section a tendency to the radial distribution of the 

secreted material, with the lumen always not characterized by the maximum 

absorbance peaks.  

The secretory cells appear to work asynchronously, this intra-glandular 

organization might be of advantages when it comes to produce large amount of 

organic material, dispensed in a continuous process/procedure. 

It could also be formulated the hypothesis that the compound production is 

synchronous, but the effective secretion of the material might be asynchronous. 

The baffle zone is composed of lamellae with two different kind of projections: a 

pair of baffle plates, forming the spinneret region, from which it passes through 
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the secretory material; adjacent to the baffle plates there are two small segments. 

The baffle zone is also composed of the plateau projections. 

A plateau projection, alternating two spinnerets, one on each side; it represents 

the functional unit of the baffle zone (Elìas et al 2015). 

Regarding its reproductive strategy, Mustelus mustelus, is a placental viviparous 

organism; forming a placental-like structure that establishes a direct contact 

between the female and the embryo (Compagno et al 1984). 

The encapsulation of the fertilized oocyte is a fundamental process that 

elasmobranchs maintained during the evolutionary divergence in different 

reproduction mechanisms (Hamlett et Koob, 1999). 

The baffle zone produces the so-called tertiary egg envelope, which retains the 

role to enclose the egg jelly and the egg. 

In placental species like Mustelus mustelus, as the embryo grow the egg jelly 

dissolved since it is used as a primary source of nourishment but the tertiary egg 

envelope persists to the gestation term (William C. Hamlett et al 2002). 

The Baffle zone complexity is directly related to the reproduction biology of the 

organism, oviparous species tend to have a much more developed papillary and 

baffle zone; the greater elaboration of the baffle zone is due to the complexity of 

the capsule produced, which in this case it would be the egg case (Fernanda 

Gabriela Elías et al 2015). 
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Indeed, oviparous species tend to have a much bigger Oviducal gland in terms of 

dimeter, thus size. 

In some species the baffle zone is not developed, like in Urobatis halleri (Babel 

1967), Urobatis jamaicensis (Hamlett 1996, Hamlett et al 1998) and Myliobatis 

nieuhofii (Prasad, 1951). They present simple club and papillary zones. 

Tubular glands of the baffle zone produce secretory components that pass through 

the secretory ducts that are confluent with a spinneret region that has a paired 

baffle plates (William C Hamlett et al 2011). 

The baffle plates have the role to manipulate the secretory material as it is 

extruded from the secretory duct (Knight et al 1996). 

Secretory material from adjacent secretory ducts blends in transverse grooves that 

expand across the full width of the Oviducal gland; consequently, one transverse 

groove is responsible for a single layer of secreted material (W.C. Hamlett et al 

1998). 

Despite the species, the baffle zone is thought to generally share the same basics 

of the assembly process of the tertiary egg envelope does not matter whether the 

reproduction strategy is oviparous or viviparous (W.C. Hamlett et al 1998). 

Recent studies on the Mustelus spp., reported that both the baffle plate 

projections, the plateau and the pair of projection forming the spinneret region 

are both PAS and AB negative (Elìas et al 2015). 
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The FT-IR analysis of the baffle plate plateau projections shows that 

carbohydrates are present, but indeed, with a very low concentration with a peak 

in the absorption spectrum of 4.98 in section 13, whilst the maximum absorbance 

in section 9 is 3.67. 

In both, section 9 and section 13 it is possible to observe overlapping maximum 

peaks of absorption in the upper most hump, for each of the macromolecules 

analyzed. 

The exact overlaying it indicates a definite and distinct region of the tissues 9 and 

13, that secrets a phospho-glycol-lipo-protein. 

It is also possible to speculate that, for both sections 9 and 13, the specific 

macromolecular type composition might not be glycolipophosphovitin-like or 

Vitellogenin-like (Vtg-like), because, the absorption peak of fatty acid at 1740 

cm-1 was not detected. 

Section 9 and section 13, respectively, display a slightly different pattern in the 

distribution of the main macromolecules present in the baffle plate tissue. 

By examining in detail the absorption spectrum in section 9, it is possible to detect 

a perfectly overlapping carbohydrates and phosphates spectrum; the variation of 

the protein absorbance it shows to some extent light variation if compared with 

the mentioned above molecules. 
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Section 9 reports a clear pattern of distribution of the studied macromolecules 

from the blood vessel present in the plateau projection to the rest of the section. 

The blood vessel results in high peaks of absorbance for all: carbohydrates, 

proteins, phosphates and lipids molecules, respectively 2.80, 41.12, 2.59, 8.50; 

this evidence can also be explained by the specific composition of erythrocytes. 

The high absorbance of phosphates is explained by the fact that in both, bony fish 

and cartilaginous fish, erythrocytes are nucleated (Silkin et al 2019). 

The erythrocytes in Teleostei and Condrichthyes, as in all vertebrates, perform 

the oxygen transport function; the size is much larger than the human’s one and 

car vary in a wide range that is species-related (Silkin et al 2019). 

Large erythrocytes are believed to be a sign of primitivism; whilst small-seized 

cells increase the transportation power, since the oxygen uptake is increased by 

the presence of a larger number but smaller cells (Silkin et al 2019). 

The functional features that highlight the difference in size and shape in 

erythrocytes are still debated in the literature (Aliko, 2008). 

The affinity of blood for the oxygen is a fundamental aspect that determines the 

effectiveness of the transfer of oxygen from the environment to the tissue. 

The hemoglobin must bind oxygen at a specific partial pressure in the gills, yet 

releases the gas at a lower pressure that is appropriate to the exact tissue. 
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Jawed vertebrate hemoglobins are a tetramer (α2β2) formed by two αβ-dimer 

(Nikinmaa et al 2019). 

Each of the four-globin polypeptides chains has a particular secondary structure 

that consists in α-helical segment that are linked to non-helical segments 

(Morrison et al 2015). 

The α-helical segment are named from the letter A to the H starting from the N-

terminus, whilst the non-helical segments are named with the letters of the 

adjacent helices e.g. AB through GH (Jensen et al 1998). 

The ultimate segments at the N-terminus and at the C-terminus are non-helical 

and are labeled, respectively NA and HC (Jensen et al 1998). 

Between the E and the F helices of each chain is situated the heme-pocket that 

contains an iron atom bearing the heme-group that binds O2 in a reversible way; 

one Hemoglobin tetramer can bind up to four O2 molecules (Morrison et al 2015). 

Although the tetrameric structure of jawed vertebrate’s hemoglobin is conserved, 

the specific amino acid sequence and the length of the polypeptide may thus vary 

among vertebrates classes (Morrison et al 2015). 

A specific exceptional modification in hemoglobin structure in jawed vertebrates 

is represented in Chionodraco hamatus, an Antarctic Teleost belonging to the 

Perciform suborder Notothenioidei that has no β-hemoglobin genes; nonetheless, 
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only the exon 3 of the α-hemoglobin gene is still encoded by the DNA (di Prisco 

et al 2002). 

The evolution of the icefish hemoglobineless phenotype may have been cause by 

deletion or transcriptional inactivation of the adult and embryotic/juvenile globin 

complex, followed by elimination of the non-functional genes (di Prisco et al 

2007). 

The loss of the hemoglobin represents an evolutionary advantage such to allow a 

better adaptation to cold and yet rich in oxygen waters (Amelio et al 2006). 

The affinity of the hemoglobin for oxygen is regulated through a complex 

interaction of both environmental and intrinsic organismic factors, which include 

the water temperature, the pH, carbon dioxide (CO2) and allosteric hemoglobin 

trinucleotides modifiers like ATP and GTP (Weber et al 1982; Weber et al 1989; 

Morris et al 1990; Jensen et al 1991). 

With regard to nucleated erythrocytes, Gillen et al 1971 demonstrated that ATP 

decreases the hemoglobin-oxygen affinity of Teleost’s; R.M.G. Wells et al 1992 

experiments also proved the same result. 

The organic phosphates bind preferentially in order to stabilize the 

deoxyconformation of tetrameric hemoglobins (Arnone et al 1972, Gronenborn 

et al 1984, Perutz et al 1982). 
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Because the deoxyconformation has a lower oxygen affinity than the 

oxyconformation, binding of organic phosphates leads to a decrease in the 

hemoglobinoxygen affinity (Dickerson et al 1983; Monod et al 1965; Weber et al 

1982; Winterhalter et al 1986; Perutz et al 1978; Perutz et al 1979). 

The high concentration of urea in the plasma of elasmobranchs, is clearly related 

to the key role it plays in the osmoregulation (Haywood, 1973). 

High values of urea within erythrocytes have been attributed to the fraction of 

hemoglobin-bound urea (Browning et al 1978; Yancey et al 1980). 

The evidence concerning the role of the urea as an allosteric regulator of 

hemoglobin function is however still conflicting (R.M.G. Wells et al 1992). 

Weber et al 1983a,b reported that the urea disrupted nucleoside triphosphate 

binding to Squalus spp. Hemoglobin, which increased the affinity for oxygen; 

this result was also suggested by Nikinmaa et al 1992. 

Despite the fact that the exact physiological state was not investigated in this 

particular case study, the relatively high values for the phosphates in the blood 

vessels can confirm the considerable presence of nucleated erythrocytes. 

The pool of free amino acids in erythrocytes can represent a significant 

proportion, up to 15-30% of the amino acids present in the blood depending on 

the species Ogata and Arai, 1985). 
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The blood vessel in section 9, indeed reports the maximum absorption for the 

protein with the peak of 41.12. 

Red blood cells (RBC) are also characterized by the presence of Carbonic 

Anhydrases (CAs), which provide provides fast hydration of metabolic CO2. 

At the RBC membrane CA, Band3/Anionic Exchanger (AE1) and other proteins, 

may associate into what appears to be an integrated gas exchange metabolon 

(Jensen et al 2004). 

This biochemical structural feature lines accordingly with the high protein 

absorption detected in the blood vessel. 

The synthesis of Hb-protein in the nucleated cartilaginous fish erythrocytes 

cannot be excluded (R. E. Weber et al 1982) due to the fact that erythrocytes are 

nucleated and therefore, fish erythrocytes are capable of active gene expression 

throughout their life span, although gene transcription and translation decrease 

with age (Lund SG et al 2000; Gotting M et al 2017). 

This peculiar elasmobranch intrinsic characteristic might explain the extremely 

high absorbance result detected in the blood vessel. 

The absorption spectrum of section 13 features a better spectrum overlap for the 

lipid, protein and carbohydrates molecules but the carbohydrates spectrum seems 

not to completely overlap with the three other spectra. 
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In section 13 it is not possible to observe a distribution pattern of scattering of 

macromolecules, starting from the blood vessel like in section 9; suggesting that 

this precise plateau projection seems to privilege in situ secretion of the specific 

substances. 

The secreted macromolecules appear to be slightly different in the composition 

in the two different plateau projections; indicating perhaps a specialization 

between different plateau projections or perhaps asynchrony in the section 

mechanisms. 

Section 9 has a relatively lower concentration in protein, maximum absorbance 

observed 41.12 versus 52.19 of section 13. 

The blood vessel in section 13 was damaged; this is deductible from the extremely 

low absorbance for all the macromolecules studied with peaks close to zero for 

carbohydrates, phosphates and the lipids. 

The specific biochemical composition of the tertiary egg has not yet been 

determined in viviparous species (Lombardi et al 1993); whilst is common 

knowledge that for oviparous species the tertiary egg case is mainly composed by 

liquid protein crystal material secretions (William C Hamlett et al 2011). 

Section 7 reports a similar trend for all the macromolecules analysed, which 

appear to overlap perfectly. 



123 

The proteins appear to be the most concentrated macromolecular compound 

present in the baffle zone tubule in section 7. 

A similar pattern of distribution is observed in section 3, the maximum 

absorbance for protein is 84.12 for section 7 and 80.33 for section 3, and the 

imaging map indicates that also in this peculiar case the protein are the far most 

secreted molecule. 

This result confirms what is the state of art knowledge for oviparous species. 

The baffle zone has indeed been indicated with the term “protein zone” due to its 

major secretion of protein macromolecules (Wehitt et al 2015). 

More detailed analysis should be conducted in order to identify the precise 

biochemical composition of the protein secretion of the baffle zone tubules in 

viviparous species. 

It also appears that the secretion activity of the gland is not identical across the 

histological section, leading to the hypothesis that the secretion might be 

asynchronous. 

Glands reported in both section 11 and 14 are classified as “mixed” zone glands. 

According to Wehitt et al 2015, the mixed zone, is composed by the concurrent 

presence of ramified tubular glands and adenomers with a mixture of mucous and 

serous cells. 

Section 11 and section 14 represent adenomers. 
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Adenomers are reported to secrete a substance that is a mixture of mucous and 

serous cells (Wehitt et al 2015); this data is confirmed by the FT-IR results. 

Serous cells produce a watery-like fluid, containing proteins, glycoproteins, and 

often antibodies (Medical Dictionary, 2012). 

The FT-IR results support this data, in both sections proteins are the 

macromolecules produced the most with a peak of absorbance of 69.92 for section 

11 and 51.08 for section 14. 

It appears therefore that, also according to the Masson’s trichrome stain, the 

section 11 and 14 privilege a protein based secretory material instead of mucous 

substances. 

The lipid production appears to be slightly higher in section 11, as well as the 

phosphates secretions. 

Overall, the molecules secreted appear to be extremely similar in the 

macromolecular biochemical composition. 

Both glands exhibit an asynchronous activity, showed by the presence of clusters 

characterized by a higher concentration of the macromolecule analyzed. 

This fact could again been explained by a constant need of secretion of the 

produced material, thus, the asynchronous strategy could better provide a 

continuous secretion. 
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Although viviparity reproduction let on a more advantageous nourishment for the 

offsprings, and therefore their growth; it also involves an immunological risk for 

the proper sperm storage in the long-term, since sperm contains paternal antigens. 

Sperm storage consists in keeping the male gametes in a female’s reservoir in 

order to be promptly ready when the ovulation occurs. 

It is important to remember that the Mustelus mustelus is an iteroparous species, 

which it means that is able to reproduce multiple times through the life span; the 

length of first maturity is reached at approximately 1075-1230mm for females, 

and the gestation period lasts about months 10-11months (B. Saïdi et al 2007). 

The ovulation is hence discontinuous with the mating, in widely spread setting 

like the marine environment, and chances of mating are therefore reduced, due to 

sex segregation or any other cause (Fernanda Gabriela Elìas et al 2015). 

This condition implied biological adaptation through evolution in order to 

preserve the species thought geological times. 

Elasmobranchs are not the only animals that display this specific reproductive 

biology adaptation, it has been demonstrated that amphibians like salamanders 

and caecilians also share this adaptation as well as reptiles, birds and mammals 

such as marsupials, bats and some other eutherian mammals (Pitnick et al.2008). 
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As sperm storage occurs in so many different groups, it suggests its adaptive 

advantages in addition to the fact that this is the result of convergence evolution 

between such taxa. 

Once the sperm is deposited in the female tract of Mustelus mustelus, interspecific 

sperm competition and/or sperm selection by the female starts. 

Birkhaed et al 1998 identified in the post-copulatory sexual selection an effective 

agent for evolutionary diversification. 

Sperm competition depends on many different factors, such as the ejaculated 

volume, sperm number and mobility as well as the sperm swimming speed, in 

addition to the plasma biochemistry (Birkhaed et al.1998). 

Multiple paternity is a wide spread phenomena in both invertebrates and 

vertebrates. 

Multiple paternity is derived from various copulation acts, each with a different 

male of the same species; nonetheless, different cases of hybridization, leading to 

perhaps fertile offsprings, have been reported also for Mustelus mustelus. 

Multiple paternity has generally been suggested as a mechanism by which 

population may maximize genetic variability (Coleman et al 2011). 

Recently, Marino et al 2015, have suggested the hypothesis that multiple paternity 

and therefore elasmobranchs polyandry is driven from the convenience for 

females to mate with multiple male in order to avoid or reduce harassment. 
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The hypothesis of polyandry, driven by the female convenience of avoiding 

persisting harassment from aggressive males, had already been suggested by 

Joseph et al 2008. 

Once the sperm is deposited in the female reproductive tract, it has to travel from 

the cervix to the uterus; afterwards the sperm will travel to the isthmus and 

eventually to the terminal zone of the Oviducal Gland, where it is stored in 

specific sperm storage tubules. 

The sperm is capable of being stored for a period variable from species to species; 

it is believed that some species are capable of sperm storage for a period up to 2 

years (Megan T. Storrie et al 2008). 

In this particular case study, the terminal zone was not sampled and therefor it 

could not be analysed. 

It is extremely rare, but in some cases, the Oviducal Gland had not been reported, 

like in the Batoidea Narcine spp. (Prasad 1945, María I. Burgos-Vázquez et al 

2017). 
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4.2 Uterus 

The uterus of elasmobranchs demonstrates a variety of structural and 

physiological specializations associated with the mode of reproduction utilized 

by the species (Hamlett et al 1998). 

Reproduction modes include oviparity, aplacental viviparity with yolk sac or 

oophagy and intrauterine cannibalism or eventually with trophonemata in some 

species, placental viviparity (see chapter 1.6.3 Modes of reproduction). 

Viviparity is the most common reproduction strategy in elasmobranch (Wourms 

et al 1981). Viviparity has evolved independently from oviparity at least eight 

times in chondrichthyan (Buddle, Alice L., et al. 2019, Naylor et al 2012). 

Multiple origins of viviparity among sharks have resulted in different 

reproductive adaptations, thus, strategies to provide embryos with respiratory gas 

exchange, nutrients and waste removal (Hamlett et al 2005, Buddle, Alice L., et 

al. 2019). 

The reproductive strategy of females of Mustelus mustelus is placental viviparous 

(Compagno et al 1984), which develops a functional “placenta” epitheliochorial-

like or vitelline placenta that nourishes the offsprings once the vitelline supplies 

deplete (Otake & Mizue, 1985, 1986). 

There are three morphologically different zones in the Uterus: the Isthmus, the 

Uterus itself and the sphincter-like zone called the cervix (Galíndez et al 2010). 
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The Isthmus represents a short segment of the reproductive tract that joins the 

Oviducal Gland (OG) to the Uterus. The isthmus is thought to function as a 

sphincter, isolating the contents of the uterus, while also preventing the reflux of 

the uterine contents back into the abdominal cavity (Widakowich et al. 1907). 

The isthmus epithelium of Mustelus mustelus is highly folded, as reported in the 

results section; and it is composed by simple columnar ciliated cells. 

Our results are in agreement with those found in other Mustelus species. 

In fact, in Mustelus antarcticus, it was evidence that the extensive folding 

increases the total surface area of the lumen; whereas, the secretory activity of 

the mucous cells provide lubrication for the passage of the fertilized oocytes that 

is facilitated also thanks to the ciliated cells (Megan T. Storrie et al. 2009). 

In Mustelus species, the isthmus is characterized by smooth muscles and loose 

connective tissue (Galíndez et al 2010). 

The general design of chondrichthyans’ uteri is consistent; it is composed by: 

luminal epithelium with its basement membrane, vascularized connective tissue, 

circular and longitudinal smooth muscle and a simple squamous serosa (Hamlett 

et al 1993, Hamlett and Hysell, 1998b; Hamlett and Koob, 1999). 

The uterus varies in both its structure and function through the maturity and the 

gestation period (Megan T. Storrie et al. 2009). 
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Common modifications of the uterus during the gestation include an increase of 

the surface area for the respiratory and metabolic exchange, thanks to the 

development of uterine villi and folds (Megan T. Storrie et al. 2009). In addition, 

through the gestation period, there is a significant increase in the vascularity of 

the uterine tissue to enhance the oxygen supply to the developing embryo (Megan 

T. Storrie et al. 2009). 

It is also possible to observe an important reduction in the maternal-fetal blood 

barrier, with the aim of reducing the distance for respiratory and metabolic 

exchange (Megan T. Storrie et al. 2009). 

Some species develop cell structures for the production and transfer of secretory 

products (Megan T. Storrie et al. 2009). 

The development of any of the above-mentioned modifications and their extent, 

is indeed, determined by the reproduction strategy; thus, the maternal 

contribution to the embryonic development (Stevens et al 2001). 

The histological sections suggest that the female organism analyzed in this 

particular case study was an early mid-pregnant female of Mustelus mustelus. 

The morphology of the uterine tissue, identified in our case study, is similar to 

the ones commonly observed in other Mustelus species during the early 

implantation phase. 
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The uterine tissue is characterized by the presence of the mucosa and submucosa 

and the serosa or peritoneum. The mucosa consists in a broad region of the 

maternal epithelium called lamina propria, rich in vascular elements in addition 

to connective tissue elements and finally the smooth muscles fibers of the 

muscularis mucosa (Haines et al 2006). 

The submucosa is principally made of loose connective tissue, whilst the 

peritoneum is composed by smooth muscles surrounded by loose connective 

tissue underneath a mesothelial layer (Haines et al 2006). 

The uterine epithelium organization is composed by cuboidal cells, in addition to 

a decreasing thickness of the tissue with the presence of numerous and long villi; 

which indicates a mid-term female as the Mustelus musteus organism analyzed in 

this study (Alice L. Buddle et al 2020). 

Each uterine villus analyzed, includes both several large blood vessels and 

capillaries, this is accordant with what reported by William C. Hamlet et al. 1998, 

that suggested that in viviparous species vascularity of the uterine mucosa is more 

prominent. 

Sections 2; 3; 4; 5, all reports blood vessels located in different portions of the 

uterine tissue. 

The FT-IR analysis, show a lack in the phosphates absorption spectrum in all 

above-reported sections. 
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The physiological importance of red blood cell phosphates for oxygen exchange 

has  been  acknowledged  since  1967  (Benesch  et  al 1967)  (see 4.1 Oviducal 

Gland). 

The presence of significant concentrations of specific organic phosphates like 

ATP, GTP, IPP, IP2 and 2,3DPG within the red blood cells (RBC) is an indication 

of their role in modulation of the haemoglobin-oxygen affinity (Val et al 2000). 

Organic phosphates bind to specific amino acid residues, between the β-chains of 

the haemoglobin, decreasing the oxygen affinity by stabilizing the low affinity 

tense state (T-state) of the haemoglobin molecule (Nikinmaa et al 1992; Jensen 

et al 1998). 

The effect of organic phosphates depends on the primary structure of the 

haemoglobin molecule, which is genetically encoded, and the stereochemistry of 

its cationic phosphate-binding pocket in relation to the number of charges and 

their orientation in the phosphate (Val et al 2000). 

It is indeed possible to speculate that the haemoglobin of all the sections 

mentioned above, analysed with the FT-IR, might most likely be in the high-

affinity relaxed state (R-state), due to the lack of phosphates that translates in a 

not precise and definite isolable peak. 

Gas exchange is a prerequisite for aerobic life; this can easily explain the presence 

of the high-affinity haemoglobin in a tissue that is developing to fully support the 

embryos growth. 
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The proteins appear to be the most concentrated macromolecules present in 

section 2, 3, 4, 5. 

Gas transport in vertebrates is achieved through a closed circulatory system. 

Respiratory gases are, indeed, transported around the circulatory system in the 

blood, pumped by the heart. 

Central to the transport and exchange of the respiratory gases in vertebrates there 

are metalloproteins such as hemoglobin (Hb) and carbonic anhydrase (CA). 

Carbonic anhydrase is the zinc metalloenzyme that catalyses the reversible 

reaction of CO2 + H2O ↔HCO3
- (Morrison et al 2015). 

Vertebrates express multiple CA isoforms, including several CA-related proteins 

that lack a catalytic activity (Tashian et al 2000; Esbaugh et al 2007; Lin et al 

2008). 

Among the enzymes with catalytic activity, both intracellular and extracellular 

enzymes occur (Hewett-Emmett et al 2000; Hilvo et al 2008; Gilmour et al 2009). 

The extracellular CAs include single-pass transmembrane proteins, as well as 

isoforms that anchor to the outer leaflet of the plasma membrane by a 

glycosylphosphatidylinositol (GPI) linkage (Morrison et al 2015). 

The intracellular CAs isoforms primarily include mitochondrial isoforms 

(Morrison et al 2015). 
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Carbonic anhydrase activity is associated with both, plasma and RBC of 

elasmobranchs blood (Morrison et al 2015). 

The presence or the absence of the acetazolamide, which is a CAs inhibitor, 

revealed the not possibility or the possibility to measure CA activity (Henry et al 

1997). 

Morrison et al 2015 reported a low RBC activity, due to both the low 

concentration of CA in elasmobranchs erythrocytes and the lower catalytic 

activity of the CA isoform if compared with Teleost fish. 

The relative low catalytic activity of elasmobranchs RBC CA isoform may result 

from the molecular structure of the active site of the enzyme (Morrison et al 

2015). 

In this particular case study, no physiological aspect was investigated, but only 

the concentration of the most abundant macromolecules. 

The state of art regarding the protein composition of the blood and indeed the 

RBC, justifies the high absorbance peaks registered in each section. 

The CO2 produced by the metabolism diffuses into the tissue capillary blood. 

Due to the general absence of CA in the plasma, CO2 enters the RBCs; some 

elasmobranchs might be an exception (Gilmour et al. 2001). 

As a lipophilic molecule, CO2 rapidly diffuses through the lipid bilayer of the 

RBC membrane (Klocke 1988, Geers & Gros 2000). Recent research articles 
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support the hypothesis of an additional entry of CO2 via aquaporin-1 (AQP1) and 

the anion exchanger AE1 (Forster et al. 1998, Cooper et al. 2002, Blank & Ehmke 

2003), but this is greatly debated (Verkman 2002). 

Inside the RBC, diffusion of CO2 is slowed down by the high concentration of 

Hb, and facilitated CO2 diffusion (diffusion of HCO3
-) and simultaneous buffer 

facilitated H+ diffusion) may be more important (Geers & Gros 2000). 

Anion exchanger 1 (AE1), also called Band 3, is the most abundant integral 

protein present in erythrocyte membrane (Fairbanks et al 1971). 

The primary function of AE1consists in the electroneutral exchange of chloride 

(Cl-) and bicarbonate (HCO3-), across plasma membrane (Borgese et al 2004). 

The AE1 polypeptide can be divided in two main domains of about the same size: 

an N-terminal cytoplasmic domain and a membrane domain spanning the lipid 

bilayer 12–14 times with a short C-terminal end in the cytoplasm (Borgese et al 

2004). 

Multi-span membrane proteins constitute an important class of glycoproteins that 

of that function primarily as receptors, channels or transporters (Reithmeier & 

Deber, 1992). 

Glycophorins are richly O-glycosylated membrane sialoglycoproteins, typical for 

erythrocytes and erythroid cells (Duk et al 2000). 
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The state of art confirms the results obtain from this peculiar case study, indeed, 

in the blood vessels carbohydrates are highly concentrated to an extent relatable 

to the plasma membrane composition. 

A large amount of the lipids of animal organisms does not occur at storage sites, 

but is found in biological membranes, for instance the red cell membranes (Bolis 

et al 1979). 

This contextualises the extremely high average concentration and the high 

maximum peaks observed in each blood vessel analysed. 

The main storage sites are usually the liver, the skeletal muscles, the mesentery 

and the intestine (Bolis et al 1979). 

It is very important to study the lipids of the cell membranes, because differences 

in chain length and unsaturation may affect the properties of these membranes. 

Yet, this is a preliminary case study, which focuses on the main pattern of 

distribution of macromolecules; it does not focus on the exact molecular structure 

of the molecules. 

Thus, it is possible to speculate that the fatty acids do not represent a predominant 

% in the total lipid composition, due to the fact that the absorption peak at 1740 

cm-1 was not clearly detected. 

In section 1, it is possible to observe a diffusional gradient starting from the blood 

vessel that is included in the section. 
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It is possible to speculate that the blood vessel may operate a substance-selection 

in the specific realising of the content. 

The macromolecular composition of the material realised by the blood vessel 

appears to be extremely rich in proteins, lipids and carbohydrates. 

In recent years, the importance of glycans in feto-maternal relationships has 

increasingly become a focus in the research (William C. Hamlett et al 2011). 

Many studies of mammalian placentation have suggested that a successful 

implantation and maintenance of the pregnancy is dependent on the matching 

glycotypes of both the mother and the embryo (Jones et al 2009). 

Indeed, at the extreme tip of the villus analysed in section 1 it is possible to 

observe the overlapping of both the protein and carbohydrates spectrum, leading 

to the assumption that the material transported from the blood vessel also has 

glycol-proteins in it. 

The sample represents an early mid-pregnant female of Mustelus mustelus, the 

implantation is supposed to be at its early stages. 

Each of the blood vessels analyzed is strongly supported by collagen; it is indeed 

possible to observe in each section a collar-round shape of collagen molecules 

that surrounds the blood vessels. 

Alice L. Buddle et al 2020 reported that in viviparous species like Orectolobus 

ornatus, the cuboidal epithelium of the uterine ridges resulted PAS positive. 
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The Periodic Acid–Schiff stain highlights neutral acidic mucosubstances. 

In section 10 of the uterine tissue of Mustelus mustelus, it is possible to observe 

a similar macromolecular composition; indeed, glycoproteins are the far most 

concentrated macromolecules present in the cuboidal epithelium. 

The function of the cuboidal cells that cover the uterine ridges is not clear (Alice 

L. Buddle et al 2020). It has been speculated that, the intercellular spaces in the 

cuboidal epithelia layers might be involved in water and mineral transport (Storrie 

et al 2009). 

Indeed, according to the fact that the sampled organism appeared to be at an early 

mid-term gestational phase, it is possible to speculate that the glycoproteins 

secreted might play a crucial role in the implantation process. 

Section 8 represents smooth muscles of the uterine tissue. 

Smooth muscle (SM) tissue is a complex organization of multiple cell types: it 

has contractile proteins that can cause the cells to generate force and/or shorten 

(Eddinger et al 2014). 

The contractile proteins convey the force; they generate to the cytoskeletal 

proteins at the cell membrane, and throughout the tissue via the extracellular 

matrix (Gabella et al 2012). It also has regulatory proteins, which can function 

via numerous second messenger pathways to regulate contractile activity 

(Gabella et al 2012). 
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SM tissue includes extensive extracellular matrix, as well as multiple cell types 

in addition to SM cells (Eddinger et al 2014). 

This is congruous with the results evidenced by FT-IR analysis in section 8, in 

which proteins appear to be the most concentrated macromolecules in the tissue. 

Some smooth muscle-specific structural proteins include: the smooth muscle 

(SM) actin, smooth muscle myosin heavy chain (SM-MHC), calponin, and 

desmin (Worth et al 2001). 

The highest concentrations of the proteins are indeed in the muscular fibers, the 

FT-IR imaging shows a parallel organization typical of the muscle fibers. 

Carbohydrate metabolism is an important process involved in the physiologic 

properties exhibited by smooth muscle (Barron et al 1989). 

The metabolism of extracellular glucose has been linked to ion transport 

mechanisms (Paul et al 1979), while glycogen has been implicated as the 

substrate utilized preferentially during contraction (Barron et al 1989). 

Nonetheless, the state of art regarding the smooth muscles in uterine tissue of 

placental viviparous species is yet to investigate in detail, but the preliminary 

results of this research project confirm the presence of carbohydrates although 

the specific molecular composition was not analysed. 

Lipids derived from adipose tissue lipolysis, intramyocellular triacylglycerol 

lipolysis, or de novo lipogenesis (Watt et al 2012). 
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In mammalian uterine, smooth muscle myocyte is known to have a cholesterol-

rich and a sphingolipid-rich regions in the myocyte membrane (Buxton et al 

2004). 

Yet, the specific implication of lipids in uterine smooth muscles of viviparous 

elasmobranch gestation remains an open question. 

The uterine villi contain loose connective tissue. The FT-IR imaging of sections 

6 and 7 represents different portions of the loose uterine connective tissue. It is 

possible to observe a biochemical modification through the uterine section. 

Section 6 is in the lamina propria, which is situated in a basal position respect the 

analysed villus; the most abundant macromolecules present are lipids, whilst in 

section 7 proteins are the most abundant molecules. 

The chemical composition and structural organisation of the extracellular matrix 

may correspond with the morphogenic competence of a tissue (Popielarska-

Konieczna M et al 2020). 

Section 6 represents an adipose or fat tissue, which classifies along the loose 

connective tissues. The adipose tissue is primarily composed of lipid-filled cells, 

known as adipocytes or fat cells, together with smaller numbers of fibroblasts and 

immune cells embedded in an extensive, collagenous extracellular matrix 

penetrated by a network of blood vessels (Alkhouli et al 2013). 



141 

The white adipose tissue (WAT) is the generally the principal form of adipose 

tissue (AT) in most animal organisms, encompassing the majority of body fat 

(Ahima et al 2000), its major role is the storage of surplus dietary triglycerides 

(Trayhurn et al 2001). 

Due to the lack of distinct lipid droplets in the adipocytes, it is possible to 

conclude on the histological analysis that the adipocytes in section 6 are, indeed 

classified as white adipose tissue. 

The adipose tissue is no longer considered simply a storage organ for 

triacylglycerol, but thanks to the experimental data about the biology and 

biochemistry of adipose tissue that have been accumulated in recent years, it is 

now considered a metabolically dynamic organ (Ottaviani et al 2011). 

The adipose tissue also serves as an endocrine organ, capable or synthetizing 

biologically active compounds that regulate the metabolic homeostasis (Coelho 

et al 2013). 

The renin-angiotensin system or RAS, influences adipose tissue development 

(Kershaw et al 2004). 

Components of the RAS, such as angiotensinogen (AGT) and angiotensin II, are 

induced during adipogenesis (Engeli et al 2003). 
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Angiotensin II promotes adipocyte growth and differentiation, both directly by 

promoting lipogenesis, and indirectly by stimulating prostaglandin synthesis 

(Engeli et al 2003). 

It has gradually become evident that in addition to the ‘circulating RAS,’ there is 

a local ‘tissue RAS’ in most organs and tissues studied (Fyhrquist et al 2008). 

In fact, even intracellular generation of Ang II has been reported (Kumar et al 

2007). This makes RAS not only an endocrine, but also a paracrine and an 

intracrine system (Fyhrquist et al 2008). 

Prostaglandins (PGs) are found ubiquitously and are locally produced in most 

nucleated cells (Blesson et al 2014). They are small hormone-like lipids, with 

autocrine and paracrine functions and they maintain local homeostasis in the body 

(Ricciotti et al 2011). 

PGs are synthesized from arachidonic acid, by cyclooxygenases and prostanoid 

synthases (Blesson et al 2014). 

Recent studies show that PGs are essential during implantation and PG receptors 

facilitate embryo adhesion in several animal species (Vilella et al 2013). 

The prominent extension of the adipose tissue beneath the villi in the sampled 

early mid-term pregnant female, might indeed indicate the secretion of hormones 

needed for proper embryo implantation. 
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All tissues contain a mixture of cells and non-cellular components, which form a 

well-organized network called the extracellular matrices (ECMs) (Theocharis et 

al 2016). Extracellular matrices can be classified into two major types: the 

interstitial and pericellular matrices (Theocharis et al 2016). Both ECMs types 

vary in composition and structure. The interstitial matrices surround cells, 

whereas the pericellular matrices are in close contact with cells (Theocharis et al 

2016). 

The major constituents of ECMs are proteins such as: collagens (fibrillary, 

network forming, anchoring, MACITs, MULTIPLEXINs etc), elastin and elastin 

associated proteins, fibronectin (FN), laminins, glycoproteins, proteoglycans 

(PGs), and glycosaminoglycans (GAGs), which are highly acidic and hydrated 

molecules in addition to extracellular matrix proteases like matrix 

metalloproteases MMPs (Theocharis et al 2016). 

FT-IR analysis for both, section 7 and section 9, show that proteins are the 

macromolecular most present components in the ECM of the two tissues. 

Section 9 represents the peritoneum or the uterine serosa. 

The uterine serosa in Mustelus mustelus, is composed by smooth muscles 

surrounded by loose connective tissue underneath a mesothelial layer, as reported 

in the results section of this study. The mesothelial layer is composed by 

squamous epithelial cells (Lachaud et al 2013). 
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The main functions of mesothelial cells or MCs are to provide a protective barrier 

and lubricating surface for the optimal sliding of organs inside body cavities 

(Lachaud et al 2013). 

It is possible to observe a macromolecular modification in the composition of the 

ECM moving along the uterine tissue. 

Section 7 constantly has higher average concentration for each macromolecule 

analysed, when compared to section 9. 

The ECMs consist of a large variety of matrix macromolecules, whose precise 

composition and specific structures vary from tissue to tissue, as well as along 

the cross section of the same tissue (Theocharis et al 2016). 

This specific case study does not intend to investigate the specific 

macromolecular composition of each tissue analysed, yet provides a preliminary 

overview of the distribution and concentration of the biological compounds. 

Little is known regarding the specific macromolecular composition of the uterine 

tissue in elasmobranchs, but especially the reproductive biology of placental 

viviparous species still represents lots of unknown open questions. 
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4.3 Ovaries 

The elasmobranch ovary performs essential reproductive functions, such as the 

generation of the germ cells that are the oocytes in female organisms; the 

maturation process is strictly connected to the biosynthesis of steroidal hormones 

like testosterone (T), estradiol (E2) and progesterone (P4) (Hamlett et al 2011). 

The final output is a mature oocyte, rich in nutrition reserves such yolk-like 

substances (Waltrick et al 2017). 

Within the ovaries are located ovarian follicles, each one consisting in an oocyte, 

with its cytoplasm or ooplasm, the nucleus, surrounded by a plasma membrane 

specifically called oolemma. Externally the oocyte is surrounded by the basal or 

basement membrane, in addition to specialized somatic cells such as the 

granulosa cells and in fully developed oocytes both the theca interna and the theca 

externa (Waltrick et al 2017). 

The elasmobranch ovary is generally associated with the epigonal organ, the 

lymphomyeloid hematopoietic tissue, and this association is classified into two 

patterns based on the disposition of the epigonal organ and the ovary: internal and 

external patterns (Pratt et al 1988). 

In the former, the ovary is completely surrounded by the epigonal organ, while 

the second pattern reveals partial or no attachment of the two structures (Pratt et 

al 1988). 



146 

In the sole organism of female of Mustelus mustelus analysed, it appears from the 

histological analysis that the epigonal organ infiltrates in the ovarian tissue. 

The epigonal organ is thought to serve as the bone marrow equivalent in 

elasmobranchs (Miracle et al., 2001), and therefore to supply stem cells of the 

various lymphoid and myeloid cell lineages to the rest of the body (Lutton et al 

2008). The cellular composition and ultrastructure of the leukopoietic tissue has 

been investigated in some elasmobranchs species, such as in Batoidea. 

The epigonal organ shows the presence of lymphocytes, granulocytes of several 

distinct types, monocytes/macrophages, and various stages of blast cells (Zapata 

et al 1981; Pulsford et al 1984). 

Specific studies still need to be carried out on Triakidae, especially Mustelus spp., 

when it comes to the exact composition in immune cells in the epigonal organ, 

with a focus regard the life stage of the organism and the sex. 

FT-IR analysis of section 1 show a complex mixture of typical cell components: 

lipids/membranes, proteins, nucleic acids by signals of phosphates and 

carbohydrates. 

No specific studies nowadays exist on the specific macromolecular composition 

of the immune cells in the epigonal organ of elasmobranchs; McClusky et al 2014 

conducted a study in which immune cells have been classified based on the 

morphology and histochemical analysis. 
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Ovarian development is synchronised by steroid hormones produced by the 

hypothalamus-pituitary-gonadal axis (HPG). 

The activation of the HPG axis at the onset of the sexual maturity (puberty), it 

promotes the development of oocytes that are ultimately released through the 

process of ovulation (Awruch et al 2013). 

In the hypothalamus, the decapeptide GnRH or Gonadotropin realising hormone, 

is the primary hormone involved in neural control of the reproduction in animals 

(Hamlett et al 2011); indeed Sherwood and Lovejoy et al 1993 found GnRH in 

brains of chondrichthyans analysed. 

Studies on elasmobranch pituitary gland indicate that the ventral lobe is 

responsible for the synthesis of gonadotropins and the subsequent follicular 

development (Hamlett et al 2011). 

The pituitary and ovarian axis is essential to ovarian correct function for 

reproduction prepossesses, although, no neural nor vascular connection in 

between the hypothalamus and the ventral lobe of the pituitary has been described 

so far in elasmobranchs (Dodd et al 1983). 

This anatomical constraint might implicate a major role of the general circulation 

in transporting GnRH to the pituitary gland and respectively transporting 

gonadotropins in situ in the ovaries (Hamlett et al 2011). 
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Sherwood and Lovejoy et al 1993 identified GnRH also in the plasma; this result 

might sustain the previously reported hypothesis. 

It is well known that in mammals, the hormones released from the HPG axis, 

affect the immune system either by up or downregulation of the cells and factors 

produced (Lutton et al 2006). 

In mammals, Gonadotropin releasing hormone (GnRH) and its receptor (GnRH-

R), are expressed in various subsets of immune cells (Marchetti et al1989; Chen 

et al 1999). Sex hormones also have binding sites in lymphomyeloid tissues and 

peripheral immune cells (Kawashima et al 1992; Suenaga et al 1998). 

Much less is known of reproductive–immune interactions in the non-mammalian 

vertebrate classes (Lutton et al 2006). 

Lutton et al 2008 reported close morphological and vascular arrangements, 

linking the epigonal organ and ovaries in females of the oviparous species 

Leucoraja erinacea. 

Data from Lutton and Callard unpublished article, suggests that ovarian activation 

may increase cellular turnover by enhancing both proliferative and apoptotic 

activity of epigonal cells. 

This finding supports the idea that lymphomyeloid tissues are dynamic structures, 

with the capacity to change in cellular composition due to influence from 
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endocrine factors (Yoffey et al 1970); even though gross tissue mass does not 

change. 

Indeed, more studies need to be performed in order to better understand the 

immune system and reproductive system interaction, especially in viviparous 

placental species like Mustelus mustelus, with great focus on the oocytes 

maturation process and the embryo implantation. 

The main stages during follicle development include first, the formation of 

primordial germ cells from which the ovary originates, secondly, the 

transformation of primordial germ cells into oogonia after several mitosis occurs, 

the oogonia become then primary oocytes at the onset of the first meiotic division 

(Waltrick et al 2017). 

Primary oocytes remain in meiotic arrest as oocytes complete differentiation of 

all cellular layers and start a substantial growth by yolk acquisition and 

accumulation in a process called vitellogenesis (Waltrick et al 2017). 

At the end of the vitellogenesis, primary oocytes become secondary oocytes, as 

the meiosis is reassumed and the final maturational process begins (Waltrick et 

al 2017). 

The ovulation occurs once the maturational process is completed and the 

secondary oocyte splits from its envelopes and is expulsed from the ovarian 

follicle to be fertilised in the oviducal gland (Hamlett et al., 2005). 
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The second meiotic division of the secondary oocyte pauses until reactivation, 

during fertilisation for the formation of the ovum (female gamete) (Patiño et al 

2002; Lutton et al., 2005). 

The germ cells are unique since they generate haploid reproductive cells or 

gametes; hence, oocytes in females and sperm in males (Lubzens et al 2010). 

Gametes allow to transmit genetic information from the parental organisms, on 

to the offsprings maintaining the species specific chromosome complement, thus, 

the karyotype (Carrier et al 2004). 

The development of germ line cells in female organisms is associated with the 

transmission of maternal RNAs, gradually accumulated in the oocyte during its 

development (Lubzens et al 2010). 

The formation of gametes from primordial germ cells and its development, has 

gained specific attention in recent years in order to serve different purposes, such 

the research in the aquaculture and fisheries field in order to implement the 

reproduction fitness; thus, production (kg), in addition to the quality of the 

products (Reading et al 2018). 

The knowledge in elasmobranchs reproductive biology, unfortunately, nowadays 

it is still scarce. Further research is needed in order to implement the knowledge 

in this field and perhaps provide with essential information in order to help stop 

the extreme fast decline of chondrichthyans organisms. 
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In this particular case study, previtellogenic oocytes and vitellogenic oocytes 

were analysed. 

Previtellogenic oocytes showed extremely high absorbance values for proteins 

and lipid macromolecules, in addition to a peculiar pattern of distribution of the 

biochemical components that appeared to be complementary. 

Fatty acids were also detected in the ooplasm, at this stage of development. 

In many teleost fish, large amounts of neutral lipids are accumulated in a process 

termed “oocyte lipidation”, in previtellogenic oocytes (Reading et al 2018). 

Teleost’s previtellogenic oocytes are extremely rich in oil droplets, which contain 

mainly neutral lipids, rich in monosaturated fatty acids that serve as metabolic 

energy reserves (Carnevali et al 2019). 

In teleost fish, it is believed that “very low density lipoproteins” or VLDL is the 

primary carrier of neutral lipids into the oocytes (Reading et al 2018). 

The most supported hypothesis is that VLDL is metabolized by the action of 

lipoprotein lipase (LPL) to generate free fatty acids; neutral lipids are synthetized 

from free fatty acids, thus lipid droplets are formed in the oocyte endoplasmatic 

reticulum (Reading et al 2018). 

Neutral lipids derive from triglycerides-rich serum lipoproteins, they cross the 

oolemma either by simple diffusion thanks to the lipid composition of the oocyte 
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plasma membrane, or via the action of fatty acid transporters or binding specific 

proteins (Carnevali et al 2019). 

This case study did not extend the specific macromolecular structure, based on 

the specific vibrational analysis of the macromolecules analysed, thus, at this 

stage is not possible to speculate on the specific biochemical composition. 

In Mustelus mustelus previtellogenic oocytes, it was also observed high 

concentration of proteins; hence, the hypothesis of the presence of similar 

lipoprotein molecules cannot completely be discarded. 

Although it is not possible yet, to surely ascertain either similarities or differences 

in between elasmobranchs and teleost’s lipid composition in previtellogenic 

oocytes. 

An ongoing accumulation of lipids, neutral lipids, continues as the teleost’s 

oocyte development proceeds through vitellogenesis (Selman et al 1989). 

An increase in the lipid accumulation through the different stages of development 

was also observed in the oocytes of Mustelus mustelus analysed in this case study. 

In teleost’s fish previtellogenic oocytes, cortical alveoli increase both, in size and 

number (Carnevali et al 2019). 

Cortical alveoli are membrane-limited vescicles of variable sizes, rich in proteins 

and carbohydrates synthetized by the oocyte itself (Carnevali et al 2019). 
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The ooplasm of previtellogenic oocytes in Mustelus mustelus showed 

overlapping of the absorbance spectrum for both proteins and carbohydrates, 

confirming the presence of glycoproteins. 

Fish vitellogenins are characterized by an extremely complex evolutionary 

history (Reading et al 2018). Multiple vitellogenin macromolecular types, have 

originated via whole genome duplications in the vertebrate lineage (Finn et al 

2007). 

Different vitellogenin macromolecules exhibit different structure and function 

between fish taxa (Reading et al 2018). 

It appears that vitellogenin molecules in teleost’s fish, are not just a simple 

nutrition source for embryos, but they are rather involved in complex functions 

such as providing an osmotic gradient to drive proper hydration in order to allow 

a correct buoyancy in pelagic spawners (Matsubara et al 2003). They also provide 

a programmed species-specific provisioning of proteins, lipids and carbohydrates 

nutrition at specific stages of larvae development (Reading et al 2018). 

Mustelus mustelus is a placental viviparous species; hence, both fertilization and 

embryo development are internal to the female body. 

Placentatrophy reproduction mode relies on yolk as main source of nutrients 

during the preimplantation phase, thus, the yolk sac becomes modified to a yolk 
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sac placenta although there are morphological differences in placentae according 

the species (Hamlett et al 2011). 

In chondrichthyans, yolk sac nutrients are gradually depleted as the gestation 

proceeds; in placental elasmobranchs, the empty yolk sac persists and instead of 

becoming a yolk sac scar on the female abdomen, it forms the fetal portion of the 

yolk sac placenta and the yolk stalk elongates in order to originate a pseudo-

umbilical cord (Hamlett et al 2011). 

The vitellogenins (Vtgs) belong to the Large Lipid Transfer Protein (LLTP) 

superfamily, their amino acid sequence can be divided into several domains: NH2 

heavy chain of lipovitellin (LvH), phosvitin domain (polyserine domain), light 

chain of lipovitellin (LvL), β’ component (β’-COOH) (Lubzens et al 2010). 

In teleost fish, vitellogenin genes (Vtg genes) are linearly organized as large 

monomeric structures with multiple sub-domains consisting of a lipovitellin 

heavy chain (LvH), phosvitin (Pv), lipovitellin light chain (LvL), and a von 

Willebrand factor type D domain (vWFD) that is split into a beta-component (ß9) 

and a C-terminal coding region (CT) (Finn et al 2007). 

FT-IR analysis conducted by Carnevali et al 2019 on the Mediterranean 

Swordfish, Xiphias gladius, highlighted the macromolecular composition of the 

yolk vesicles. In Xiphias gladius, yolk vesicles found in vitellogenic oocytes 

appeared to be extremely rich in lipids, hence fatty acids and phosphates groups 

(Carnevali et al 2019). 
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From our preliminary analysis, it is possible to speculate that the vitellogenin 

present in vitellogenic oocyte does not correspond to glycolipophosvitinprotein 

typical of teleost fish. 

In vitellogenic oocytes of Mustelus mustelus, the absorption peak of fatty acid at 

1740 cm-1 was not detected. 

Long-chain polyunsaturated fatty acids (LC-PUFA) are relevant components of 

Vtg and play an important role during the oocyte maturation, embryo ontogeny 

and early larval development in marine teleost fish (Silversand et al 1995). 

A different fatty acid profile in teleost fish is believed to be strictly species-

specific and not necessarily dependent on the specific diet (Johnson et al 2009). 

Essential fatty acids (EFA) or in general fatty acids (FA) are fundament 

molecules in order to guarantee a proper hatching and higher larval probabilities 

of success, especially in hyperosmotic conditions or elevated temperatures in 

teleost fish oocytes (Döring et al 2017). 

A different profile in lipids and fatty acid in Mustelus mustelus is linked to the 

reproductive biology of the species; oocytes are not released in the water column 

nor are deposed on the benthic environment since both the fertilization and the 

gestation is internal to the female-maternal organism. 

Thus, the lipid composition will most likely be different, due to the fact that 

oocytes do not need to be able to float in the water column previous fertilization, 
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nor the offsprings will need to manage osmoregulation without the support of the 

maternal organism. 

Indeed, there is still much work to do in regard the understanding the specific 

molecular details, hence the macromolecular composition of essential elements 

to the reproductive biology of elasmobranchs, especially that of placental 

viviparous species such as Mustelus mustelus. 
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Chapter 5                                                    

Conclusions 

This master thesis, supposedly represent a kickoff project in order to better 

investigate the biochemical structure of the reproductive apparatus of female 

Mustelus mustelus; since the macromolecular characterization of the female 

reproductive tract of the Mustelus mustelus had never been investigated using the 

Focal Plan Array Fourier Infrared Spectroscopy (FPA FT-IR technology), up 

until the present day. 

There is strongly the need to analyzed a much bigger pool or organisms, including 

perhaps different stages of development in order to have a much more precise 

picture of the reproductive maturation process in Mustelus mustelus. 

In addition, more specific spectrophotometric analysis are yet to be performed, in 

order to better investigate the exact biochemical composition of the analyzed 

macromolecules. 

In the scientific field, there is still much debate on the exact biochemical 

composition of the Vitellogenin-like vescicles in Vitellogenic oocytes. 
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This preliminary study shows that, indeed, the Mustelus mustelus vitellogenin is 

considerably different from the Teleost’s one but no specific macromolecular 

composition has been identified yet. 

This case study showed that the glandular activity of the oviducal gland is 

extremely complex and still not fully understood. 

More specific specific spectrophotometric analysis are yet to be performed, in 

order to better investigate the exact biochemical composition of the secreted 

material from the different glands in the oviducal gland tissue. 

Mustelus mustelus is a placental viviparous species, as such, the implantation 

process is extremely important in order to allow embryos to properly grow and 

survive in the maternal uterus. 

There is still much unknown knowledge on the specifics of the implantation phase 

in Mustelus mustelus, like which molecules are necessary in order for this process 

to begin and to properly proceed. 

In addition, very little is known on the biochemical composition of the nutrient 

substance generally referred as “egg jelly”, to supports the embryo up until the 

implantation phase. 
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