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ABSTRACT 
In Italy, over the years, there has been a progressive decrease in animal biodiversity, mainly due to 

the combined effect of harmful human actions, continuous loss and fragmentation of habitats, 

pollution, and climate change. In this regard, the preservation of animal biodiversity has become 

increasingly important over the years, not only from the perspective of livestock breeding, which 

benefits from the preservation of different species, but also for animals living in the wild environment. 

Their survival is crucial to protect and recover the precious natural heritage at the national and 

international levels, through the maintenance of high genetic variability able to ensure greater 

ecological stability, enabling populations to adapt to climate and environmental changes.  

According to the Food and Agriculture Organization (FAO) of the United Nations, the biodiversity 

conservation can be achieved through the use of various techniques such as in situ and ex situ. The 

ex situ technique can be further divided into in vivo and in vitro. The in situ technique involves the 

maintenance of live animals within the livestock production system in which they were developed, 

while in the ex situ in vivo technique, the maintenance of live animals takes place outside their original 

habitat. The ex situ in vitro technique requires cryopreservation of genetic material in haploid form 

(sperm and oocyte), diploid form (embryos, somatic cells), or DNA sequences (FAO 2012, 2015). In 

the last two decades, at the European level, safeguarding animal genetic resources has played a central 

role in important conservation programmes that envisaged the adoption of both in situ and ex situ 

strategies. Among these, of particular interest is our European LIFE project entitled 'Recovery of S. 

Macrostigma: Application of Innovative Techniques and Participatory Governance Tools in the 

rivers of Molise' (Acronym Nat.Sal.Mo). Salmo Macrostigma syn. Salmo cettii is an endemic species 

of the Mediterranean area, currently classified as 'vulnerable' in Europe and 'endangered' in Italy.  

The main threats to the species include genetic introgression through crossbreeding with zootechnical 

strains, loss of natural habitats, and unregulated fishing. The primary objective of the project is to 

ensure the recovery and conservation of native Mediterranean trout in the basins of the Biferno and 

Volturno rivers (Molise region), using two innovative techniques: sperm freezing with relative 

creation of the first European cryobank, and the installation of semi-natural nests. In the Nat.Sal.Mo 

project, the use of doses of frozen semen from the cryobank, combined with appropriate fertilization 

schemes, has proven to be an effective strategy for restoring the genetic integrity of this species, 

allowing the maintenance of a high genetic variability in offspring and population fitness. Another 

innovative technique involves the construction of semi-natural nests, which emulate the behaviour of 

females in nature. This approach ensures greater success by minimizing non-adaptive selective 

pressure, as eggs are seeded close to hatching, avoiding exposure of larvae and early life stages to an 

artificial environment.  
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In Italy, even the drastic decrease in native poultry breeds constitutes an emergency, mainly resulting 

from the widespread use of high-performance hybrids in the national poultry sector. To address this 

issue, a significant project funded by Masaf (Ministry of Agriculture, Food and Forestry) titled 

"Protection of Biodiversity in Italian Poultry Breeds: Insights and Monitoring (TUBAvI-2)" has been 

launched. The aim of this project is to recover and preserve the genetic resources of Italian poultry 

species Gallus gallus and Meleagris gallopavo at risk of extinction, through targeted actions to 

increase population size while maintaining genetic variability. 

The research activities described in this doctoral thesis are part of the two aforementioned projects, 

which results have been published in four articles, divided into two sections. 

The first section comprises two studies focused on Mediterranean trout conservation, with the goal 

of improving both the success of fertilization rate in artificial breeding and the understanding of the 

mechanisms involved in natural reproduction. This was achieved through in vitro studies of the effect 

of ovarian fluid (OF) on both cryopreserved and fresh semen.  

The first study investigated the impact of OF as a natural sperm activation agent on Mediterranean 

trout sperm swimming performance post-thawing. The OF efficacy was compared with an activating 

solution (D-532) and a mixture of them (50% D-532, 50% OF). The results demonstrated that the 

presence of OF, either alone or combined with D-532, significantly enhanced fertilization rates with 

frozen sperm. Notably, 100% OF was found to be a particularly effective medium, simplifying and 

expediting operations in the field along riverbanks. 

The second study aimed to assess the impact of native trout OF versus non-native trout OF (S. trutta) 

on the swimming performance of native males in Molise rivers. OF is crucial for fertilization success 

in externally fertilized fish, with interactions being species- and/or population-specific. These 

interactions can mitigate genetic introgression from non-native individuals. The study compared OF 

from native S. cettii females to zootechnic S. trutta females, evaluating their effects on sperm motility 

in males from the Biferno River. Our results indicate that ovarian fluids from native females (diluted 

at 20%) significantly improve the performance of native male sperm, unlike those from zootechnic 

S. trutta. These preliminary results suggest that OF/spermatozoa interactions could potentially 

influence or regulate hybridization mechanisms involving the native Mediterranean trout population 

in the Biferno River and the introduced domestic line of brown trout. 

Session 2 includes two studies aimed at safeguarding the biodiversity of chicken and turkey breeds. 

The first study aims to highlight the importance of cryobanks for the semen of native breeds and their 

crucial role in connecting in situ and ex situ techniques to improve the effectiveness of conservation 

programs. In our work, activities aimed at implementing the national cryobank for chicken and turkey 

breeds are described, with particular attention to the identification of specific reference freezing 
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protocols for the respective species. The creation of the first Italian semen cryobank for native chicken 

and turkey breeds represents a valuable tool for the protection and conservation of biodiversity within 

Italian poultry populations still present in agricultural systems. The use of NMR technique in our 

second study has proven to be a valuable tool to deepen the understanding of the biological bases of 

turkey semen cryopreservation and to identify the metabolites involved in the freezing process of 

turkey donor sperm. This suggested the potential integration of specific metabolites in both the diet 

and freezing medium to enhance sperm resilience during the cryopreservation process. This discovery 

represents a significant contribution to the scientific community, considering the crucial importance 

of semen cryopreservation in the conservation and safeguarding of genetic resources. This is 

particularly relevant in the face of the growing threat of population decline in some breeds/species 

and the urgent need to counteract the risks of inbreeding to improve animal biodiversity. 
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RIASSUNTO 

In Italia, nel corso degli anni, si è verificata una progressiva diminuzione della biodiversità animale, 

principalmente a causa dell'effetto combinato delle azioni dannose dell'uomo, della continua perdita 

e frammentazione degli habitat, dell'inquinamento e dei cambiamenti climatici. A questo riguardo, la 

conservazione della biodiversità animale è diventata sempre più importante nel corso degli anni, non 

solo dal punto di vista dell'allevamento del bestiame, che trae beneficio dalla conservazione di diverse 

specie, ma anche per gli animali che vivono nell'ambiente selvatico. La loro sopravvivenza è cruciale 

per proteggere e recuperare il prezioso patrimonio naturale sia a livello nazionale che internazionale, 

attraverso il mantenimento di un'elevata variabilità genetica in grado di garantire una maggiore 

stabilità ecologica, consentendo alle popolazioni di adattarsi ai cambiamenti climatici e ambientali. 

Secondo l'Organizzazione delle Nazioni Unite per l'alimentazione e l'agricoltura (FAO), la 

conservazione della biodiversità può essere raggiunta attraverso l'uso di varie tecniche: in situ ed ex 

situ. La tecnica ex situ può essere ulteriormente divisa in in vivo e in vitro. La tecnica in situ prevede 

il mantenimento degli animali vivi all'interno del loro habitat naturale, mentre nella tecnica ex situ in 

vivo, il mantenimento di animali vivi avviene al di fuori del loro habitat originale. La tecnica ex situ 

in vitro consiste nella criopreservazione di materiale genetico in forma aploide (sperma e ovociti), 

forma diploide (embrioni, cellule somatiche) o sequenze di DNA (FAO 2012, 2015). Negli ultimi due 

decenni, a livello europeo, la salvaguardia delle risorse genetiche animali hanno assunto un ruolo 

centrale in importanti programmi di conservazione che prevedevano l'adozione di strategie sia in situ 

che ex situ. Tra questi, di particolare interesse è il nostro progetto europeo LIFE dal titolo "Recupero 

di S. Macrostigma: Applicazione di Tecniche Innovative e Strumenti di Governance Partecipativa nei 

fiumi del Molise" (Acronimo Nat.Sal.Mo). Salmo Macrostigma syn. Salmo cettii è una specie 

endemica dell'area mediterranea, attualmente classificata come "vulnerabile" in Europa e "in 

pericolo" in Italia. Le principali minacce per la specie includono l'introgressione genetica attraverso 

l'incrocio con ceppi zootecnici, la perdita di habitat naturali e la pesca non regolamentata. L'obiettivo 

principale del progetto è garantire il recupero e la conservazione della trota mediterranea nativa nei 

bacini dei fiumi Biferno e Volturno (regione Molise), utilizzando due tecniche innovative: la 

crioconservazione del seme con relativa creazione della prima criobanca europea e la tecnica dei nidi 

semi-naturali. Nel progetto Nat.Sal.Mo, l'uso di dosi di seme congelato  provenienti dalla criobanca, 

combinato con opportuni schemi di fertilizzazione, si è dimostrato essere una strategia efficace per 

ripristinare l'integrità genetica di questa specie, consentendo di mantenere un'elevata variabilità 

genetica nella prole e la fitness delle popolazioni. L’altra tecnica innovativa, ovvero la costruzione 

dei nidi seminaturali, ha lo scopo principale di emulare il comportamento delle femmine in natura. 

Questo metodo prevede la semina delle uova prossime alla schiusa evitando così, l'esposizione delle 
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larve e dei primi stadi di vita a un ambiente artificiale. Questa tecnica assicura un maggior successo 

riproduttivo e riduce al minimo la pressione selettiva non adattiva. 

In Italia, anche la drastica diminuzione delle razze avicole autoctone costituisce un'emergenza, questo 

è dovuto principalmente all’ampio utilizzo di ibridi commerciali selezionati per alte prestazioni. Per 

affrontare questo problema, è stato avviato un importante progetto finanziato da Masaf (Ministero 

dell'Agricoltura, dell'Alimentazione e delle Foreste) intitolato "Tutela della Biodiversità nelle Razze 

Avicole Italiane: Approfondimenti e Monitoraggio (TUBAvI-2)". L'obiettivo di questo progetto è 

quello di recuperare e conservare le risorse genetiche delle specie avicole italiane Gallus gallus e 

Meleagris gallopavo a rischio di estinzione, attraverso azioni mirate per aumentare le dimensioni 

della popolazione mantenendo nel contempo la variabilità genetica. 

Le attività di ricerca descritte in questa tesi di dottorato fanno parte dei due progetti sopra menzionati, 

i cui risultati sono stati pubblicati in quattro articoli, divisi in due sessioni. 

La prima sezione comprende due studi incentrati sulla conservazione della trota mediterranea, con 

l'obiettivo di migliorare sia il tasso di successo della fertilizzazione nell'allevamento artificiale sia la 

comprensione dei meccanismi coinvolti nella riproduzione naturale. Ciò è stato ottenuto attraverso 

studi in vitro sull'effetto del fluido ovarico (FO) sia sul seme congelato che fresco. 

Il primo studio ha analizzato l'impatto del FO come agente di attivazione naturale dello sperma sulla 

performance di movimento degli spermatozoi di trota mediterranea dopo lo scongelamento. 

L'efficacia del FO è stata confrontata con una soluzione attivante (D-532) e una loro miscela (50% 

D-532, 50% FO). I risultati hanno dimostrato che la presenza di FO, da sola o combinata con D-532, 

ha notevolmente migliorato i tassi di fertilizzazione degli spermatozoi congelati. In particolare, il 

fluido ovarico utilizzato tal quale è risultato essere il miglior agente attivante, semplificando e 

accelerando le operazioni sul campo. 

Il secondo studio mirava a valutare l'effetto del FO delle trote native rispetto al FO di quelle non 

nativa (S. trutta) sulla motilità degli spermatozoi dei maschi nativi dei fiumi molisani. Il FO riveste 

un ruolo fondamentale per il successo della fertilizzazione nei pesci a fecondazione esterna, con 

interazioni che variano a seconda della specie e/o della popolazione. Queste interazioni possono 

contribuire a mitigare l'introgressione genetica da parte degli individui non nativi. Lo studio ha 

confrontato il FO proveniente dalle femmine native S. cettii con quello delle femmine zootecniche S. 

trutta, valutandone gli effetti sulla motilità degli spermatozoi nei maschi del fiume Biferno. I nostri 

risultati indicano che il fluido ovarico delle femmine native (diluito al 20%) migliorava 

significativamente le prestazioni degli spermatozoi dei maschi autoctoni rispetto a quelli dei maschi 

non nativi. Questi risultati preliminari suggeriscono che le interazioni FO/spermatozoi potrebbero 
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potenzialmente influenzare o regolare i meccanismi di ibridazione che coinvolgono le popolazioni 

autoctone di trota mediterranea del fiume Biferno e la linea domestica introdotta di trota fario. 

La seconda sessione comprende due studi focalizzati sulla salvaguardia della biodiversità delle razze 

autoctone di polli e tacchini. Il primo studio si concentra sull'importanza delle criobanche del seme 

delle razze autoctone e su come esse siano fondamentali nel collegare le tecniche di conservazione in 

situ ed ex situ al fine di ottimizzare l'efficacia dei programmi di salvaguardia della biodiversità. Nel 

lavoro, vengono descritte le attività finalizzate all'implementazione della criobanca nazionale per le 

razze di polli e tacchini, con particolare attenzione all'identificazione dei protocolli di congelamento 

di riferimento specifici per le rispettive specie. La creazione della prima criobanca italiana per il seme 

di polli e tacchini autoctoni rappresenta uno strumento prezioso per la protezione e la conservazione 

della biodiversità all'interno delle popolazioni avicole italiane ancora presenti nei sistemi agricoli.  

Nel secondo studio, l'utilizzo della tecnica NMR si è dimostrato un prezioso strumento per 

approfondire la comprensione delle basi biologiche della crioconservazione del seme di tacchino. Nel 

lavoro sono stati identificati i metaboliti coinvolti nel processo di congelamento del seme in questa 

specie, suggerendo la possibilità di integrare specifici metaboliti nella dieta o nell’extender di 

congelamento per migliorare la resilienza degli spermatozoi durante il processo di crioconservazione. 

Queste scoperte offrono un contributo significativo alla comunità scientifica, data l'importanza 

cruciale della crioconservazione del seme nella salvaguardia delle risorse genetiche. Ciò assume 

particolare rilevanza alla luce della crescente minaccia di declino delle popolazioni di razze e specie 

avicole, nonché dell'urgente necessità di contrastare i rischi derivanti dalla consanguineità al fine di 

preservare la biodiversità animale. 

 

  



 
 

7 

 

 

 

 

 

 

 

GENERAL INTRODUCTION  



 
 

8 

Part 1 
Animal Biodiversity: Definition, Primary Threats, and Current State of 

Resources 
 

1. Conservation of Biodiversity 

1.1 Definition and Levels of Biodiversity 
One of the most significant challenges facing contemporary society is the preservation of animal 

biodiversity. This is a growing concern that is receiving increasing attention and scrutiny. 

Biodiversity refers to the variety of living organisms on planet Earth, which is currently experiencing 

a significant loss of species and individuals. This loss is commonly referred to as the sixth mass 

extinction, and it is primarily attributed to human activities (Díaz and Malhi, 2022). The decline in 

biodiversity has resulted in the disappearance of around 13% of bird species and 27% of mammal 

species (IUCN, 2023), indicating extinction rates 1,000-10,000 times higher than natural events 

(Bolton et al., 2022). 

Biodiversity can be assessed at various levels: 

• Genetic diversity is a measure of the inherited variability within a population. Loss of genetic 

diversity can seriously threaten the survival of a species, even if it is not yet extinct. It is important 

to maintain genetic diversity because genes that confer specific survival traits, such as disease 

resistance or environmental tolerance, which may be lost due to a reduction in population size 

caused by habitat fragmentation or other factors. Populations need genetic diversity to adapt to 

environmental changes. Its loss would limit options for future genetic improvement programmes 

globally. 

• Species diversity describes the number and variety of organisms inhabiting a given environment, 

and describes the wide range of living things belonging to different groups that can interact and 

reproduce with each other while living in a given geographical area. Intra-species diversity refers 

to the genetic variations found in populations within a species, while inter-species diversity 

describes the variety of species present in a particular environment. Maintaining genetic diversity 

and protecting species from extinction-causing events, such as isolated epidemics or predators 

that might attack entire populations, depends on the existence of species in geographically and 

ecologically distinct areas. It is important to maintain a balanced distribution of species across 

different regions to ensure their survival. 

• Ecosystem diversity describes the variety of communities or habitats present. It describes the wide 

range of organisms from various groups that can interact and reproduce with one another while 

residing in a particular geographic area. 
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In summary, biodiversity encompasses genetic diversity within species, species diversity itself, and 

ecosystem diversity. All these levels are interconnected and play a fundamental role in ecological 

balance, ecosystem resilience, and the overall well-being of our planet (Tacconi, 2000). 

The conservation of animal biodiversity is becoming increasingly important, not only for agriculture, 

which benefits from the preservation of various species, but also for the intrinsic value of these species 

and for the natural heritage at both national and international levels. In recent decades, human activity 

has posed a significant threat to the survival of species due to environmental destruction, leading 

many of them towards extinction (Diavoli, 2011). 

Extinction is viewed as an inevitable and natural aspect of animal species' evolutionary processes. 

However, the rate of extinction has increased significantly in recent decades, largely as a result of 

increasing human demand for natural resources and climate change. The International Union for 

Conservation of Nature (IUCN) has defined a number of risk categories, ranging from extinct, extinct 

in the wild, critically endangered, endangered, vulnerable, conservation dependent, near threatened, 

least concern, data deficient to not assessed, to assess the status of species for conservation purposes 

and in relation to their potential extinction. This categorisation system is widely used at national and 

international levels to assess the status of species and set conservation priorities. The IUCN Red List 

currently contains approximately 44,383 animal species, of which 16,928 are considered threatened 

with extinction. This includes 1,226 globally threatened bird species and 190 critically endangered 

species (IUCN, 2023). 

1.2 Causes of biodiversity loss 
Protecting animal species is a matter of fundamental importance for the well-being of the ecosystem 

and for maintaining the biodiversity balance of our planet. Animal species are an essential part of the 

ecosystem and play critical roles in maintaining natural equilibrium. However, many of them are 

threatened byextinction due to human activities, climate change, pollution, habitat destruction, and 

other threats. The reasons for this current situation are numerous and linked to various factors. In 

particular, several main ones have been identified (Soulé, 1991) that contribute to the progressive 

decline of biodiversity, all directly linked to human activities:  

1. Habitat destruction: The destruction, fragmentation, and degradation of natural habitats due to 

activities such as deforestation, urbanization, agriculture, and infrastructure development. This 

disrupts ecosystems and reduces available habitats for different species, leading to biodiversity 

loss. 

2. Climate change: Alteration of global climate patterns due to human activities, such as burning 

fossil fuels, deforestation, and industrial processes, results in changes in temperature, 



 
 

10 

precipitation, and other environmental factors. These changes can have negative effects on 

species' survival, disrupt ecosystems, and contribute to biodiversity loss. 

3. Pollution: Various forms of pollution, including air, water, and soil pollution, can have 

detrimental effects on biodiversity. Pollution from industrial processes, agricultural runoff, and 

improper waste management can poison or disrupt organisms' reproductive systems, leading to 

declines in populations and species diversity. 

4. Overexploitation: The unsustainable extraction or use of natural resources, such as overfishing, 

illegal hunting, and deforestation, can deplete species populations and disrupt ecosystems. 

Removing species from ecosystems at an unsustainable rate can lead to imbalances and 

cascading effects on other species. 

5.  Invasive species: The introduction of non-native species into new environments can have 

severe impacts on native species and ecosystems. Invasive species often compete with native 

species for resources, prey on them, or introduce diseases, leading to declines in native 

populations and reduced biodiversity. 

6. Agricultural practices: Intensive agricultural practices, such as monoculture farming, intensive 

pesticide use, and the loss of traditional cultivation methods, can harm biodiversity. These 

practices often involve the loss of natural habitats, the use of harmful chemicals for non-target 

organisms, and the reduction of genetic diversity in crops and livestock. 

7. Population growth and urbanization: Rapid human population growth and urban development 

contribute to the conversion of natural habitats into human-dominated landscapes. This 

expansion leads to habitat loss, fragmentation, and increased pressure on ecosystems, resulting 

in biodiversity loss. 

8. Lack of awareness and conservation efforts: The lack of awareness and understanding of the 

value and importance of biodiversity can hinder conservation efforts. Insufficient conservation 

measures, weak legislation, and ineffective enforcement of environmental regulations can 

exacerbate biodiversity loss. 

It is important to note that these causes are often interconnected and can reinforce each other, leading 

to cumulative effects on biodiversity loss. Addressing these factors requires a comprehensive 

approach that includes sustainable land use practices, conservation strategies, education, and 

international cooperation. The importance of preserving biodiversity on our planet has been 

universally recognised. A broad consensus in both the scientific community and society has driven 

governments to prioritise the maintenance of biological diversity through habitat protection and 

species conservation programmes. Many countries have introduced new laws to curb this problem, 

halt the exploitation and mismanagement of animal resources. Species protection is implemented not 
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only through national and European community laws but also through international agreements and 

treaties. These agreements are necessary for several reasons: many species migrate across state 

borders, and there is international trade in animals and derived products, requiring international 

cooperation to ensure species conservation.  

In conclusion, the conservation of animal biodiversity represents a crucial challenge for our society. 

Protecting species and their habitats requires a combination of national and international policies, 

laws, agreements, and concrete actions. Collaboration among governments, scientists, environmental 

organisations, and the public is essential to preserving biological diversity and ensuring a sustainable 

future for the animal species on our planet. 

1.3 Conservation of Animal Species 

The conservation of animal species is one of the most important challenges of our time, as our planet's 

biodiversity is threatened by human activities, climate change and pollution. Animal species are a 

fundamental pillar of terrestrial and marine ecosystems and play a key role in regulating ecological 

balances. Their conservation is essential for the health of the environment and the well-being of future 

generations. The acceleration of biodiversity loss is now widely recognised, with a significant 

increase in the number of species listed as critically endangered (e.g. from 168 to 232 bird species, 

for fish species from 157 to 834) or endangered (e.g. from 235 to 405 bird species, for fish species 

from 134 to 1,340) between 1996 and 2023, according to the International Union for Conservation of 

Nature (IUCN) Red List of Threatened Species (2023). These data highlight the global emergency of 

biodiversity loss and the growing threat to many animal species. The rate at which species are going 

extinct is alarming and requires immediate and decisive action to reverse this trend.  

The conservation of animal species is crucial for several reasons. Firstly, species contribute to the 

biological diversity of the planet, creating an ecological fabric that allows ecosystems to function. 

Each species has a role in the food chain and contributes to ecological balance. The loss of one species 

can have effects on others, compromising the entire ecosystem. Secondly, many species have cultural 

and historical value, being a source of inspiration for art and spirituality. The species are threatened 

by various factors, as described in the previous chapter, and to preserve them, strategies are adopted 

such as the creation of protected areas, compliance with laws against hunting and illegal trade, 

constant monitoring of populations and public awareness. International cooperation is crucial to 

manage migration and fight illegal trafficking. 

These collective actions can contribute to the conservation of species and the protection of 

biodiversity for future generations.  
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1.4 Status and trends of animal genetic resources 
The status and trends of animal genetic resources are of great importance for conserving genetic 

diversity and the sustainability of animal species. Assessing the state of these resources provides 

crucial information about the genetic diversity present in animal populations and the evolution of 

genetic variations over time. Such information is essential for developing conservation and 

management strategies for animal species, as well as for adapting breeding and genetic improvement 

practices to preserve genetic diversity and maintain the resilience of animal populations. 

Currently, the Global Databank database contains data from 182 countries (and 15 dependent 

territories) related to 37 species. In the considered period, the overall number of registered national 

breed populations in the Global Databank has slightly increased, going from 15,115 in 2021 to 15,313 

in 2022 (Table 1). As of September 2022, the total number of registered national populations of 

mammals was 11,555, compared to 11,409 in February 2021. As for birds, in 2022, there were 3,758 

registered national populations, compared to 3,706 in 2021 (FAO 2023). 

Since 2021, the percentage of national populations of avian species for which some population data 

are available has increased from 61% to 63%, while for mammals, the proportion has remained stable 

around 66%. 

Figure 1 presents the proportions and numbers of national breed populations for which population 

data have been reported at least once in the past, divided by region. The level of activity in data 

updating varies considerably between countries and regions (Figure 2). As shown in Figure 2, 63 

countries and territories have updated census size information for at least one of their national breed 

populations since the beginning of 2019. For 17 countries, the last update was made between 2015 

and 2018, and for seven countries, the last update was between 2013 and 2014. For these seven 

Table 1- Status of information recorded in the global databank for animal genetic resources. (FAO 2023)  
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countries, this means that if no updates are provided in the next two years, all breeds will be classified 

with an "unknown" risk status when calculating official indicators for the risk of extinction and in the 

upcoming report on status and trends. For 110 countries and territories, there have been no population 

updates since 2012. (FAO 2022). 

 

Figure 1- Proportions (% - relative length of colored bars) and numbers of national breed populations for 
which population data have been reported per region. (FAO 2023) 

Figure 2- The timing of the most recent population updates for each country. (FAO 2023) 
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1.5 Biodiversity in the livestock sector 
In the context of animal husbandry, genetic diversity is the main concept of biodiversity. Only about 

40 of the over 5,000 species of mammals and birds currently known to humans have been 

domesticated or otherwise developed into livestock, making up the remaining Animal Genetic 

Resources (AnGR) (FAO, 2000). The results of natural selection in combination with thousands of 

years of selective breeding have produced significant genetic diversity among livestock populations 

all over the world. Multipurpose breeds raised by small-scale farmers and herders, primarily in low-

input production systems, coexist with high-performance animals that are intensively bred to produce 

more and more uniform products under controlled management conditions. These components make 

up "Domestic Animal Diversity" (DAD), or DAD for short. 

According to the FAO, it is crucial to manage this animal genetic diversity effectively in order to 

ensure global food security, support wholesome diets, improve rural livelihoods, increase community 

and individual resilience, encourage sustainable development, and protect the livelihoods of hundreds 

of millions of people. The rapid rise in demand for products made from animals in many developing 

nations over the past 20 years, however, has resulted in general economic development, which has 

decreased the genetic diversity of animals. A joint report by the FAO, the International Food Policy 

Research Institute (IFPRI), and the International Livestock Research Institute (ILRI) predicted this 

inevitable process of genetic erosion, driven by the rising consumer demand for products derived 

from animals, as early as 1999 and dubbed it the "Livestock Revolution" (Delgado, 2003). 

According to the analysis of the most recent global data, the status of Animal Genetic Resources for 

Food and Agriculture in the World (FAO, 2022) reported that out of 8,803 different livestock breeds 

worldwide, 2,133 breeds are categorised as being at risk (24% of all breeds, including extinct ones); 

meanwhile, about 59% of the breeds are categorised as having an unknown risk status (Figure 4). 

Numerous factors could endanger genetic diversity in developing nations, and many authors appear 

to agree on the broad trends and dangers to AnGR. The use of exotic germplasm, changes in 

production systems, changes in producers' preferences as a result of socioeconomic factors, various 

disasters (droughts, famines, disease epidemics, civil conflicts/war), specialisation (emphasis on a 

single productive trait), genetic introgression, technological and biotechnological development, and 

political instability are the primary causes of genetic erosion. (Rege and Gibson, 2003; Tisdell, 2003; 

Iñiguez, 2005; Floros et al., 2010). 

The FAO claims that the biggest threat to traditional livestock production systems and the local breeds 

they are associated with is probably their marginalisation. This threat is primarily brought on by the 

rapid spread of large-scale intensive livestock production and the use of a limited number of breeds. 

Increasingly, the world's production of meat, milk, and eggs is dependent on a small group of high-
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yielding breeds, which are mainly employed in industrial production systems. The ease with which 

genetic material, production technologies, and inputs can now be transported around the world has 

clearly aided these processes of intensification and industrialization (FAO, 2007). 

In this scenario, the wise management of global livestock biodiversity is becoming an increasingly 

significant challenge for the international community. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

1.5.1 The relevance of local native breeds 

Indigenous breeds refer to populations of domestic animals that have adapted and naturally evolved 

in a specific geographical area over a long period, often spanning centuries or even millennia.  

Local breeds represent both a cultural and biological heritage, the result of years of agricultural 

tradition that reflects the history of rural populations' cultures. Additionally, they are invaluable 

resources for scientific research in the field of genetics (FAO 2012). 

The diversity of animal breeds is a fundamental asset for the planet's future because each breed is an 

expression of a specific environmental, historical, and cultural context in which they originated. 

Unfortunately, contemporary industrial farming relies on a very limited number of selectively bred 

breeds that are highly productive and suitable for intensive farming. This puts indigenous breeds at 

risk of disappearing rapidly and in an entirely unnatural manner. 

Figure 3 - Proportions of the world’s breeds by risk status category. (FAO, 2019) 
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Currently, the survival of local breeds is linked to various factors, including their hardiness, which 

means they are better adapted to challenging environmental conditions, their higher market value 

compared to industrial-type productions, and the superior quality of their products (Papachristoforou 

et al., 2013). The conservation of local breeds is closely tied to the concept of sustainable 

development, where the protection of genetic resources goes hand in hand with increasing the income 

of livestock farmers. Based on this, the valorization of biodiversity could lead to the development of 

initiatives aimed at producing and marketing high-quality or "typical products" in parallel with the 

conservation efforts and securing various endangered breeds. In this way, the connection to the 

territory and the culture from which a particular product originates would also be valued.  

Traditionally, local farmers have been the custodians of this animal genetic diversity. Despite the 

intensification of agriculture and international trade in livestock, local breeds are still considered the 

basis for selection for efficient food production in changing environments (FAO, 2007, 2010 b). 

Thanks to their unique characteristics, such as tolerance/resistance to various diseases (including 

severe enteric and ectoparasitic parasites), tolerance to extreme climatic factors, or the provision of 

specialised products (Hammond and Galal, 2000), these breeds can be particularly suitable for coping 

with the future emergence of new and virulent animal diseases, rapid climate changes, selection 

errors, unforeseen catastrophic events, and changes in consumer preferences. 

The primary critical point of local breeds generally lies in their low productivity. This means that a 

significant part of the animals' body resources is allocated to maintaining vital functions, such as 

kinetic activity, foraging behavior, and immune response, with only a residual amount dedicated to 

production traits. Although local breeds may not be competitive in terms of production, they can find 

effective application in extensive livestock systems (Castellini, 2005; Castellini et al., 2008), where 

greater kinetic activity and adaptation to less protected environments are required (Dal Bosco et al., 

2021). The sustainable use of local breeds in production systems offers important ecosystem services. 

Among these are provisioning services, such as the supply of food and genes, but also cultural 

services, such as the preservation of cultural heritage and identity, and regulating services, such as 

landscape and biodiversity management. These services constitute essential sources of income to 

revitalize rural areas (Ovaska and Soini, 2017). In rural areas, new forms of rural entrepreneurship 

are emerging and expanding, harnessing local breeds, such as tourism and Green Care (Hassink et al., 

2005; MA, 2005; Ovaska and Soini, 2017). As a result, the ongoing erosion of these valuable animal 

genetic resources would lead to a reduction in development opportunities for rural economies in some 

countries, as well as negative social and cultural impacts due to the longstanding connection between 

local breeds and the culture of rural communities. The replacement of indigenous breeds could result 

in the loss of products and services cherished by the local population, necessitating a broader 
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consideration of the conservation of local breeds to support rural communities and their economic 

foundations. Furthermore, such losses could limit future development options based on products and 

services derived from specific breeds, which could otherwise add significant economic value as 

consumer demands become increasingly diversified (FAO, 2022). 

The diversity of animal breeds is a fundamental asset for the future of the planet because each breed 

is the expression of a specific environmental, historical, and cultural context in which they originated. 

Today, unfortunately, industrial farming relies on a very limited number of selectively bred breeds 

that are highly productive and suitable for intensive farming. This puts indigenous breeds at risk of 

disappearing rapidly and entirely unnaturally. 

The protection and promotion of indigenous breeds are crucial for preserving biological diversity, 

supporting sustainable agriculture, and keeping local traditions alive. International organizations like 

the FAO (Food and Agriculture Organization of the United Nations) advocate for the conservation 

and sustainable use of indigenous breeds through genetic conservation and rural development 

programs (Gandini and Oldenbroek, 2007). 
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2. Fish Biodiversity 
The diversity of fish is significant for various reasons. It encompasses a broad range of species 

adapted to varying environmental conditions. Fish are valuable indicators of trends in aquatic 

diversity, reflecting the conditions of their habitats. Additionally, they significantly influence the 

distribution and abundance of other species within aquatic ecosystems. The diversity of species 

among fish is an integral part of the global natural heritage and provides essential ecosystem services 

to millions of people, especially in the context of commercial and recreational fishing. Interestingly, 

despite the majority of the Earth's surface being covered by water and oceans having a significant 

average depth, the greatest diversity of fish species is found in freshwater environments, such as 

continental shelves, coral reefs associated with islands, and freshwater bodies like rivers and lakes 

(Moyle and Leidy, 1992). It is estimated that the total number of all fish species is 32,500 (Nelson, 

2006), with over 15,000 species of freshwater fish, a surprisingly high number considering that 

freshwater constitutes less than 0.3% of the available global water. While marine communities 

contain a greater total number of species, freshwater environments are much richer per unit volume 

of habitat, thanks to their productivity, physiographic diversity, and geographical isolation (Ormerod, 

2003). Freshwater fish represent approximately 25% of all vertebrates, making a significant 

contribution to global biodiversity (Reid et al., 2019). However, according to the latest edition of the 

Red List of the International Union for Nature Conservation (IUCN) published in 2023 on freshwater 

fish species are globally in serious danger. The primary threats to global freshwater fish biodiversity 

primarily stem from human activity and can be grouped into five interacting categories: 

overexploitation, water pollution, flow modification, habitat destruction or degradation, and invasion 

by alien species. These factors lead to the decline of native populations and a reduction in their 

distribution area (Allan and Flecker, 1993; Naiman and Turner, 2000; Jackson et al., 2001; Malmqvist 

and Rundle, 2002; Rahel, 2002; Revenga et al., 2005; Dudgeon et al., 2006). 

The protection of aquatic biodiversity presents a significant challenge for conservation, especially 

considering the ongoing growth of human populations. The sustainable use of fishery resources has 

become essential to preserving fish diversity and the health of aquatic ecosystems. While over two-

thirds of the Earth's surface is covered by water and oceans have a vast expanse, it is noteworthy that 

both surface and deep ocean waters, despite their vastness, are relatively uniform habitats with low 

productivity and a limited number of species. In contrast, the greatest diversity of aquatic life is 

predominantly distributed along continental shelves, in coral reefs associated with islands, and in 

freshwater environments (Moyle and Leidy, 1992).  
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2.1 The state of the fishery resources: in particular the Mediterranean brown trout 
Freshwater ecosystems, among all the natural environments on our planet, are among the most 

vulnerable and threatened. Over the past few decades, we have witnessed a dramatic decline in their 

extent and a decrease in biodiversity in these precious regions. This chapter will explore the critical 

situation of freshwater ecosystems worldwide, highlighting the importance of protecting and 

preserving them for future generations. The decline of freshwater ecosystems has been staggering. 

From 1997 to 2011, the area of these habitats decreased by 64% globally, while in Europe, from 1970 

to 2008, we saw a 50% decrease (Costanza et al., 2014; IPBES, 2018; Gozlan et al., 2019). These 

data are alarming and underscore the urgency of taking action to protect these vital environments. 

Freshwater ecosystems are biodiversity oases. Over 10,000 species of fish, representing 40% of 

global fish diversity and a quarter of global vertebrate diversity, call these waters home (Lundberg et 

al., 2000). When including amphibians, aquatic reptiles like crocodiles and turtles, and mammals like 

otters, river dolphins, and platypuses, we discover that up to a third of all vertebrate species depend 

on freshwater habitats. In the 1980s, the burgeoning field of conservation biology led to a greater 

emphasis on safeguarding freshwater ecosystems and organisms (Soule et al.,1995). Researchers 

conducted extensive studies to gain a clearer understanding of the effects of overexploitation and 

identify ways to mitigate them. However, despite the abundance of research, numerous uncertainties 

persist. To address threats to freshwater ecosystems, significant efforts have been made to assess the 

status of freshwater species at international and national levels. Such assessments have provided 

important information but often focus on specific taxa or fail to record population collapses. These 

limitations can lead to the invisible collapse of other freshwater species. 

Europe is particularly rich in freshwater ecosystems. The region hosts 546 native species of 

freshwater fish (Kottelat and Freyhof, 2007). Only in the last 20 years, the European Mediterranean 

region has been recognized as a hotspot of this diversity. Freshwater fish in Europe encompass a 

variety of taxonomic and ecological groups, including Cypriniformes and Salmoniformes, which 

dominate warm waters and mountainous regions, respectively (Table 2). Cypriniformes adapted to 

warm waters, such as carp, chub, dace, and loaches, exhibit the highest level of species diversity in 

the southern and temperate parts of Europe, while Salmoniformes, like salmon, trout, grayling, and 

whitefish, are more abundant and diversified in mountainous regions and northern Europe. Both 

groups are known to include many locally endemic species at the species level. 
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Two regional levels were used to assess the IUCN Red List status of freshwater fish in Europe: 

geographical Europe and the EU's 27 current member states (EU 27). 

This assessment finds that at least 37% of species are threatened at the European level (39% in the 

EU 27), 12% are critically endangered (13% in the EU 27), 10% are endangered (11% in the EU 27), 

15% are vulnerable at both the regional and global levels, and 4% are near threatened (Figure 4 A-

B). Consequently, more than a third of the freshwater fish species in Europe face a threat. This 

indicates the enormous problem with conservation as it represents the second highest threat level of 

any taxonomic group evaluated thus far. 

Table 2 - Diversity and endemism in freshwater fish families. (Freyhof and Brooks, 2011) 

Figure 4- IUCN Red List status of freshwater fishes in (A) Europe and in (B) EU27. 
(Freyhof and Brooks, 2011) 

A B 
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According to Table 2 the Red List status is broken down by taxonomic family, with each family 

having a different number of species and threat level for those species. The Acipenseridae, 

Anguillidae, Cypronodontidae, and Umbridae families are the most endangered, followed by 

Blennidae, Cobitidae, Cyprinidae, and Salmonidae. 41% of the species in the family Salmonidae are 

endangered. According to Table 3, out of the 98 European species, 8 are thought to be extinct, 1 is 

extinct in the wild, 9 are critically endangered, 7 are endangered, 24 are vulnerable, 2 are near 

threatened, 32 are of least concern, and 15 are data deficient. 

 

The brown trout is part of a complex of incipient species, known as the Salmo trutta species complex, 

originally inhabiting freshwater environments in the Palearctic region (Talarico et al., 2023).  

Currently, the brown trout is one of the most endangered freshwater fish species in the Mediterranean 

area. This group of species has a wide native distribution in Eurasia and North Africa (Tougard, et al. 

2018) and includes the surviving native populations on the Tyrrhenian and Adriatic sides of the Italian 

peninsula (Lorenzoni et al., 2019). Currently, four closely related species of trout are recognized in 

the Italian peninsula and Mediterranean islands: Salmo fibreni, S. carpio, S. cettii, and S. marmoratus, 

Table 3 - IUCN red list status (at the european level) of freshwater fishes by taxonomic family, including 
salmonidae family (in green box) (Freyhof and Brooks, 2011) 
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in addition to a taxonomically complex and understudied group of brown trout relatives in Morocco 

and Algeria (Lobón-Cerviá et al., 2019). 

The four Italian trout species exhibit significant morphological and life history differences. For the 

most part, they are distributed allopatrically, but they may overlap in some watercourses. S. 

marmoratus and S. cettii are found in streams with broad distributions. Salmo marmoratus inhabits 

the tributaries of the Po River flowing from the European Alps. S. cettii is found in Mediterranean 

rivers of the Apennines, Sardinia, Sicily (Splendiani et al. 2016), and Molise (Iaffaldano et al., 2016 

a). There are several isolated populations in the western Alps, but their presence in the Po River 

system is a subject of controversy. S. fibreni and S. carpio are original endemic species dwelling in 

lakes. S. fibreni occurs in the small Posta Fibreni Lake in central Italy, while S. carpio inhabits the 

relatively large and warm Lake Garda in the northern Po Valley (Lobón-Cerviá et al., 2019). 

All native trout species in Italy are included in national or international red lists, with slight 

differences related to different geographical regions, evaluation periods, or basic criteria (Table 4). S. 

carpio and S. fibreni are considered to be of critical status due to illegal fishing, the introduction of 

non-native species (such as Coregonus sp. in Lake Garda), pollution, and habitat degradation. For S. 

cettii and S. marmoratus, the primary threat is hybridization with non-native brown trout (Schöffmann 

et al., 2007; Fruciano et al., 2014; Splendiani et al., 2016). Non-hybridized S. cettii are absent from 

the central and eastern Alps but are distributed as 20.0% in the western Alps, 2.8% in the Apennines, 

50.0% in Sardinia, and 33.3% in Sicily (Splendiani et al., 2016). Streams with non-native invasive 

brown trout or hybridized native trout populations are common in the eastern (94.3%), central 

(100%), and western Alps (60.0%) and less common in the Apennines (59.2%) and Sardinia (50.0%), 

but Sicily remains relatively unaffected by non-native genetic lineages. For S. marmoratus, all 

populations in the central Alps are hybridized, but original populations persist in the western (75%) 

and eastern (100%) Alps (Splendiani et al., 2016). 
Table 4 - Conservation status of Italian native trout 

 

Species IUCN Red List of 

Threatened Species 

Italian Red List of Fish Italian Red List of 

Vertebrates 

Salmo carpio CR CR EN 

S. cettii NT CR CR 

S.fibreni VU CR CR 

S.marmoratus LC EN CR 

 ABBREVIATIONS: CR = CRITICALLY ENDANGERED, EN = ENDANGERED, VU = VULNERABLE, NT = NEAR THREATENED, AND 
LC = OF LEAST CONCERN (Lobón-Cerviá et al., 2019) 
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3. Poultry Biodiversity: Importance and main threats 
Today, poultry farming represents one of the most dynamic livestock production sectors, both 

globally and in our country. Market preference for poultry meat is driven by numerous advantages 

over other sectors. Among the various characteristics, we can first emphasize accessibility since the 

cost per kilogram of poultry meat is significantly lower than that of pork, beef, or lamb meat. 

Furthermore, poultry farming offers greater convenience, is not subject to religious restrictions, and 

is associated with a healthy eating image due to its low-fat content and balanced protein intake (Mottet 

et al., 2017). This perspective is confirmed by data provided by the OECD-FAO, which indicate that 

global meat production contracts annually for nearly all traditionally raised species, except for 

poultry, which continues to grow steadily, even during the recent COVID-19 pandemic (Hafez, H.M. 

et al., 2020). In intensive production contexts, the most common poultry species is domestic chicken 

(Gallus gallus) followed by turkeys (Meleagris gallopavo), while other species such as ducks, geese, 

quails, pigeons, etc., are present in much smaller quantities. Among these species, chickens and 

turkeys are the primary sources of poultry meat and eggs. 

Poultry farming also stands out for its reduced environmental impact compared to other animal 

production sectors. This is attributed to its high efficiency in converting feed into eggs and meat. The 

short production cycle and targeted genetic selection to improve performance provide a significant 

advantage over the raising of ruminants or swine. This efficiency is particularly evident in the poultry 

meat industry, where modern broiler chickens reach slaughter weight in cycles of only about 40 days, 

yielding a high meat output (Bohrer B.M.  2017). 

Turning to the data on animal breeds, a total of 8.803 breeds have been recorded based on the most 

recent global data (FAO, 2022), of which 7.745 are local breeds and 1.058 are transboundary breeds. 

Among the transboundary breeds, there are 511 regional transboundary breeds (registered in a single 

region) and 547 international transboundary breeds (reported in more than one region). 

Regarding poultry breeds, Europe and the Caucasus host the highest number of regional 

transboundary breeds, with a total of 68 different varieties, compared to fewer than 10 in each of the 

other regions. In every region of the world, the numbers of registered local breeds for poultry species 

are reported (Table 5). Specifically, Europe and the Caucasus are the areas with the highest number 

of indigenous chicken and turkey breeds, representing a significant percentage of the global total for 

these breeds. 

It's important to note that a total of 2.199 breeds are considered at risk, which corresponds to 24% of 

the total breeds, including extinct ones, according to the Domestic Animal Diversity Information 

System (DAD-IS) by FAO. However, approximately 59% of breeds are categorized as having 
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uncertain risk status. The lack of data on the risk status for some breeds (13 in total) represents a 

significant limitation in the planning and implementation of breed conservation activities. 

 

 

 

 

 

 

 

 

 

 

 

Among poultry species, chickens have by far the highest number of breeds at risk on a global scale 

(Figure 5). It has been reported that out of 1,666 local chicken breeds, 931 are classified as unknown, 

156 as critical, 221 as endangered, and 91 as extinct. As for turkeys, 11 breeds are considered critical, 

7 are classified as endangered, 2 breeds are extinct, while 83 local turkey breeds are categorised as 

“unknown”. 

 

Table 5 - Number of reported local avian breeds in the world including chicken (in red box) and turkey (in blue box)  
(FAO, 2023) 

Figure 5 -Risk status of the world’s avian breeds in September 2022: absolute (table) and percentage (chart) figures 
by species (species refer to both the bar above and numbers below) 
Figure 5 -Risk status of the world’s avian breeds in September 2022: absolute (table) and percentage 
(chart) figures by species (species refer to both the bar above and numbers below. (FAO 2023) 
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3.1 Poultry Genetic Resource in Italy 
The recovery of Italian native poultry breeds plays a crucial role in the context of agriculture and 

biodiversity conservation in Italy. The growing demand for poultry products has led to a significant 

increase in production, but this trend has also had a negative impact on the conservation of native 

poultry breeds in Italy. The preference for high-yield commercial hybrids has caused a drastic 

reduction in the breeding of local breeds. 

Italian native poultry breeds represent a valuable agricultural and cultural heritage characterized by 

unique genetic traits. These traits have been developed through processes of natural selection and 

coevolution that have extended over centuries and continue to this day. These breeds stand out for 

their disease resistance and their ability to survive under limited or low-quality feeding conditions. 

Their preservation significantly contributes to the conservation of genetic diversity within poultry 

species. Furthermore, the conservation of local breeds is of paramount importance to meet unforeseen 

future needs in terms of poultry breeding and production, as emphasized by Chen et al. in 2019, and 

Zhang et al. in 2020. This conservation not only concerns genetic value but also has a significant 

socioeconomic, cultural, and ecological impact. 

However, the pressure from globalized economies and the demand for high yields have put the 

survival of many of these breeds at risk. Breeding native breeds is often characterized by limited 

production, making it challenging to compete with commercial hybrids in terms of quantity produced. 

Furthermore, food hygiene standards and product uniformity requirements have limited opportunities 

for small-scale poultry breeders to market their products (Rischkowsky and Pilling, 2007). 

Thoughts on cultural, social, and environmental values are increasingly being considered alongside 

economic factors by farmers, breeders, and consumers as trends shift. This has sparked a resurgence 

in interest in protecting indigenous poultry breeds. 

In Italy, the issue of biodiversity loss in the poultry sector has been addressed through agricultural 

policies aimed at the conservation of livestock species. Over the last 20 years, plans for the 

preservation of local poultry breeds have been implemented, initially at the regional level and 

subsequently extended to national policies, as described by Cendron et al. in 2020. These efforts are 

crucial for preserving the genetic diversity of Italian poultry breeds and ensuring their long-term 

survival. 

Currently in Italy, according to the Food and Agriculture Organization (FAO), 53% of native 

livestock breeds in Europe and the Caucasus are at risk of extinction. Specifically, concerning local 

chicken breeds in Italy, out of 53 recognized breeds, 67% are already extinct, while 21% are at risk 

of extinction. (FAO 2022) In Italy, out of 53 recognized local chicken breeds, 67% are already extinct, 

while 21% are at risk of extinction. (Castillo et al. 2021). 
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The FAO has classified 18 Italian chicken breeds as endangered or critically endangered (FAO 2020). 

In recent years, a National Registry has been established. The Genealogical Book of native poultry 

breeds has been entrusted to ANCI (the Italian National Association of Breeders) by the Ministry of 

Agricultural, Food, and Forestry Policies with Ministerial Decree No. 38992 dated December 5, 2019. 

The Book represents the natural continuation of the Register of native poultry breeds that was 

previously established by the Ministry through Decree No. 19536 dated October 1, 2014, and 

subsequently entrusted to the Italian Breeders Association. The Book has been created with the aim 

of promoting conservation and valorization initiatives for native poultry breeds currently raised in the 

country.  

In total, 52 breeds are currently admitted to it, distributed as follows: 22 belonging to the chicken 

species, 7 to the guinea fowl species, 3 to the Muscovy Duck species, one to the Muscovy Crested 

Duck species, 3 to the goose species, 8 to the turkey species, and 8 to the pigeon species. 

In Table n.6 you can see the list of chicken and turkey breeds currently included in the registry. 
Table 6 - Registry of Italian Chicken and Turkey Breeds 

Chicken (Gallus gallus) Turkey (Meleagris gallopavo): 

1 Ancona 1 Brianzolo 

2 Bianca di Saluzzo 2 Bronzato comune 

3 Bionda piemontese 3 Bronzato dei Colli Euganei 

4 Collo Nudo italiana 4 Castano precoce 

5 Ermellinata di Rovigo 5 Ermellinato di Rovigo 

6 Livorno 6 Romagnolo 

7 Mericanel della Brianza 7 Nero d’Italia 

8 Millefiori Lonigo 8 Tacchino di Parma e Piacenza 

9 Millefiori piemontese  

10 Modenese 

11 Mugellese 

12 Padovana 

13 Pepoi 

14 Pollo trentino 

15 Polverara 

16 Robusta lionata 

17 Robusta maculata 

18 Romagnolo 
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19 Valdarnese bianca 

20 Valdarno 

21 Siciliana 

22 Tirolese o Tirolerhuhn 

 

These breeds represent an important part of the Italian poultry genetic heritage and are crucial for the 

conservation of biodiversity in the country's poultry sector. Scientific studies have been conducted to 

genetically characterise these breeds and gain a better understanding of their genetic diversity. 

Additionally, studies have been carried out on breeding, production performance, product quality, 

animal welfare, and physiological characteristics of many of these breeds. 

The preservation of Italian native poultry breeds represents a crucial priority for agriculture and 

biodiversity conservation in Italy. While significant progress has been made in this field, it is 

imperative to maintain and intensify efforts to ensure the survival and prosperity of these breeds in 

the future. The conservation of native poultry breeds not only contributes to genetic biodiversity but 

also holds profound cultural and socioeconomic value. This is a commitment that involves farmers, 

breeders, institutions, and society, with the goal of ensuring a sustainable future for these unique and 

precious breeds. 
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Part.2 
Overview of animal genetic diversity conservation with a special emphasis on ex 

situ in vitro conservation strategy 
 

 4. Animal biodiversity conservation strategies 
Biodiversity conservation is essential to maintain the stability of ecosystems and includes the 

preservation of ecosystems, habitats, species, and genes. Central to this conservation effort is the 

'chain mechanism', a fundamental concept that emphasises the interconnection between gene 

conservation and the protection of all populations of a species. This approach emphasises the critical 

need to preserve habitats and ecosystems, recognising them as indispensable resources for the 

survival and prosperity of diverse species.  

The commitment to preserve animal biodiversity has garnered substantial support from various 

international organisations (Arlidge et al., 2018). The core of animal conservation lies in maintaining 

genetic diversity within populations sufficiently large to ensure long-term sustainability. 

Unfortunately, due to both human activities and natural factors, many domestic and wild populations 

are small and fragmented, lacking opportunities for genetic exchange. This scenario leads to increased 

homozygosity and inbreeding, diminishing adaptability to environmental changes and causing 

fertility issues (Wildt et al., 2010), thereby elevating the risk of extinction. 

In this context, it is crucial to develop conservation plans to preserve genetic resources globally. In 

addition to habitat protection, two conservation strategies are considered (Bermejo et al., 2019): 

1. In Situ Conservation: This involves maintaining animal populations in their natural 

environment, ensuring enough to preserve biodiversity and ensure survival. 

2. Ex Situ Conservation:  is a biodiversity preservation strategy that entails the management 

and protection of populations of organisms outside their original natural environment. Ex 

situ conservation can take place in vivo or in vitro. 
In situ and ex situ strategies have different methods of biodiversity conservation. In situ conservation 

is favoured as it enables genetic resources to undergo a natural evolutionary path through selection 

processes within their native environment. This approach aligns with the preservation of species 

within their natural habitats. However, it's important to note that not all species can be effectively 

safeguarded in their original environments. When in situ conservation fails to maintain genetic 

diversity or prevent species extinction, it is prudent to consider ex situ conservation. These two 

conservation strategies are complementary and should be used synergistically to create an integrated 

conservation strategy. The primary goal is biodiversity protection through in-situ conservation, and 
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ex situ conservation plays a vital role by providing material that can potentially be reintroduced into 

the natural environment. 

4.1 Ex situ cryopreservation of germplasm  
Ex situ conservation involves the maintenance and reproduction of endangered animals under 

partially or fully controlled conditions in specific areas. Specimens of a species, subspecies, or variety 

are collected and preserved in genetic banks, botanical gardens, zoos, or in the form of seeds, ova, 

tubers, tissue explants, pollen, or DNA preserved under special artificial conditions. Ex situ 

conservation can be carried out both in vivo and in vitro. In in vivo strategies living individuals of the 

population are typically conserved outside their natural distribution areas, such as in parks, zoos, or 

research centers. However, the use of an ex situ-in vivo strategy to preserve genetic diversity can be 

ineffective due to issues such as reproductive failure due to disruption of social dynamics and natural 

mating patterns. This can also increase the risk of inbreeding, resulting in reduced fertility. 

Conservation of live animals entails risks of unexpected diseases and high costs for food and housing. 

Additionally, animal transportation poses challenges related to welfare, costs, and disease 

transmission. Ex situ in vitro conservation involves the preservation of plant tissues, including cells, 

tissues, or parts of plants, within a laboratory environment. Therefore, ex situ cryopreservation of 

germplasm, which is a long-term survival strategy, is considered an efficient approach for genetic 

conservation. This practice is essential for biodiversity conservation, involving the preservation of 

genetic material in various formats such as sperm, ova, embryos, somatic cells, and DNA sequences. 

These valuable materials are stored in specialised facilities such as germplasm banks or cryobanks, 

typically located in research institutes, universities, government agencies, or private companies. The 

ex situ in vitro conservation technique involves the long-term storage of reproductive cells or vital 

tissues in liquid nitrogen at -196°C. These cryopreserved materials can be used to recreate offspring 

through assisted reproductive technology (ART), which includes artificial insemination (AI), in vitro 

fertilization (IVF), intracytoplasmic sperm injection (ICSI), embryo transfer (ET), and primordial 

germ cell transplantation (PGC). Although not applicable to all species, cryopreservation of somatic 

cells and induced pluripotent stem cells (iPSCs) is another approach to achieve the same goal. These 

techniques are widely used in various species. However, optimizing the species-specific protocol is 

necessary to achieve successful results. 

4.1.1 Cryopreservation methods 

In general, two freezing techniques can be distinguished: slow freezing and vitrification. Slow 

freezing, also known as conventional freezing method, involves a controlled and gradual procedure 

of temperature decrease, which is associated with the risk of ice crystallisation that can cause damage 
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to cell membranes. It is achieved by exposing cells to liquid nitrogen (LN2) vapors, at various heights 

above the LN2 surface, or using a programmable freezer for a gradual temperature decrease. Still, 

biological material must be cooled at a series of cooling rates that are fast enough to prevent excessive 

dehydration but slow enough to allow sufficient cell dehydration to prevent intracellular ice 

formation. Additionally, this system uses a relatively low concentration of cryoprotectants (CPA). 

"Vitrification" is an ultra-rapid cooling method, where cells are directly immersed in liquid nitrogen. 

This method commonly requires a high concentration of CPA to be added before the cooling phase 

to reduce water content and avoid the risk of intracellular ice formation; in this case, the entire sample 

will vitrify. Yet, the concentration of CPA in vitrification solutions can be minimized by using very 

high cooling and thawing rates, up to complete absence of CPA in case of extremely high cooling 

rates. Modern genetic diversity conservation technologies offer various options for the 

cryopreservation of germplasm and tissues, including sperm, oocytes, embryos, and somatic cells, 

among others. However, the applicability of these options varies depending on the species, and there 

is limited knowledge available on their germplasm reproduction and cryobiology. 

4.1.2 Advantages and disadvantages of sperm cryopreservation 

Compared to other germ cells, sperm is relatively easier to collect in large quantities (Comizzoli & 

Wildt, 2013; Santiago-Moreno & Blesbois, 2022) since spermatozoa are continuously produced by 

males from sexual maturity until the end of their life, allowing for massive individual collection 

(Bolton et al., 2022). In addition to ejaculates, sperm can also be collected from mature individuals 

within 48 hours of animal death or castration. This technique can be achieved by washing sperm from 

the vas deferens in birds (Villaverde-Morcillo et al., 2016) or from the epididymis in mammals 

(Martínez-Fresneda et al., 2019; Galarza et al., 2021).  Due to the unique characteristics of sperm in 

each species, protocols for sperm cryopreservation should be customized to fit the specific species 

(Leibo & Songsasen, 2002; Comizzoli, 2015). However, the general phases of the method remain the 

same across all species. This process involves several stages: semen collection, addition of 

cryoprotectants (CPA), cellular dehydration, freezing, storage in liquid nitrogen, and thawing before 

use (Ugur et al., 2019). However, the selection of CPAs and their dosage may vary among different 

species, depending on the specific requirements of the sperm and tolerance levels (Schiewe et al., 

1991; Stoops et al., 2007; Zee et al., 2008; Robeck et al., 2011). Furthermore, cooling rate and 

container material are other factors that need to be tested (Comizzoli & Wildt, 2013). In mammals, 

the male is heterogametic, producing sperm carrying both X and Y chromosomes. Cryopreservation 

of mammalian sperm allows for the preservation of the entire nuclear genome and the restoration of 

the same genetic material after thawing. However, the male avian is homogametic (ZZ) and produces 

only Z sperm. Consequently, sperm cryopreservation alone does not allow for the preservation of the 
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entire genome in birds. To achieve this goal, it is necessary to combine sperm cryopreservation with 

other germplasm cryopreservation techniques, such as preservation of PGCs. 

4.1.3 Cryopreservation of oocytes and embryos 

The cryopreservation of oocytes and embryos plays a crucial role in the dissemination and 

conservation of animal genetic resources. However, both oocytes and embryos are complex cellular 

aggregates rich in water and highly sensitive to cooling and cryopreservation. Despite recent 

advancements, the optimal protocol remains to be defined. Additionally, the freezing of oocytes in 

avian and fish species has not yet yielded satisfactory results. This difficulty is primarily attributed to 

their large sizes, high lipid content, and polar structure of the eggs of these species. Moreover, the 

membranes of avian and fish oocytes exhibit variable permeability to cryoprotective agents (CPAs), 

which can lead to increased ice crystal formation during freezing and subsequent cellular structural 

damage. 

Vitrification, involving the use of a high osmolarity solution containing a high concentration of CPAs 

and rapid immersion of samples directly into liquid nitrogen, has been found to be more effective 

than conventional slow freezing methods for oocytes and embryos. Due to the high viscosity of the 

vitrification medium and rapid cooling rate, a glass-like state is quickly achieved, preventing ice 

crystallization and minimizing structural damage. However, during vitrification, intracellular ice can 

still form if the CPA concentration is not sufficiently high. This presents a dilemma, as high CPA 

concentrations can be toxic to cells. Consequently, a more recent strategy called ultra-rapid 

vitrification has been developed, aiming to minimize cryo-injury by increasing cooling and warming 

rates. This approach allows for the use of lower CPA concentrations, thus reducing toxicity to oocytes 

and embryos. Various specific devices, such as the pulled straw, cryoloop, nylon mesh piece, and gel-

loading tip, have been developed to achieve higher cooling and warming rates. 

While embryo production, cryopreservation methods, and transfer are well-established in some 

species such as ruminants and rodents, further improvements are needed in other species due to 

significant differences in embryonic structure and molecular contents. In general, unfertilized oocytes 

are more sensitive to cryo-injury than embryos, and in vitro-produced embryos are more susceptible 

to cryopreservation than those derived in vivo. 

4.14 Cryopreservation of Somatic Cells and Stem cell 

Somatic cells can serve as a prudent backup in circumstances where cryopreservation of gametes and 

embryos is not financially or technically feasible or has very low success rates. In its simplest 

application, somatic cell preservation requires only the collection and direct freezing of a piece of 

tissue. This means that obtaining somatic cell collections is easy and inexpensive, making them a 
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highly attractive option for genetic conservation, especially for countries with many breeds and/or 

limited resources. However, the complexity and costs associated with using somatic cells are much 

greater than those for other types of cryopreserved material. Manipulating somatic cells involves 

cloning and culturing after thawing (or prior to freezing), reprogramming nuclei, and collecting 

oocytes by ovum pick-up or from slaughtered animals, making it an extremely costly technique that 

requires high levels of infrastructure and technical expertise. Donor somatic cells can be 

cryopreserved using cryoprotective agents (CPAs) (Dai et al., 2006), without CPAs (Hoshino & 

Saeki, 2010), or even desiccated (Wakayama et al., 2022) before conducting somatic cell nuclear 

transfer (SCNT) technology. SCNT is an advanced biotechnology used to produce genetic replicas of 

an individual, also known as clones. The first animal obtained through SCNT was the famous sheep 

Dolly (Campbell et al., 1996), produced by transferring the nucleus from a donor somatic cell into 

the cytoplasm of an enucleated oocyte. After being artificially activated, the oocytes reprogram the 

exogenous donor nucleus through dedifferentiation and develop into early embryos in vitro. These 

embryos can then be successfully transferred into the uterus of a suitable recipient and implanted. 

SCNT has potential for various purposes, such as rescuing endangered species, reviving extinct 

species, producing transgenic animals, and cloning farm animals with desirable phenotypes (Oback, 

2008; Iqbal et al., 2021). However, offspring survival rates are generally very low (Chavatte-Palmer 

et al., 2013). Currently, this technology has been used for many domestic species, including cattle, 

goats, pigs, sheep, water buffaloes, horses, mules, camels, deer, and rabbits. In this context, if the 

production of live animals from somatic cells were to develop to a point where it becomes both 

reliable and economical, somatic cell preservation would become an attractive option for 

cryopreservation of genetic resources. 

4.1.5 Other germoplasm 

Recent studies have explored the potential of transplanting spermatogonial stem cells (SSCs) or 

testicular or ovarian tissue after cryopreservation. Spermatogonia reside in the basal layer of the 

seminiferous tubules of the testis and have the ability to generate spermatozoa. Isolated cases of 

successful transplantation of spermatogonial stem cells in mice (Gouk et al., 2011) and fish (Okutsu 

et al., 2006; Morita et al., 2012), and of testicular tissue in bulls (Herrid et al., 2006) and chickens, 

(Song and Silversides, 2007); have been reported, with both techniques producing viable 

spermatozoa. The transfer of spermatogonia could potentially be used to pass genetic material from 

one generation to another, in combination with cryopreservation, providing a way to conserve the 

genes of male animals for future generations. The isolation of spermatogonial stem cells (SSCs) from 

cryopreserved testicular tissues and their transplantation into surrogate males is a potential method 

for generating viable sperm for fertilization. A more recent technique, called induced pluripotent stem 
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cells(iPSCs), involves generating stem cells directly from somatic cells through genetic 

reprogramming and transfection with pluripotency-related genes. These iPSCs can be differentiated 

in vitro into spermatozoa or oocytes for subsequent fertilization. With this approach, it is crucial to 

select vital tissues that can be reprogrammed for iPSC generation after cryopreservation. Fibroblasts 

are widely used for this purpose. 

Among the various techniques used, nuclear DNA storage is useful for research purposes, despite the 

challenges encountered in reproducing some of them. However, it is currently not employed for the 

restoration of live animals. Recently, attention has shifted to alternative forms of germplasm 

conservation, particularly primordial germ cells (PGCs) for these species. PGCs are precursor cells 

for both oocytes and spermatozoa, formed during early embryonic development. In fish and chickens, 

these cells undergo rapid proliferation after migration to the gonadal ridge through the bloodstream. 

Some studies have shown that functional spermatozoa and oocytes can be obtained through the 

transplantation of male or female PGCs in fish (Kobayashi et al., 2007), even in endangered species, 

and in birds, (Ono et al., 1996; Kim et al., 2005; Kang et al., 2008), producing live offspring. These 

results indicate promising potential for future cryopreservation systems, although this technology 

requires further development.  

4.2 Cryobank: Preservation of Animal Species with Ex Situ in Vitro Technology 
In recent years, increased awareness of the importance of genetic resources has generated growing 

interest and actions aimed at their preservation and valorisation. Consultative forums have been 

established at both European and international levels within the European Union, the European 

Association for Animal Production (EAAP), and the Food and Agriculture Organisation (FAO) of 

the United Nations to discuss this crucial issue and initiate actions aimed at preserving global genetic 

resources (Daunchin-Burge et al., 2002). 

Although the practice of cryopreservation of animal germplasm is not new, it has become 

significantly effective since the late 1950s with the cryopreservation of bovine semen. Over time, 

cryopreservation techniques have been refined, expanding the ability to preserve semen from various 

species and a wide range of tissues, including embryos, blood cells, fibroblastic cells, and primordial 

germ cells, for livestock species of interest (Amstislavskii and Trukshin, 2010). 

However, despite progress, cryobanks of germplasm and animal tissue remain underutilised in 

national conservation programmes. Someone feels that the approach is too expensive or requires 

advanced technical skills. One of the main objectives of a germplasm repository is the possibility of 

recreating breeds or reproductive lines in case of disaster losses (Comizzoli et al., 2010). Furthermore, 

cryopreserved material can support in vivo conservation by reducing inbreeding and genetic drift in 
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small managed populations, combining live animals and cryopreserved germplasm as a powerful tool 

for conservation (Meuwissen, 2007). 

The resources of genetic banks can serve as reserves to address potential emerging genetic issues, 

such as the decrease in effective population size (Ne) and the increase in inbreeding, which can 

promote the frequency of deleterious alleles not apparent in larger populations (Sonesson et al., 2002; 

Woelders et al., 2006).  

Another important use of cryopreserved material is the ability to develop new lines or breeds, or to 

rapidly modify the evolution or selection of the population. For instance, the conservation of original 

or extreme genotypes can quickly steer the genetic trend of a selected population (Verrier et al., 2003). 

It should be emphasized that these forms of ex situ conservation should integrate with in situ 

conservation, collaborating with conservation programs and contributing to the safeguarding of 

endangered species. 

Finally, genetic banks can serve as a primary source of material for researchers conducting DNA 

research. Preserving DNA samples alongside germplasm can expedite researchers' access to samples 

and provide access to common groups of animals for genotyping research. Additionally, genetic 

banks can provide multi-generational samples that can be extremely useful in such studies, allowing 

for the study of genetic variation over time and across generations. Currently, there are no 

international or European regulations for the organization of a germplasm bank. However, guidelines 

are available from the FAO titled "Cryopreservation of Animal Genetic Resources" (FAO, 2012).  

Before initiating the collection of material to be preserved in a gene bank, it is essential to assess the 

priority breeds/species for ex situ in vitro conservation. The decision on which breeds to conserve 

should involve the National Advisory Committee on Agricultural and Genetic Resources (AnGR) 

(FAO, 2011) or a similar committee, in consultation with the stakeholder community. Various 

quantitative procedures are used to determine conservation priorities, considering both the risk of 

extinction and conservation value (Ruane, 2000). 

The risk of extinction is assessed based on current and future population sizes and geographic 

distribution. Animal census and breed surveys are crucial for this assessment. Breeds at higher risk 

receive top priority for conservation efforts. 

Conservation value depends on genetic diversity and phenotypic traits, such as environmental 

adaptability and unique characteristics. Breeds that provide important environmental services or have 

cultural value are considered for conservation. According to the FAO classification (2003), breeds 

are divided into 7 risk categories: extinct, critical, critical-maintained, endangered, endangered-

maintained, not at risk, and unknown status. 
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To establish a cryobank, in addition to risk assessment, phenotypic and genotypic characterization is 

essential. This process identifies breeds/species based on their external and genetic characteristics, 

facilitating conservation program planning. In recent years, single nucleotide polymorphism (SNP) 

genetic markers have been replacing microsatellites due to their greater reliability in genetic 

information, making them ideal for long-term conservation efforts (Roques et al., 2019). 

An essential aspect to consider in establishing a cryobank is the required space, which can vary 

significantly and depends on the quantities of germplasm to be preserved. This, in turn, is influenced 

by the goals of the gene bank, the diversity of species and breeds to be conserved, and the financial 

resources available for the conservation program. Regardless of size, certain features are crucial to 

ensure the proper functioning of the cryobank, including physical infrastructure (such as the building 

and other structures), durable equipment, security measures, centralization, accessibility, and the 

presence of specialized personnel. 

A cryostorage facility requires three main areas: (1) an area for germplasm collection, (2) a working 

area to facilitate sample handling and germplasm freezing, and (3) an area to accommodate liquid 

nitrogen storage tanks, where the cryopreserved material is located (Ryan et al., 2016; FAO, 2012). 

Although all these activities can be conducted at the same location, each requires separate facilities. 

During the initial phase, animals are moved to the cryostorage facility using suitable facilities to house 

the animals themselves. This makes the germplasm collection process more practical and 

manageable. In the case of semen donors, animal transfer also allows for their training for collection, 

a crucial aspect to ensure an increase in the yield and quality of collected semen. 
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Part. 3 
Notes on the spermatozoa of fish and poultry 

 

5. Specific feature of teleost fish semen 
Fish sperm often have a very simple structure that is often characterised by a very simple structure. 

It consists of four main portions: the head, which contains the nucleus; the neck, which encloses the 

mitochondria and centrioles; the middle piece, in which numerous mitochondria form a long spiral 

around the flagellar filament; and the tail, which is endowed with motility and ensures the sperm's 

movement (Figure n 6). 

In teleost fish, it is typical for spermatozoa to lack an acrosome (in contrast to chondrostean such as 

sturgeon). Their outer membrane, known as the impenetrable chorion, has a small opening called a 

micropyle that allows access to the oocyte membrane. Fish sperm typically have a spherical nucleus 

with highly condensed and uniform chromatin and a nuclear fossa. They also have an intermediate 

piece of variable size that may or may not have a cytoplasmic channel. Finally, it is common for them 

to have one or two flagella of considerable length (Leung and Jamieson, 1991). 

The paternal genetic material is mostly found in the nucleus of the head. With a diameter of 2-4 m, 

the heads of most fish species are almost spherical or oval in shape. There are some cases where the 

head shape is elongated, reaching lengths of up to 9 m and widths of 2 m, such as in sturgeon, 

paddlefish and eel sperm (Gibbons et al., 1983; Linhartova et al., 2013). Centrioles and mitochondria, 

which typically number between 2 and 9 per sperm and produce ATP to power motility, make up the 

majority of the intermediate component (Cosson, 2012). 

The plasma membrane surrounding the head of the spermatozoa is tightly attached to the nucleus, 

leaving only a thin layer of cytoplasm between them. In the middle, some folds in the plasma 

membrane along the root of the axoneme create overlapping membrane layers. In some species, such 

as Salmonidae and Percidae, the plasma membrane surrounding the axoneme has paired lateral 

extensions resembling a helical fin extending along the tail. These lateral ribbons are not observed in 

other species such as Labridae, while in Sparidae either 2, 1 or no lateral ribbons can be found 

depending on the species (Lahnsteiner and Patzner, 2008). 

The sperm plasma membrane plays a crucial role in activating motility. It is through this membrane 

that the ionic changes responsible for initiating flagellar beating are sensed when the sperm are 

released into the water. Several ion channels are present in the plasma membrane of fish sperm, and 

progestin receptors have been identified in the spotted seatrout (Cynoscion nebulosus) that contribute 

to motility (Tubbs and Thomas, 2008). 
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Since teleost sperm lack an acrosome, the plasma membrane is also essential for gamete fusion. For 

example, in some species, such as rainbow trout, the ganglioside GM3 located in the sperm head is 

involved in sperm-egg binding (Yu et al., 2002). Some uncharacterised proteins in the head region 

have also been implicated in the fertilisation process (Beck et al., 1992). 

From a biophysical standpoint, the lipids in the plasma membrane influence its fluidity, and both 

proteins and lipids contribute to its permeability to water and ions. In rainbow trout sperm, membrane 

lipids have been extensively studied, with a molar ratio of cholesterol to phospholipids ranging 

between 0.4 and 0.6. Phosphatidylcholine makes up 50% of total phospholipids, primarily in the outer 

leaflet, while phosphatidylserine (10%) and phosphatidylethanolamine (30%) are concentrated in the 

inner leaflet. A polyunsaturated fatty acid, 22:6 n-3, is abundant (over 10% of total fatty acids), 

contributing to a high ratio of unsaturated to saturated fatty acids, which reaches 1.30. These lipid 

characteristics influence the plasma membrane's permeability to water, suggesting the absence of 

aquaporins that would facilitate water penetration (Labbé and Maisse, 2001). 

The basal body of the flagellum anchors it to the sperm head and is formed by the centriolar complex 

of the intermediate component. Salmon sperm are flagellated, approximately 32-39 μm in size, with 

a concentration of up to 20 billion sperm per ml of seminal fluid (Iaffaldano et al., 2016b). The length 

of fish sperm flagella varies from 20 to 100 μm, and the axoneme, a cylindrical microtubule network, 

induces flagellar bending (Inaba, 2003). The typical "9 + 2" axoneme has a central pair of single 

microtubules and nine pairs of peripheral doublet microtubules, but some fish families, such as 

Anguilliformes and Elopiformes, exhibit a "9 + 0" pattern without central microtubules (Gibbons et 

al., 1983). Structural connections between the peripheral doublet microtubules and the central pair 

are made by radial spokes. In the cytoskeleton, studies have focused on the flagellar axoneme, which 

in most fish species normally has nine pairs of peripheral microtubules and one central pair. 

However, in species such as eel, central microtubules can be absent (Gibbons et al., 1983). Flagellum 

bending results from sliding microtubule doublets mediated by dynein arms, with actin closely 

associated with the plasma membrane. 

Nuclear organisation in fish sperm varies; for example, rainbow trout have an elongated nucleus with 

an invagination covering about a third of its length, while other species may differ (Billard, 1983; 

Ohta et al., 1993; Lahnsteiner et al., 1998). The protein composition of the nucleus varies, affecting 

chromatin condensation and sperm DNA stability (Munoz-Guerra et al., 1982; Saperas et al., 1993; 

Avramova et al., 1983). Fish sperm can be categorised as aquasperm (adapted to the external aquatic 

environment) or introsperm (adapted to the internal environment) (Leung and Jamieson, 1991). In 

teleosts with external fertilisation, the primary activity of sperm is motility, which is initiated upon 

release into the aquatic environment. Activation signals influenced by the aquatic environment 
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include osmotic pressure, ionic and gaseous components, and egg-derived substances for sperm 

orientation (Cosson et al., 2019). Sperm motility in freshwater species lasts 0.5-2 minutes, and 

cryopreservation diluents preserve vitality for later use (Cosson, 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1 Female Gametes, Ovarian Fluid and Effects of Ovarian Fluid on the Performance of Freshwater 
Fish Sperm 
In teleost fish, oogenesis can be divided into five stages: previtellogenic, lipid yolk, protein yolk, fully 

grown oocyte, and mature oocyte (Berois et al., 2004). The oocyte develops within the ovarian 

follicle, an organized structure comprising the oocyte surrounded by granulosa cells, theca cells, and 

an outer basal lamina (Wallace and Selman, 1981). All vertebrate species have an oocyte covered by 

the vitelline envelope, which is also known as the eggshell, zona pellucida, radiata zona, or chorion. 

However, in teleosts, the interaction with sperm occurs exclusively at the micropyle level. This 

funnel-shaped structure serves as the only entry point for sperm and forms during the deposition of 

the egg envelope (Berois et al. 2011). The vitelline envelope has several functions, including 

protecting the growing oocyte and developing embryo, absorbing nutrients and other molecules, and 

guiding sperm towards the micropyle (Dumont and Brummet, 1980). Following the entry of sperm 

into the micropyle, it fuses with the oocyte's cell membrane and other structures (microvilli), thus 

resulting in fertilisation (Brummett and Dumont, 1979; Dumont and Brummett, 1980; Hart and 

Donovan, 1983). As mentioned earlier, since fertilisation in Mediterranean trout is external, the 

female will simultaneously release eggs and ovarian fluid into the surrounding deposition 

Figure 6. Microscopic view of teleost fish spermatozoa 
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environment, where several males will concurrently release their seminal fluid, allowing sperm to 

come into contact and interact with the eggs for fertilisation.   

The ovarian fluid (OF) is a biological fluid of maternal origin, clear in color (Satia et al., 1974), 

released together with the eggs during deposition. Its exact origin remains largely unknown; however, 

it appears to be produced through the secretion of epithelial cells in the ovarian cavity, related to the 

metabolic activity of follicular cells and filtration from the bloodstream (Yamamoto, 1963; 

Lahnsteiner et al., 1996). During ovulation, the epithelial cells and the tunica albuginea of ovarian 

follicles enlarge and become columnar, leading to the accumulation of ovarian fluid in the ovarian 

lumens (Lahnsteiner et al., 1996).  The composition of OF varies both between species and within the 

same species, and its physical properties (color, volume, viscosity) generally reflect the chemical 

characteristics (pH, osmolarity) and biochemical composition. 

The color is typically clear (Satia et al., 1974), and the volume has not been quantified for many 

species. However, according to some studies conducted on salmonids, it has been shown that ovarian 

fluid can constitute up to 10-30% of the total egg mass (Lahnsteiner et al., 1999; Wojtczak et al., 

2007). The viscosity of ovarian fluid, on the other hand, varies significantly among females depending 

on the maturation stage of the eggs (Lam et al., 1978; Roufidou, 2017) and is typically two to three 

times higher than that of water. 

From a chemical perspective, a common characteristic for most fish is an alkaline pH, which helps 

stabilize the microenvironment around the egg, especially in acidic waters. However, this parameter 

can also vary both interspecifically (pH ranging from 6.2 to 8.8) and intraspecifically, as is the case 

with rainbow trout (pH ranging from 7.3 to 8.5; Lahnsteiner et al., 1996)  

The second chemical parameter that characterizes ovarian fluid is osmolarity, which is lower in 

freshwater fish (190 to 322 mOsmol/kg) compared to marine species (289 to 514), and like pH, it can 

vary among individuals (Zadmajid et al., 2019) and during the breeding season (Rosengrave et al., 

2009a). Low osmolarity values can result from the influx of water into the celomic cavity during 

stripping or from variations in ovarian secretions (Aegerter and Jalabert, 2004). 

Examining the biochemical properties of ovarian fluid, in salmonids, the concentration of electrolytes 

is similar, but not identical, to that of blood plasma, and it also contains various nutrients, metabolites, 

and hormones. The main ions found in ovarian fluid in most fish species are chloride (Cl-, ranging 

from 94.0 to 172.7 mmol/L) and sodium (Na+, ranging from 104.7 to 213.7 mmol/L), in addition to 

calcium (Ca2+) and magnesium (Mg2+), present in quantities less than 3.8 mmol/L, and potassium 

(K+) with values ranging from 1.7 to 19.3 mmol/L depending on the species. 

Protein levels in ovarian fluid have been detected at high concentrations, showing intra-species 

variations (117.3–669.8 mg/100 mL for rainbow trout) and inter-species variations (4.8–1331.1 
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mg/100 mL; Zadmajid et al., 2019). Currently, in salmonids, up to 174 proteins have been identified 

(Johnson et al., 2014; Nynca et al., 2015), involved in lipid binding and metabolism, carbohydrate 

and ion transport, innate immunity, maturation and ovulation processes, and the ability of male 

gametes to fertilize eggs (Nynca et al., 2015; Lahnsteiner, 2002). 

It has been demonstrated that ovarian fluid influences various aspects of sperm, including activation, 

chemotaxis, longevity, swimming performance, and swim trajectory (Rosengrave et al., 2009a; 

Rosengrave et al., 2009b; Gasparini et al., 2012; Gasparini and Evans 2013; Liberti et al., 2016; 

Zadmajid et al., 2019). 

Sperm motility and velocity are fundamental factors for reproductive success, as they enable sperm 

to reach the micropyle more quickly (Alavi et al., 2019). In some salmonid species, it has been 

observed that ovarian fluid has a positive effect on the percentage, speed, and duration of sperm 

motility. For example, a study on Oncorhynchus mykiss demonstrated that increasing concentrations 

of ovarian fluid increased the number of high-velocity sperm and improved their straight-line 

swimming and oscillation (Kanuga et al., 2012). Additionally, in Syngnathus abaster, ovarian fluid 

extended the longevity of sperm (Dzyuba et al., 2008). In the species Oncorhynchus tshawytscha, 

reducing the viscosity of ovarian fluid compensated for the inhibitory effects of a more viscous 

swimming medium for sperm (Rosengrave et al., 2009a). 

Figure 7 - Schematic illustrating gamete development and fertility in externally fertilizing fish. Maternal 
development is in the upper section, while paternal development is in the lower section, each depicted with a 
histological image and cross-section of the mature gonad. each female creates a unique fertilization micro-
environment by expelling distinct ovarian fluid with an egg batch (top right). ovarian fluid can directly impact 
fertilization outcomes by modifying sperm trajectories (bottom right). abbreviations: gv: germinal vesicle; mo: 
mature oocyte. (Zadmajid V. etl., 2019) 
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While not yet fully understood, it is hypothesised that the biochemical components of ovarian fluid 

improve the efficiency of sperm movement. However, the exact mechanism remains largely 

unknown. Additionally, it appears that the interactions between ovarian fluid and sperm are more 

pronounced at higher concentrations of ovarian fluid (Butts et al., 2017).  

Fish ovarian fluid contains a range of organic and inorganic compounds that can affect the 

reproductive microenvironment and, thus, the swimming characteristics of sperm and their ability to 

fertilise. Among the inorganic compounds, it has been observed that different concentrations of ions 

present in ovarian fluid have a significant impact on sperm performance. For example, in the case of 

the fish Gadus morhua, it has been found that calcium (Ca2+) has a negative correlation with sperm 

motility, speed, and oscillation index. In other words, higher concentrations of calcium ions in ovarian 

fluid seem to have an unfavourable effect on the sperm's ability to move efficiently and exhibit 

oscillatory motion, which are important for successfully reaching and fertilising the egg (Beirão et 

al., 2015) These results suggest that the chemical composition of ovarian fluid, particularly the 

presence of specific ions like calcium, can significantly influence sperm performance and, 

consequently, the effectiveness of the reproductive process in fish. 

In the OF fish, inorganic ions can influence sperm performance in various ways. For example, in 

Oncorhynchus tshawytscha, sperm longevity was found to be negatively correlated with calcium 

(Ca2+) and magnesium (Mg2+) concentrations, while the percentage of motile sperm appeared to be 

positively correlated with magnesium (Mg2+) concentration (Rosengrave et al., 2009a). These 

findings highlight the complex and species-specific interactions between the chemical composition 

of ovarian fluid and sperm behavior in different fish species. 

In Oncorhynchus mykiss, potassium ions (K+), calcium ions (Ca2+), and magnesium ions (Mg2+), 

which are present in high concentrations in ovarian fluid, did not activate the sperm, while sodium 

ions (Na+), present in lower quantities, were positively correlated with sperm motility activation. 

Specifically, high levels of potassium ions (K+) in ovarian fluid were found to inhibit sperm motility 

in salmonids (Inanan and Öğrement, 2015). 

Among the biochemical factors, proteins in ovarian fluid also appear to influence sperm performance. 

For example, in the fish Gadus morhua, elevated protein levels were negatively correlated with sperm 

velocity. Some specific proteins in ovarian fluid, although not fully identified, may influence sperm 

velocity in relation to mate choice (Beirão et al., 2015). These findings illustrate the intricate interplay 

between the chemical and biochemical components of ovarian fluid and their effects on sperm 

behavior in different fish species. 

Indeed, among the "non-chemical" factors, both the pH and osmolarity of ovarian fluid appear to play 

a crucial role in influencing sperm performance in fish. These factors can have a significant impact 
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on sperm motility and function during the reproductive process (Wojtczak et al., 2007; Dietrich et al., 

2007; Diogo et al., 2010; Inanan and Öğrement, 2015). These non-chemical factors, in conjunction 

with the chemical and biochemical components of ovarian fluid, contribute to the complex and 

species-specific interactions that influence the reproductive success of fish. 

In addition, it has been observed that ovarian fluids from different females can have varying effects 

on the sperm performance of different males, particularly in Oncorhynchus mykiss (Inanan and 

Öğrement, 2015). This further highlights the complexity of the interactions between ovarian fluid and 

sperm, as well as the potential for individual variation in how these interactions affect reproductive 

success in fish. Some samples of ovarian fluid inhibited sperm motility, while others activated and 

influenced it differently. These results indicate that the composition of ovarian fluid can influence 

females' cryptic choice, directing sperm competition towards specific male phenotypes that will offer 

benefits to the offspring. 

Furthermore, studies have been conducted to assess how ovarian fluid may have different effects on 

sperm performance based on genetic relatedness, phenotypic relatedness, and the geographic origin 

of individuals involved in reproduction. These studies contribute to a better understanding of how 

variability in ovarian fluid can influence reproductive success and the adaptation of fish species 

(Urbach et al., 2005; Neff et al., 2005; Rosengrave et al., 2016a; Alonzo et al., 2016; Lehnert et al., 

2017). In some fish species, sperm activity can be enhanced when activated in the ovarian fluid of 

either related or unrelated females (Gasparini and Pilastro 2011; Butts et al., 2012; Lehnert et al., 

2017). For example, in the case of Salvelinus namaycush, the velocity of sperm activated in the 

ovarian fluid of related females was significantly higher than that of unrelated males. This 

phenomenon could represent part of a female-triggered recognition system to select sperm from a 

specific genotype (Butts et al., 2012). In the species Oncorhynchus tshawytscha, males less related to 

females had higher sperm velocity in ovarian fluid compared to related males, suggesting that certain 

genes in the female genome may influence sperm competition by favoring certain individuals (Geßner 

et al., 2017). 

The ovarian fluid has increased both the number of spermatozoa towards the micropyle and their 

longevity in the species Salmo salar and Salmo trutta. These results indicate how cryptic choice can 

promote reproductive isolation through a specific chemotactic influence of ovarian fluid on 

spermatozoa swimming behavior (Yeates et al., 2013). 

In the species Symphodus ocellatus and Oncorhynchus tshawytscha, ovarian fluid has positively 

influenced sperm competition towards males with specific parental phenotype, improving sperm 

speed and motility (Alonzo et al., 2016; Lehnert et al., 2017). Furthermore, it has been observed that 

ovarian fluid from females of Gadus morhua from a southern population had a greater inhibitory 
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effect on the sperm of males of northern origin compared to those activated in ovarian fluids from 

females of the same population. Analysis suggested that the difference could be due to the 

concentration of Ca2 + in the ovarian fluids (Beirão et al., 2015). Despite numerous studies conducted 

to understand this phenomenon in species with external fertilization, the underlying mechanism 

remains unknown, and interactions between ovarian fluid and sperm influenced by parental genotypes 

are still the subject of ongoing research. However, some authors have suggested that ovarian fluid 

and gamete recognition proteins, such as bindin-EBR1 and lysin-VERL, may influence fertilization 

by favoring genetically compatible males (Evans et al., 2013). Other authors have reported that 

signaling peptides in ovarian fluids and the sperm membrane can influence sperm competition and 

sperm behavior (Skarstein et al., 2005; Wood et al., 2007; Johnson et al., 2014). 

In summary, from the results reported in the literature, it emerges that ovarian fluid plays a crucial 

role in influencing sperm performance, thereby contributing to female cryptic choice and sperm 

competition. These selective mechanisms appear to have evolved over time as a form of "reproductive 

isolation" to reduce hybridization between divergent populations and promote specific male 

genotypes or phenotypes that benefit offspring (Neff and Pitcher, 2005; Rosengrave et al., 2016a; 

Lehnert et al., 2017).   
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6. Specific characteristics of poultry semen 
The male reproductive system in birds consists of a pair of testes, epididymis, deferent ducts (Figure 

8 A and B), and accessory reproductive organs (Vizcarra et al., 2022; Valerie, 2023). Among these 

are the paracloacal vascular bodies, the dorsal proctodeal gland, and lymphatic folds (Fujihara, 1992). 

Unlike mammalian testes, which require a temperature around 2-8°C below core body temperature 

to support normal spermatogenesis and testicular functions (Abd El-Emam et al., 2023), avian testes 

are located within the abdominal cavity (Deviche et al., 2011), at an internal body temperature of 40-

41°C (Padhi et al., 2016). Under these heat conditions, their functions are not suppressed, and they 

efficiently produce spermatozoa (Słowińska et al., 2020).  

The testes are composed of interstitial tissue and seminiferous tubules, which are respectively the 

sites of androgen production and spermatogenesis (Estermann et al., 2021). The epididymis is made 

up of a series of ducts that eventually empty into the vas deferens. The ducts within the epididymis 

include the rete testis, efferent ducts, connecting ducts, and the epididymal duct. The epididymal ducts 

and the deferent duct are collectively known as the ducts conveying sperm from the tesis (Figure 8 

C). The seminiferous tubules connect with the rete testis at specific points along the interface between 

the testis and the epididymis (Vizcarra et al., 2022). 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 8 (A) A simple illustration of the reproductive anatomy in male and female chickens, as well as their 
mating behavior, known as the "cloacal kiss", (B) topography of the dorsal body wall of the rooster and (C) 
schematic of the excurrent ducts of the testis (Vizcarra et al., 2022 and Valerie 2023). abbreviations of (A): e-testis, 
f- deferent duct, h-ureter, i-opening of left deferent duct, m-opening of left ureter, (n) anus. abbreviations of (C): ST-
seminiferous tubules, RT-rete testis, ED-efferent duct, CD-connecting duct, ER-epididymal region, ED-epididymal 
duct, DD-deferent duct. 
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Spermatogonia reside in the seminiferous tubules and undergo several distinct stages, known as 

spermatogenesis, to transform into active sperm. In the initial phase, spermatogonia cells proliferate 

and differentiate into primary spermatocytes through mitosis. This is followed by two consecutive 

divisions via meiosis, resulting in the formation of secondary spermatocytes and then haploid 

spermatids. The final stage is spermiogenesis, which primarily focuses on the morphological 

maturation of spherical spermatids into elongated ones. This process includes the condensation and 

elongation of the acrosome and nucleus, as well as flagellum development (Deviche et al., 2011; 

Haseeb et al., 2019). Apoptosis (Zakariah et al., 2022) and autophagy (Haseeb et al., 2019) are crucial 

processes for normal spermiogenesis, involving a dramatic loss of 97% of cytoplasm, with nuclear 

volume variations accounting for 96% of this reduction (Sprando and Russell, 1988). Mature 

spermatids are equipped with a head that contains an acrosome, a cylindrical nucleus, mitochondria, 

and a tail (flagellum). They are subsequently released by Sertoli cells into the seminiferous tubule 

lumen, a process known as spermiation, and subsequently transit into the epididymis (Vizcarra et al., 

2022). The seminal plasma of chickens is derived from the proximal efferent ducts, epididymis, and 

deferent ducts (Santiago-Moreno et al., 2019) and is known to enhance sperm fertilization capacity. 

However, the precise molecular mechanisms behind this regulation have yet been fully elucidated 

(Santiago-Moreno and Blesbois, 2020). Furthermore, since avian sperm are capable of fertilizing the 

oocyte, unlike what is observed in mammals, the role of post-testicular maturation in avian sperm is 

still controversial (Nixon et al., 2014; Asano and Priyadarshana, 2022). Despite the fact that testicular 

spermatozoa are capable of binding to the perivitelline membrane and undergoing the acrosomal 

reaction, they do not exhibit normal motility (Ashizawa and Wishart, 1978; Nixon et al., 2014). This 

suggests that avian sperm fully acquire their motility capacities in the epididymis. This maturation 

process includes acrosin activation, acrosomal proteolytic activity (Thélie et al., 2019), chromatin 

compaction (Bernal et al., 2022), DNA protection (Santiago-Moreno et al., 2019), antioxidant 

capacity (Li et al., 2020), survival capacity during in vitro storage (Ahammad et al., 2011), and 

extension of sperm lifespan in the hen oviducts (Borziak et al., 2016). These results demonstrate the 

importance of post-testicular maturation for avian sperm, like mammals. However, the capacitation 

process, which occurs in mammals, has never been observed in avian sperm (Howarth, 1971). 

Additionally, avian sperm undergo an acrosomal reaction immediately after contact with the 

perivitelline membrane in vitro (Lemoine et al., 2008). This indicates that capacitation in the female 

genital tract is not essential for fertilization in birds.  

At the time of ejaculation, avian spermatozoa exhibit characteristics common to all amniote species 

and specific adaptations to their complex internal fertilization system. They consist of slender, 

elongated gametes with a head, an intermediate portion, and a long flagellum (Figure 8), accompanied 
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by seminal plasma produced by the male reproductive system (Aire, 2014). The head contains a small 

acrosome (approximately 2.5 μm long and 0.5 μm wide in chickens) and the nucleus (6x0.5 μm in 

chickens). The number of chromosomes varies among species; for example, chicken spermatozoa 

have 41 chromosomes, while turkey spermatozoa have 39. Unlike mammals, where the heterogametic 

sex is male (XY), in birds it is female (ZW). Consequently, avian spermatozoa carry two Z 

chromosomes (McQueen and Clinton, 2009). The acrosome contains the acrosomal vesicle, which 

contains various hydrolytic enzymes such as acrosin, involved in digesting the inner perivitelline 

layer (IPVL) surrounding the oocyte, and the perforator, a rigid actin-based structure of unknown 

function in birds. The nucleus, surrounded by its double nuclear membrane, is highly condensed and 

serves to protect the genome during its long journey through the oviduct before fusing with the oocyte. 

In Passeriformes, spermatozoa have a helical coating surrounding the head and an intermediate 

portion containing proximal and distal centrioles, along with a highly variable number of 

mitochondria (approximately 30 in chickens and 150 in Japanese quails) that may extend along the 

flagellum depending on the species. This intermediate region acts as a "engine" for the energy 

metabolism of these gametes, which lack significant intracellular reserves but must be highly mobile 

to reach the sperm storage tubule (SST) and subsequently the oocyte. 

The flagellum is the longest part of the cell, with an average length of 70-90 μm in chickens. It arises 

from the distal centriole and contains an axoneme with a central doublet and nine peripheral doublet 

microtubules, primarily composed of tubulin. In most birds (except Passeriformes), the axoneme is 

surrounded by a fibrous sheath for much of its length. During ejaculation, spermatozoa are diluted in 

seminal plasma, which is produced by various secretions and excretions from the male reproductive 

tract. This biological fluid has a neutral or slightly basic pH and is osmotically balanced due to its 

high content of amino acids such as glutamate and various proteins, the most abundant of which is 

serum albumin-like protein (Blesbois and Caffin, 1992). It also contains high amounts of cholesterol 

and phospholipids derived from numerous lipid and lipoprotein vesicles, including high-density 

lipoproteins and very high-density lipoproteins (Blesbois and Hermier, 1990; Douard et al., 2000). It 

also contains major inorganic ions (Na+, K+, Cl-, Ca2+, and Mg2+), carbohydrates like inositol and 

small amounts of glucose and glycerol, and hormones such as testosterone. Although seminal plasma 

stimulates sperm motility and is useful during ejaculation, it is not an ideal medium for long-term 

sperm preservation, despite the presence of high molecular weight fractions that support fertility. 

Consequently, it is eliminated before spermatozoa reach the female oviduct (Blesbois and De Reviers, 

1992). Sperm concentration is generally quite high, ranging from about 30 million/mL to over 10 

billion/mL in turkeys. This concentration can vary significantly depending on the species and breed. 
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Figure 9 -The structure of Chicken sperm (scanning electron microscope, Hitachi su8010, Japan. scale 
bar = 20 um at 10,000× magnification). Zong, Y. et al., 2023 
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Part. 4 
Safeguarding the animal biodiversity: LIFE Nat.Sal.Mo project and TuBAvI-2 

 

My PhD activities are encompassed by two funded projects: the European Nat.Sal.Mo project and the 

national TuBAvI PSRN project. Hence, in this section it is imperative to delineate the objectives and 

outcomes of both project aiming at safeguard the animal biodiversity. These projects have a common 

aim, which is to preserve and valorize the local poultry breeds (TuBAvI projects), and native 

Mediterranean trout populations (Nat.Sal.Mo project), through the combined use of in situ and ex situ 

conservation strategies. 

7. Recovery of S. Macrostigma: Application of Innovative Techniques and 
Participatory Governance Tools in rivers of Molise - LIFE Nat.Sal.Mo 
In particular, in Italy, native populations of Mediterranean trout are rapidly declining, putting 

biodiversity at risk if appropriate conservation and protection measures are not taken. This decline is 

primarily caused by a series of anthropogenic activities. Numerous conservation initiatives have been 

implemented to tackle the urgent need for restoring genetic diversity within Mediterranean trout 

populations in Italy, as highlighted by studies (Sabatini et al., 2018; Lorenzoni et al., 2019; Splendiani 

et al., 2019; Rossi et al., 2022). These efforts were extended to the Molise region (Rusco et al., 2019; 

Rusco et al., 2020; Di Iorio et al., 2023), propelled notably by the European project LIFE Nat.Sal.Mo., 

which commenced in 2018 and concluded in 2023. The main aim of the LIFE Nat.Sal.Mo project was 

to ensure the recovery and conservation of the native Mediterranean trout in the river basins of Biferno 

and Volturno in the Molise region. This species, endemic to the Mediterranean area, is classified in 

Annex II of the Habitat Directive under the scientific name Salmo macrostigma and is currently 

reported as Salmo cettii in the Italian and European Red Lists and in the Member States conservation 

status assessments of the “habitat types and species of Community interest” (Art. 17). Recent studies 

indicate that Italian Mediterranean trout belong to a separate taxon called S. ghigii, limiting the name 

S. cettii to Sicilian trout (Lorenzoni et al., 2019; D'Agaro et al., 2022; Polgar et al., 2022). Although 

we agree with the recent observations, we still use the name S. cettii in the present doctoral thesis 

because Mediterranean brown trout populations are still protected by the Habitat Directive and 

subsequent updates on their conservation status. The Mediterranean trout is a freshwater fish of 

significant economic importance in terms of fisheries management and conservation biology. It has 

a wide distribution across Eurasia and North Africa, exhibiting substantial morphological, ecological, 

and genetic diversity among diverse populations (Larios-López et al., 2015). 
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The Mediterranean trout is a species that prefers clear waters and moderate currents with rocky and 

gravelly bottoms, but it can adapt to various environmental conditions. The reproductive season of 

the Mediterranean trout typically extends from late autumn to early spring, although this can vary 

depending on the population and environmental context. The intraspecific biological diversity of the 

Mediterranean trout is remarkable, primarily due to genetic differences among different populations. 

This genetic diversity is often accompanied by marked phenotypic variations. Furthermore, the 

significant variability in morphology and behavior among Mediterranean trout populations results 

from specific adaptations and plasticity influenced by local environmental conditions (Esposito et al., 

2022). The native trout population in the project area exhibits a significant tendency for trophic and 

reproductive migrations, as confirmed by the results of Nat.Sal.Mo. The project area included the 

Volturno and Biferno rivers and their tributaries in the Molise region. The genetic analysis showed a 

different genetic introgression among sampling stations and between the two basins. In addition, by 

crossing the genetic analyses with the phenotypic characteristics, a reference phenotype of Molise 

native trout popolation (Figure 10) was identified that is characterised by  1) a blue-black preopercular 

mark (or halo); 2) frequent presence of 4 darker bands along the side that create a zebra-like pattern; 

3) anterior margin of the anal and dorsal fin without a marked black and white band; 4) black or red 

spotting (frequently mixed) depending on environmental factors and not influenced by the 

introgression degree; 5) parr marks (when present, i.e. in the absence of vertical dark bands) always 

on more than one row and in a number greater than 9; 6) main livery pattern characterized by 

irregularly shaped spots and absence of oval spots surrounded by a rounded halo; 7) adipose fin 

without spots. 

Figure 10 - Color patterns typically found in the main course of the Biferno (a) and Volturrno (b) rivers 
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The specific goals of the project were: 

1) to recover the genetic integrity of the native populations of S.macrostigma threatened by 

introgressive hybridization. The reduction of the genetic introgression of the native trout populations 

in the project area occurred by:a) the selective access of native trout to spawning grounds by 

intercepting upstream migration with fixed traps and selecting wild breeders through genetic and 

morphological analysis; b) using semen from pure wild breeders for cryopreservation to use for 

artificial reproduction in combination with fertilization schemes to increase the genetic variability of 

offspring;  

2) to protect and restore habitat functionalities, such as fluvial connectivity and quality of spawning 

grounds. The fluvial connectivity was implemented by construction of fish passes and the 

improvement of quality of spawning grawns occurred by removing waste from them; 

3) to promote dispersion of native trout inside the project area with artificial reproduction and 

restocking of suitable areas using eyed eggs restocked by “artificial nesting”. Two facilities for 

incubation were installed at Volturno basin and Biferno basin.  

4) to update fishing regulations to support wild native trout populations;  

5) to generate a positive social and economic impact;  

6) to adopt participatory governance tools (i.e. River Contracts) to ensure future sustainability;  

7) to assess replicability of methods developed in LIFE Nat.Sal.Mo. inside the Romanian territory 

and generate at least two replicability assessments in two Member States targeting at least one species 

other than the S. macrostigma.  

The main threats to the Mediterranean trout in the project area are: 

1. Genetic Introgression: The introduction of zootechnical strains into the Biferno and Volturno river 

basins, either for recreational purposes or due to escapes from zootechnical breeding, has caused 

genetic introgression. This has led to a decrease in the initial genetic diversity and ecological 

specializations that differentiate salmonid species. Introgressive hybridisation with non-native trout 

species poses a considerable risk to the survival of native Mediterranean trout population. 

2. Loss of Reproductive Habitat: The loss of reproductive habitats is due to the presence of barriers 

in the tributary rivers of the main watercourses, preventing native trout from migrating to potential 

spawning sites. It is also due to the presence of pollution and waste that has altered some of the 

breeding areas. For example, the springs of the Biferno River (Bojano area) are frequented by many 

wild spawners during the egg-laying period but are heavily compromised by the presence of waste, 

including tires and appliances. 

3. Poorly Regulated Fishing: Poorly regulated fishing represents another threat as it fails to 

effectively protect the species during the reproductive period through adequate fishing regulations. 
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In response to studies on biological characteristics, demographic parameters, and migratory patterns, 

fishing regulations have been developed in collaboration with local communities. These regulations 

include a ban on the introduction of non-native trout to preserve native populations. These threats 

pose significant challenges to the conservation of native Mediterranean trout in the Biferno and 

Volturno river basins. The innovative techniques employed in the NatSal.Mo project have proven 

instrumental in overcoming these challenges, resulting in better-than-expected outcomes. A 

significant reduction of genetic introgression in native trout populations in the project area was 

achieved through two innovative methodologies.  

7.1 Selective access to spawning ground by fixed traps 
This methodology consisted in an unusual system for the restoration of genetic integrity of native 

population inhabiting the Mediterranean rivers by installation of fixed traps.  Selective access to 

spawning grounds for native trout was achieved by intercepting their upstream migration with fixed 

traps. Wild breeders were selected based on genetic and morphological analyses. This technique is 

widely used and tested in the exploitation and the management of other salmonid species 

characterized by spawning migration (eg. the north-America salmon hatcheries), to select wild and 

hatcheries-derived spawners. In the case of the Nat.Sal.Mo. project, the upstream traps were 

employed to compensate for the impossibility of carrying out traditional eradication techniques in 

watercourses with high flow rates, such as the main sections of the Volturno and Biferno rivers. 

The action allowed us to: i) select the breeders with free access to the main natural spawning beds; 

ii) select the native females used for artificial reproduction; select the males for the starting process 

of the semen collection and its freezing; remove non-native individuals from the main spawning sites. 

In this regard, in total, 446 individuals were captured with traps, 246 native trout reached the 

spawning grounds, and 189 non-native trout were eliminated.  

7.2 Semen cryobank 
The establishment of the first sperm cryobank for populations of native Mediterranean trout is a 

priceless tool for the protection and conservation of this species’ biodiversity. One of the main 

objectives of the LIFE Nat.Sal.Mo. project was to ensure the genetic integrity and biodiversity of the 

native Mediterranean brown trout population inhabiting the rivers of Molise. This was achieved by 

using frozen wild breeder semen associated with appropriate fertilization schemes to maximize 

genetic diversity in the progeny and maintain high fitness within self-sustaining populations. It is 

important to note that the level of introgression and inbreeding should be kept as low as possible to 

prevent detrimental effects on fitness-related traits, which could jeopardize the survival of the 

populations (Fernández et al., 2005). The frozen semen allowed us to avoid transferring wild fish into 

an artificial environment, that frequently causes significant loss by stress or domestication. In 
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Nat.Sal.Mo the semen stripping from native male to be frozen as well as the fertilization with 

cryopreserved semen was performed on the riverbed. During the project timeframe approximately 

2,090 semen doses, from161 native breeders were stored inside the cryobank representing a very 

important “tank” of genetic variability, as it includes a large number of native donors captured in the 

Molise rivers during the spawning seasons. In this regard, 305,000 eggs from 88 native females were 

fertilized with 346 semen doses (from 161 donors) for a total of 346 unique male × female crosses to 

increase the genetical variability (fertilization schemes) (Table 7). Thus, the establishment of the first 

European cryobank for Mediterranean brown trout semen played a strategic role in conserving the 

existing genomic diversity of the native population, opening new opportunities to support hatchery 

management practices. The implementation of a native bloodstock park (live gene bank) is expected 

shortly in order to restock the waterways of our Molise region (south of Italy) with only 

autochthonous materials. However, the impoverishment of genetic variability and the loss of 

“rusticity” are among the main negative effects caused by the broodstock breeding in captivity that 

are transmitted and amplified to future generations. Breeding in captivity could lead to a dilution of 

“wild” genetic characters, in the course of generations dangerously exposing the populations at risk 

of extinction. Cryopreservation methodologies have the potential to minimize the losses of fitness 

and genetic diversity in long-term live-gene banking applications. Sperm cryobanking has significant 

advantages compared to breeding in captivity including labour, costs, and security; as a large number 

(hundreds/thousands) of samples from different generations can be preserved in relatively small 

spaces, avoiding the threat of damage from disease or genetic drift over time. Since, the genes within 

individual frozen spermatozoa remain mostly unchanged, genetic variation is not lost from the sample 

and no directional changes in allele frequencies can occur.  

This technique maintains the genetic variability in individual frozen sperm and prevents directional 

changes in allele frequencies (O'Reilly and Doyle, 2007). 

 
Table 7- Results obtained during three spawning seasons (2019-20; 2020-21; 2021-22) 

Semen doses Native breeders Fertilized eggs Fertility rates Eyed eggs 

2,091 161 305,000 > 75% 230,000 
 

In the context of the LIFE Nat.Sal.Mo. project, the collection of semen from native males and the 

subsequent cryopreservation and artificial reproduction procedures were conducted directly on the 

riverbanks. This approach avoided the need to keep wild fish in artificial environments, a practice 

often associated with high mortality. A significant advantage of using cryopreserved semen is its ease 

of transport over time and space (Bøe et al., 2021). Cryopreserved semen can be stored almost 

indefinitely without undergoing substantial changes in motility and cellular vitality, which means it 
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can be used for multiple generations. (Bøe et al., 2021). To ensure the success of cryobanks, it was 

essential to develop an effective semen cryopreservation protocol. This procedure is notoriously 

stressful for sperm, which can be damaged during the process, compromising their function and 

structure. Fish sperm has various subcellular components, including the head, cytosol, plasma 

membrane, midpiece, and flagellum, all susceptible to freezing-induced damage, leading to DNA 

alteration, motility loss, plasma membrane rupture, and reduced fertilization capacity (Bozkurt and 

Yavas, 2021). During the project period, several experiments were conducted to develop the ideal 

cryopreservation protocol for Mediterranean trout. These studies involved the selection of suitable 

basic extenders, dilution rates, cryoprotectants (CPAs) and their concentrations, as well as freezing 

and thawing rates (Iaffaldano et al., 2016a; Di Iorio et al., 2019; Rusco et al., 2019; Rusco et al., 2020; 

Giametta et al., 2021). These efforts led to the identification of an effective protocol for semen 

cryopreservation, with specific details described in Rusco et al., 2020. It was also demonstrated that 

the protocol successfully works for semen samples collected up to 6 hours before and transported on 

ice. 

 

To ensure proper management of the cryobanks and traceability of semen doses, all information about 

the doses was collected and continuously updated in a database. Each dose was identified by a serial 

number code that contains information about the donor. Liquid nitrogen containers are stored in a 

Figure 11 -  A) Dilution of semen with an activation solution (1:300) for the evaluation of sperm quality using CASA 

system, to select samples with total motility > 70% B) Dilution of semen with a freezing extender (0.15 M glucose - 7.5% 

methanol) to achieve a final concentration of 3.0 x 109 spermatozoa/ml C) Loading of semen into 0.25 ml plastic straws D) 

Equilibration of the straws on a grid positioned 3 cm above ice for 15 minutes E) Freezing on nitrogen vapor by exposing 

the straws on a grid 3 cm above the liquid nitrogen surface for 5 minutes F) Storage of semen doses in liquid nitrogen (-

196 °C) G) Prior to fertilization, the doses are thawed by immersing them in water at a temperature of 40 °C for 5 seconds 

using a portable thawing device. 
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climate-controlled environment at a controlled temperature of 5°C. Periodically, the storage 

containers are topped up with liquid nitrogen to ensure an adequate level.  

Regarding the fertilization phase of the eggs with cryopreserved semen in the LIFE Nat.Sal.Mo. 

project, the eggs from each native female were divided into equal aliquots, each containing a 

maximum of about 1,000 eggs. These aliquots were fertilized with cryopreserved semen from 

different males according to a cross-fertilization scheme (Figure 12). 

 
 

 

 

 

 

 

 

 

 

 

Figure 12 - The diagram shows the process of cross-fertilization using frozen semen. In the illustrated example, 
two females and four males are employed to generate eggs from eight distinct mating pairs (N males = 4; N females 
= 2; N pairs = 4 x 2 = 8).  

The procedure involved thawing the cryopreserved semen, adding it to the eggs, and gentle mixing 

for 10 seconds. After 2 minutes, the eggs are rinsed with river water and transported to the incubators. 

The eggs are placed on a rack in flowing water with a temperature below 12°C and monitored until 

the embryonation stage. Dead and unfertilized eggs are removed twice a week, and the fertilization 

rate is calculated using the formula: 

	

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛	𝑟𝑎𝑡𝑒	(%) =
Embryonated	eggs
Fertilized	eggs 	´	100 

 

The cryopreservation technique of semen can result as useful in various situations: 

- Artificial reproduction of wild breeders. 

- Maintaining natural diversity levels in breeders. 

- Overcoming asynchrony between males and females. 
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7.3 Artificial nesting 
Another innovative technique used in Nat.Sal.Mo  is the “artificial nesting” that assure a more 

successful approach because decreasing the non-adaptive selective pressure as much as possible by 

planting eyed eggs avoids the exposure of larvae and early life stages to an artificial environment. 

During the project 305,000 fertilized eggs were incubated at two hatcheries (one for each basin) and 

produced 230,000 eyed eggs (fertility rates averaging at 75%). The eyed eggs were planted using 

nesting techniques in suitable sites for the restocking program of native trout. The offspring are 

characterized by high genetic variability and consequently by a greater stability during seasons, 

protecting the natural reproductive ethology and the evolutionary potential, this gives a greater 

capacity of resilience to the native Mediterranean trout population. Briefly, this technique involves 

creating an artificial nest in the river gravel using a pipe, reaching a depth of approximately 20-30 

cm. Subsequently, the eyed eggs are carefully placed inside the nest and covered with gravel and 

other natural materials. The nesting techniques emulates a natural redd.  
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8. Biodiversity conservation in Italian poultry breeds: TuBAvI-2 project  
In recent decades, both in Italy and in the rest of the world, the poultry sector has suffered a significant 

loss of animal genetic resources and a progressive deterioration of many native genotypes due to the 

widespread use of high-performance commercial hybrids (Delany et al., 2004; Fulton et al., 2006). 

The advancement of intensive farming has put the survival of native chicken and turkey breeds at 

risk; the populations of these breeds are in fact maintained in extremely limited numbers and may be 

subject to inbreeding and loss of genetic diversity (Zanon and Sabbioni, 2001; Castillo et al., 2021). 

This has resulted in a loss of genetic diversity, making animals less adaptable to sudden environmental 

changes and more vulnerable to disease. 

Safeguarding poultry biodiversity is a key objective in every developed country; however, little data 

is available on the extensive poultry genetic resources raised in Italy, and the urgent need for specific 

conservation programs for Italian poultry breeds is well recognized. In this context, the project 

"Conservation of biodiversity in Italian poultry breeds-TuBAvI" (www.pollitaliani.it) was developed 

from 2017 to 2020 with the financial support of the Ministry of Agricultural, Food and Forestry 

Policies (MIPAAF) and the European Fund Agriculture for Rural Development (EAFRD). The 

TuBAvI project aimed to promote and support the conservation of Italian poultry genetic resources 

by providing new data and tools for the implementation of a large and comprehensive national 

conservation program. Thanks to the TuBAvI project (Conservation of Biodiversity in Italian Poultry 

Breeds), seven Italian universities spread across the entire Italian territory including the University of 

Molise (UniMOL), the only university in the south of Italy collaborate to conserve avian biodiversity 

using an integrated and coordinated approach. 

Information on the numerical consistency were collected, a phenotypic and genetic characterization 

of native breeds were carried out and the first national semen bank for the Gallus gallus and Meleagris 

gallopavo species was implemented. This project revealed that native breeds are mainly present in 

amateur exhibition breeding and that their population is critical, especially in Southern Italy.  

The project included actions aimed at providing knowledge and new tools that can promote in situ 

and ex situ in vitro techniques for the conservation of biodiversity in the Italian poultry heritage.  

The conservation of native chicken and turkey breeds is important not only to preserve their specific 

nutritional and nutraceutical qualities but also to enhance the resilience of populations to 

environmental stress and diseases. The loss of genetic variability has contributed to a decrease in the 

productive performance of these breeds. 

Conservation techniques can be categorized into two main approaches: in situ and ex situ, with the 

latter further subdivided into in vivo and in vitro methodologies (FAO 2012; Leroy et al. 2019). In 

the in situ technique, living animals are maintained within the livestock production system in which 
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they originated, while the ex situ in vivo method involves housing them outside their native habitat. 

The ex situ in vitro technique entails cryopreserving genetic material in various forms such as haploid 

(semen and oocytes), diploid (embryos, somatic cells), or DNA sequences (FAO 2012; Mara et al. 

2013). Cryopreserved materials are typically stored in specialized facilities known as gene banks or 

cryobanks, which are usually managed by universities, research centers, governments, or private 

companies (FAO 2012; Leroy et al. 2019). Despite the clear advantages of in situ conservation, which 

allows animals to evolve within their natural habitat, this method is often deemed too costly due to 

the need for dedicated infrastructure and careful management (Patterson and Silversides 2003; 

Prentice and Anzar 2011). 

In avian species, the ex situ in vitro technique primarily relies on semen cryopreservation, as it is 

currently the most suitable reproductive technology for long-term storage of genetic resources (Long 

2006; Blesbois 2011; Ehling et al. 2012). Cryopreservation of intact oocytes or embryos is not feasible 

due to the characteristics of megalecithal eggs (Long 2006; Blesbois et al. 2007, 2011; Ehling et al. 

2012). Over the last decade, technologies for cryopreserving gonadic tissues and primordial germ 

cells have also been developed (Silversides et al. 2012; Liptoi et al. 2013; Nakamura et al. 2013, 

2016; Sztan et al. 2017). However, these methods remain prohibitively expensive and highly invasive 

compared to semen cryopreservation.  

Another project “Conservation of Biodiversity in Italian Poultry Breeds - TuBAvI-2," (PSRN 2014-

2022 Measure 10.2 Biodiversity/Poultry sector - TuBAvI project n. 54250333926, with EAFRD 

support), was implemented, in order to strengthen the activities undertaken in the previous TuBAvI 

related to the recovery and preservation of avian genetic resources and at the same time other aspects 

were considered.  Main goal is to increase the number of animals in endangered breed populations 

maintaining their genetic variability and promote their economic valorization within livestock 

farming systems focused on environmental sustainability. In TuBAvI-2, special attention is dedicated 

to enhancing resistance against adverse temperatures, climatic changes, and diseases in native poultry 

breeds, as these factors significantly impact their health and survival. Phenotypic characterization, 

which includes monitoring innate immunity parameters such as complement, IgY, and lysozyme 

levels, offers crucial insights into the birds' defense mechanisms against pathogens and contributes to 

understanding acquired immunity. These assessments aid in identifying breeds with greater resilience 

to diseases and climate variations, making them better suited for outdoor farming and the adoption of 

sustainable agricultural practices. However, maintaining a high level of genetic variability is equally 

essential for breed resilience, their capacity to adapt to climate change, and ensuring the safety of 

poultry products for consumers. Additionally, the productive characteristics of native poultry breeds 

are evaluated, encompassing growth rate, feed consumption, feed conversion ratio, mortality rate, 
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slaughter weight, and meat production. Parameters related to egg production, such as egg yield, egg 

weight, and egg size, are also assessed. 

However, the University of Molise and the University of Milano, as partners of TuBAvI 2, persist in 

augmenting the semen doses stored in the cryobank for native breeds of chickens and turkeys.  
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PREFACE 
In Italy, although taxonomy remains controversial, currently the Mediterranean trout is designated as 

Salmo cettii according to the Habitat Directive Article 17. This is a trout species primarily found in 

Corsica, Sardinia, Sicily, and along the Adriatic and Tyrrhenian coasts of the Italian peninsula, 

including the Molise rivers. The Mediterranean trout, distributed in various areas of the national 

territory, exhibits significant biological diversity, mainly highlighted by genetic and phenotypic 

variation among populations. This diversity complicates the definition of morphology and specific 

color patterns for Salmo cettii. Traditionally, typical characteristics of S. cettii (= S. macrostigma) 

included small size, stout body, parr marks even in adults, a large preopercular spot and the absence 

of red spotting (Gandolfi et al., 1991). In the 1990s, common features were identified in native 

Apennine populations, including the presence of preopercular and parr marks even in adults, along 

with conspicuous red spotting. In recent years, the typical morphologies and color patterns of the 

Mediterranean trout have been updated. In its wide distribution range, Mediterranean trout shows 

extreme phenotypic diversity and considerable variation in biological characteristics (Esposito et al., 

2022; D’Agaro et al., 2022). Indigenous trout from the Molise rivers (Biferno and Volturno) display 

four distinct tiger bands, black and/or red spotting (related to environmental features), more than nine 

parr marks in juveniles, and a consistently visible preopercular spot with a blue hue. The spawning 

period varies among the populations inhabiting the different Italian regions. Over recent centuries, 

the distribution range of native Mediterranean trout has undergone gradual shrinkage. Indeed, 

according to the Italian report, the conservation status of S. cettii in the Mediterranean biogeographic 

area is considered "unfavorable/poor" (U2) and "declining", and even "critically endangered" in the 

Italian IUCN Red List of Vertebrates (Bianco et al., 2013). This can largely be attributed to harmful 

anthropogenic interventions such as dam construction, river channelization, poaching, overfishing, 

and local pollution (Kottelat and Freyhof, 2007; Duchi, 2016). Additionally, in recent decades, 

activities related to recreational fishing have led to the introduction of domestic Atlantic strains 

capable of hybridizing with native populations (Penserini et al., 2005) in Italian and European 

watercourses, including those in the river basins of the Volturno and Biferno. Introgression from 

farmed strains has caused genetic impoverishment, removing original genetic variability and 

ecological specializations that are distinctive features of salmonid species. Therefore, it is considered 

one of the most serious threats to the long-term conservation of diversity within this species. 

Consequently, over the past two decades, native salmonid species, including S. cettii, have been the 

subject of significant conservation projects due to population decline and extinction in many 

countries. (Crivelli et al., 2000; Araguas et al., 2008, 2009; Carmona-Catot et al., 2010; Caudron et 

al., 2011; Caputo Barucchi et al., 2015; Sabatini et al., 2018; Lorenzoni et al., 2019). However, none 
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of these projects have so far involved the establishment of a semen bank for preserving the 

biodiversity of these important genetic resources.  

In conservation projects, cryobanks represent indispensable tools for preserving the genetic diversity 

of various species, offering a crucial opportunity to support artificial reproduction practices and 

improve the genetic variability of offspring. This is particularly significant in the context of aquatic 

species, where sperm cells play a central role in cryopreservation efforts due to their compact size 

and greater resistance to cooling, making sperm cryopreservation more practical and effective than 

methods applied to other cell types. 

In the situation, the European project "LIFE Nat.Sal.Mo" (https://greenproject.info/wpg/natsalmo/) 

was launched to ensure the recovery and conservation of native Mediterranean trout (Salmo 

macrostigma = Salmo cettii) in the river basins of Molise (Southern Italy) through the application of 

innovative techniques and participatory governance tools. 

In this project, alongside habitat protection and restoration efforts, a pivotal objective is the restoration 

of the native trout's genetic integrity. This was made achievable through the establishment of a semen 

cryobank for this native trout species. A fundamental prerequisite for creating the first European 

semen cryobank dedicated to preserving native Mediterranean trout (S. cettii) from the rivers of 

Molise was the development of a sperm cryopreservation protocol. This milestone achievement was 

a crucial aspect of the LIFE Nat.Sal.Mo. project. The primary application of this cryobank lies in its 

integration into artificial reproduction practices, where doses of frozen semen from native males are 

used in combination with appropriate cross-fertilization schemes. The goal is to maximize offspring 

genetic diversity and mitigate genetic introgression within native trout populations in the project area. 

However, the success of fertilization depends on the swimming performance of sperm, highlighting 

the critical role of a suitable reproductive microenvironment. 

In this context, the choice of an effective activation medium is crucial in artificial reproduction 

protocols, especially when using cryopreserved sperm. 

Taking the aforementioned factors into account, the research activities outlined in this section 

encompass two studies, which are integral components of a broader project (LIFE Nat.Sal.Mo) 

coordinated  by the University of Molise. 

These efforts concentrate on enhancing fertilization success through artificial reproduction methods 

and advancing mechanisms involved in natural reproduction. To this end, the influence of ovarian 

fluid (OF) on both cryopreserved and fresh semen was investigated through in vitro experimentation. 

In particular, the first study aimed at investigate the effect of ovarian fluid as a natural sperm 

activation medium on post-thaw swimming performance of Mediterranean trout sperm, comparing it 

with activating solution (D-532) and a solution composed of 50% D-532 and 50% ovarian fluid. 
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This study proposes that the presence of ovarian fluid, either alone or combined with D-532 in the 

artificial reproduction microenvironment, is a crucial factor in enhancing fertilization success when 

utilizing frozen semen of Mediterranean brown trout. Remarkably, OF 100% serves as a natural and 

effective medium, simplifying and expediting field operations conducted along riverbanks. 

In the second study, the objective was to evaluate the potential capacity of ovarian fluid from native 

trout compared to ovarian fluid from non-native trout (S. trutta) on the swimming performance of 

sperm from native males inhabiting the Molise rivers.   

In externally fertilizing fish, ovarian fluid (OF) appears to be crucial for fertilization success, 

enhancing the swimming performance of spermatozoa. These OF/sperm interaction mechanisms are 

frequently species-specific and/or population-specific and may reduce the likelihood of genetic 

introgression into wild populations from introduced or escaped zootechnical individuals. 

The objective of our study was to investigate whether native S. cettii females produce ovarian fluid 

(OF) with a greater capacity to enhance sperm motility in conspecific males compared to zootechnical 

S. trutta females. To achieve this, we conducted a comparison of sperm swimming performance in 

males from the Biferno river (Molise region—Southern Italy) when activated by OFs from native S. 

cettii versus zootechnical S. trutta females. Our findings reveal that the OFs of native females (diluted 

by 20%) significantly enhance the sperm performance of autochthonous males, unlike those of 

zootechnical S. trutta. These initial findings indicate that interactions between OF and sperm could 

potentially influence or regulate hybridization mechanisms involving the native Mediterranean trout 

population in the Biferno river and the introduced domestic lineage of brown trout. 

In conclusion, the two studies conducted as part of the LIFE Nat.Sal.Mo project have significantly 

enhanced our understanding of fertilization practices, encompassing both artificial and natural 

methods, crucial in Mediterranean trout conservation efforts. These findings pave the way for the 

identification of more efficient conservation strategies aimed at preserving the biodiversity and 

stability of native trout populations in the rivers of Molise. 

 

 

 

 

 

 

 

 

 Figure 1- Trout from Molise's rivers (Biferno and Volturno) 
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Simple Summary: In the context of the “Life—Nat.Sal.Mo” project, obtaining an effective semen
cryopreservation protocol was an important milestone that allowed the implementation of the
first European cryobank of native Mediterranean brown trout (S. cettii) inhabiting Molise rivers
(Italy). The main use of our semen cryobank is represented by its practical application in artificial
reproduction practices aimed at maximizing the genetic variability of the offspring and reducing the
genetic introgression in the native trout populations in the project area. Thus, the choice of the most
suitable activation/fertilization medium represents the last key step in the development of artificial
reproduction protocols using cryopreserved semen. Therefore, the aim of the present study was to
investigate the effect of ovarian fluid as a natural activation media of spermatozoa on the post-thaw
sperm swimming performance of Mediterranean trout, comparing it with D-532 and a mixed solution
of 50% D-532 and 50% ovarian fluid. Our results suggest that the presence of ovarian fluid alone or
in combination with D-532 in the artificial microenvironment of reproduction represents a key factor
to increase the success of fertilization when the frozen semen of Mediterranean brown trout is used.

Abstract: D-532 fertilization solution is generally used to replace the water or ovarian fluid during
artificial reproductive practices in salmonids due to its ability to boost sperm motility and increase
fertilization rates compared with natural activation media. However, the maintenance of ovarian
fluid in a reproductive microenvironment gives it the advantage of protecting the eggs from potential
harmful factors from the external environment and simplifying the field operations related to its
removal when D-532 is used alone. In light of this, the aim of the present study was to investigate
in vitro, for the first time, the effect of ovarian fluid (OF 100%) on post-thaw sperm swimming
performance of Mediterranean trout, comparing it with D-532 and a mixed solution of 50% D-532
and 50% ovarian fluid (OF 50%). The percentage of motile spermatozoa and movement duration
was significantly increased in OF 100% and OF 50% compared with D-532. Sperm velocity was
higher in D-532, but significant differences were recorded only with OF 100%. In conclusion, these
results suggest that the presence of ovarian fluid alone or in combination with D-532 in an artificial
microenvironment of reproduction represents a key factor in potentially increasing fertilization
success when the frozen semen of Mediterranean brown trout is used.

Keywords: fertilization medium; frozen semen; artificial reproductive microenvironment; conservation
project

1. Introduction
In the context of conservation projects, cryobanks are a valuable tool to preserve the

genetic resources of a wide range of species, providing a crucial opportunity to support the
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1. Introduction 
In the context of conservation projects, cryobanks are a valuable tool to preserve the genetic 

resources of a wide range of species, providing a crucial opportunity to support the artificial 

reproduction practices aimed to increase the genetic variability of offspring (Roldán and Garde, 

2004; Martínez-Páramo, et al. 2009, 2017). Sperm cells are the main type of cells used for 

cryobanking purposes in aquatic species. In fact, thanks to their small size and relatively high 

resistance to chilling, sperm cryopreservation is a more feasible method compared with the ones 

performed on other cell types (Martínez Páramo et al., 2017). The obtainment of an effective semen 

cryopreservation protocol was an important milestone in our project (LIFE Nat.Sal.Mo.), that 

allowed us to implement the first European cryobank of the native Mediterranean brown trout (S. 

cettii) inhabiting Molise rivers. (Rusco et al., 2020; Di Iorio et al., 2023). The main use of our 

semen cryobank is represented by its practical application in artificial reproduction practices. 

Indeed, frozen semen doses of native males are used in cross-fertilization schemes within artificial 

reproduction to maximize the genetic variability of offspring and reduce the genetic introgression 

in the native trout populations within the project area. An important prerequisite for successfully 

fertilizing eggs is the sperm swimming performance. In this regard, it is known that an appropriate 

reproductive microenvironment is crucial to promote a good activation of sperm motility and their 

simultaneous encounter with eggs; this result is particularly important in external fertilizer fish 

(Alavi et al., 2005, 2006;). For this reason, the selection of the most suitable activation/fertilization 

medium represents a crucial step in the artificial reproduction protocols, especially when 

cryopreserved semen is adopted. Generally, artificial fertilization media are developed in order to 

boost sperm motility and increase fertilization rates compared with natural media, such as water 

or ovarian fluid (Wilcox et al., 1984, Billard, 1988,1992, Goetz and Coffman, 2000; Dietrich et 

al., 2007; Hugunin et al.,2008; Hatef el al., 2009; Łuczynski el al., 2022). In particular, among 

more effective artificial fertilization media, D-532 saline solution was used to replace ovarian fluid 

during the artificial fertilization practices in salmonids in order to avoid the variability problems 

related to the composition of ovarian fluids and their possible contamination with yolk from broken 

eggs (Billard et al., 1992). In this regard, in our previous studies aimed at fine-tuning the semen 

cryopreservation protocols for native Mediterranean brown trout (Di Iorio et al., 2023; Rusco et 

al., 2021), we used D-532 solution for the in vivo fertilization trials in order to reduce the variability 

of the results due to the differences in the quality of the ovarian fluid from individual females as 

much as possible, making the microenvironment of fertilization more homogeneous. Nevertheless, 

in subsequent fertilization practices with frozen sperm performed within the project Nat.Sal.Mo. 

on the river bank, ovarian fluid alone as a natural activation medium of sperm motility was used 
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for two main reasons: (1) to maintain the artificial microenvironment of reproduction as similar as 

possible to that of natural spawning, protecting the eggs from potential harmful factors from the 

external environment; (2) to reduce the time required for the complete removal of ovarian fluid 

when D-532 is used alone. Surprisingly, we noted that the use of ovarian fluid alone registered 

generally higher fertilization rates (Di Iorio et al., 2023) than those we found during the in vivo 

trials conducted in the presence of D-532 (Rusco et al., 2020, 2021). 

The ability of ovarian fluid to significantly affect the swimming performance of fresh sperm and 

consequently influence the outcome of fertilization in terms of fertilized oocyte rate has been 

shown in several fish species (Hatef et al., 2009; Turner et al., 2002; Urbach et al., 2005; 

Rosengrave et al., 2008,2009,2016; Dietrich et al., 2008; Diogo et al., 2010; Butts et al., 2012, 

2017; Galvano et al., 2013; Alonzo et al., 2016; Zadmajid et al., 2019; Poli et al., 2019). However, 

to the best of our knowledge, there are no studies that have tested the effect of ovarian fluid on the 

motility parameters of frozen semen. 

In light of these considerations and given the optimal fertilization rates obtained within our project 

using ovarian fluid alone, we investigated, for the first time, the in vitro effect of ovarian fluid on 

the post-thaw sperm of Mediterranean trout’s swimming performance and compared it with D-532 

fertilization solution. Moreover, a mixed solution that included 50% D-532 and 50% ovarian fluid 

was also tested to evaluate the potential use of this combined medium in order to avoid the 

elimination of ovarian fluid, simplifying the field operations. 

2. Materials and Methods 
2.1. Animals and Collection of Samples 

During the breeding season (January–February 2021), 17 breeders (7 males and 10 females) of 

native Mediterranean brown trout were captured in the Biferno river by electrofishing. The males 

belonged to the 2+ and 3+ classes, with an average total length of 30.2 ± 3.9 cm; the females were 

3+ and 4+ years old and characterized by an average total length of 44.1 ± 5.2 cm. Semen samples 

(N = 7) were collected by gentle abdominal massaging, drying the abdomen and urogenital papilla 

with special care before stripping in order to avoid contamination of semen with urine, mucus and 

blood cells. 

Eggs with their own ovarian fluids (OFs) were collected by the same method described above for 

males, and ovarian fluids were separated from egg batches of each female (N = 10) directly with 

a syringe after egg decantation. 

After sample collection, both males and females were immediately released into the water course. 

The sperm and OF samples were transferred from the river to the laboratory in a cooler that 
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contained ice and processed within 4 h of the collection. Semen samples were subjected to the 

cryopreservation procedure optimized in our previous work (Rusco et al., 2020).  

Briefly, each semen aliquot was diluted with a freezing extender to reach 0.15M of glucose, 7.5% 

of methanol and a sperm concentration of 3.0 ´ 109 sperm/mL. The diluted semen was charged 

into 0.25 mL plastic straws and equilibrated for 15 min on ice (at the height of 3 cm). Lastly, the 

straws were cryopreserved by exposure to liquid nitrogen (LN2) vapor at 3 cm above the LN2 level 

for 5 min and plunged into LN2. 

The OFs were subjected to pH measurement using a BasiC 20 pH meter (CRISON instruments, 

Barcelona, Spain) and subsequently stored at -20 C until osmolality measurement by an 

OSMOMAT 3000 basic (GONOTEC, Reuchlinstr, Berlin, Germany), according to the 

manufacturer’s protocol. OF samples were frozen because of the impossibility to collect all of the 

sperm and ovarian fluid samples on the same day (Purchase et al., 2020;Cosson et al., 2010).  

2.2. Experimental Design 

Sperm motility analyses were performed using a Computer-Assisted Sperm Analysis (CASA) 

system coupled to a phase contrast microscope (Nikon model Ci-L) employing the Sperm Class 

Analyzer (SCA) software (VET Edition, Barcelona, Spain), that carried out two replicate sperm 

activations for each treatment combination. 

The experiment was conducted over 11 days. On the 1st day, the semen samples (N=7) were 

analyzed after thawing at 40 °C for 5 s using two different activation media: 1% NaHCO3 as a 

control solution (C) to test cryopreserved semen quality and D-532 as a benchmark artificial 

fertilization solution (20 mM Tris, 30 mM glycine, 125 mM NaCl, pH 9.0), at a dilution ratio of 

1:30 (v:v). On each of the remaining 10 days, one microtube of OF from a single female (N=10) 

was thawed at 4°C for 2 h and split into 2 aliquots: one was used as OF 100%, and the other diluted 

at 50% with the D-532 fertilization solution (OF 50%). Subsequently, the thawed semen from each 

male was activated in OF 100% and OF 50%, using the same dilution ratio reported above. After 

rapid mixing, 3 µL of diluted semen was immediately loaded onto a 20-micron Leja slide (Leja 

Standard Count, Nieuw Vennep, The Netherlands) and evaluated by the computer-assisted sperm 

analysis system (CASA). Sperm motility was analyzed 10 s post-activation, acquiring videos at 25 

fps rate. The following sperm traits were evaluated: motile spermatozoa (MOT, %), curvilinear 

velocity (VCL, µm/s), straight-line velocity (VSL, µm/s), average path velocity (VAP, µm/s), 

linearity (LIN, %), straightness (STR, %), beat cross frequency (BCF, Hz) and amplitude of lateral 

displacement of the spermatozoon head (ALH, µm). The duration of sperm movement (DSM) was 

measured using a chronometer from sperm activation to movement cessation of spermatozoa in 
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the field of view. The loading of chambers and the recording of motility parameters were both 

carried out by the same operator, taking care to standardize the operation timing from ice to 

observation. 

Sperm motility is nowadays considered the best sperm quality biomarker in fish as they are 

strongly correlated with fertilization ability. In this regard, the CASA system is the most objective 

and comprehensive quantification method currently available to assess several sperm motility 

parameters in various species, including fish (Wilson-Leedy et al., 2007).  

2.3. Statistical Analysis 

All statistical analyses were performed using the statistical software R (Version 4.2.0), at 

significance levels of p ≤ 0.05. The replicates were treated as repeated measures, using its mean 

for statistical analysis. MOT (%) measurements were subjected to prior arcsine transformation. 

The correlations among sperm motility parameters were analyzed in order to identify closely 

related parameters and reduce the number of parameters to be addressed and discussed.  

Normality and homoscedasticitywere tested by visual inspection of the residuals’ graphs, Shapiro–

Wilk test and Levene’s test (rstatix and car R packages). The differences among treatments for all 

tested sperm motility parameters were analyzed usingMixedModel ANOVAs with the fertilization 

medium as a fixed factor and the ID male as a random factor, followed by Tukey’s post-hoc test 

for multiple comparisons between treatments (lme4, lmerTest and multcomp R packages). 

Furthermore,MixedModel ANOVAs were conducted, isolating the OF groups to test the 

differences between OF 100% and OF 50%, adding the random effect of females, males and their 

interaction. The AIC test was used to compare different models and determine which one was the 

best fit for the data (lmerTest R package). 

To evaluate the association between the quality of cryopreserved semen assessed through the 

activation in C and its performance in the fertilization media, the correlations between sperm 

motility parameters registered in OFs (100% and 50%) and in the control activation solution (C) 

were tested using the Pearson parametric test (Hmisc and PerformanceAnalytics R packages). 

All graphics were generated using the ggplot2 package. 

3. Results 
The average (±SD) osmolality and pH of the ovarian fluids (N=10) were 234.7 ± 74.77 mOsm/kg 

and 8.63 ± 0.17, respectively. The three velocities (VCL, VAP and VSL) and two linearity 

parameters (STR and LIN) resulted as strictly associated. Therefore, we decided to reduce the set 

of showed and discussed parameters to six (MOT, VCL, LIN, ALH, BCF, DSM). All sperm 
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motility parameters and the correlation matrix are reported in Supplementary Material (Table S1 

and Figure S1).  

3.1. Comparison of the Post-Thaw Sperm Motility Parameters among the Different Activation Media 

The significant differences among the post-thaw sperm motility parameters activated in OF 100%, 

OF 50% or D-532 are shown in Table 1. The activation solutions that included the ovarian fluids 

(OF 100% and OF 50%) induced a significant increase in total sperm motility (MOT) and its 

duration (DSM) compared with D-532. However, a significant increase in VCL was observed 

using D-532 and OF 50% with respect to OF 100%. Linearity (LIN) was higher when spermatozoa 

were activated in D-532. Furthermore, significantly higher values of lateral displacement 

amplitude of the spermatozoon head (ALH) were found for cryopreserved semen activated in OF 

50%. No differences among different treatments for BCF were found. In Figure 1, the variability 

range of motility parameters is shown. A wider variability is observed when ovarian fluid is used.  

3.2. Differences between OF 100% and OF 50%: The Effect of Males, Females and Male–Female 
Interaction 

The results for the best-fitting mixed models are reported in Table 2. For MOT, VCL and ALH, a 

significant difference was found between OF 100% and OF 50%. In particular, MOT and ALH 

were significantly higher in OF 50%, with an interaction effect between males and females. VCL 

was also higher in OF 50%, with the best model represented by the only random effect of inter-

male variability, according to pairwise comparison in Section 3.1 (Table 2). No differences were 

observed for LIN, BCF and DSM between OF 100% and OF 50%. 
Table 1. Main sperm motility parameters (means ± SD) in D-532, OF 50% and OF 100% and pairwise 

comparison among treatments 

 Treatments 

Sperm Traits D-532 OF 50% OF 100% 

MOT (%) 43.04 ± 13.59 b 57.49 ± 14.00 a 55.56 ± 13.83 ab 

VCL (μm/s) 138.01 ± 18.74a 122.29 ± 32.01a 107.72± 27.69b 

LIN (%) 64.23 ± 7.79a 50.00 ± 8.55b 49.98 ± 9.90b 

ALH (μm) 2.49 ± 0.57b 3.21 ± 0.80a 2.84 ± 0.70b 

BCF (Hz) 4.28 ± 0.72 3.71 ± 0.84 3.72 ± 0.94 

DSM (s) 32.86 ± 6.33b 46.39 ± 9.60a 45.98 ± 10.84a 
abDifferent superscript letters within the same row indicate a significant difference (p < 0.05). 
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Figure 1. Boxplots displaying the “within” and “between” treatments variability concerning the main sperm motility 
parameters (outliers are not shown) 

Table 2- Selection of the best-fitting model for mixed model ANOVAs isolating the of groups, with the treatment 

(OF 100% vs. OF 50%) as a fixed factor and male, female or their interaction as random factors. only the parameters 

with significative differences among treatments are shown. 

Random Effects MOT VCL ALH 

 p AIC p AIC p AIC 

Male *** -154.51 *** 1308.1 ** 320.14 

Female * -129.15  1346.2 ** 320.5 

Male-Female 

Fixed effect 

*** -216.94 *** 1329.2 *** 309.83 

      

Treatment (OF 100% 

vs. OF 50%) 

*  ***  ***  

p < 0.05 *; p < 0.01 **; p < 0.001 ***. The best-fitting models (lowest AIC values) are marked in bold 

 

3.3. Correlation among the Post-Thaw Sperm Motility Parameters Activated in Ovarian Fluid and 
Control Activation Solution 

The MOT, VCL, BCF and DSM values recorded using OF (OF 50% and OF 100%) were 

positively correlated with those obtained in the control activation solution (C). No relationship was 

identified for LIN and ALH (Figure 2). 
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Figure 2- Correlation among the post-thaw sperm motility parameters using Ovarian Fluid and control activation 

solution. Significance levels (in red) and coefficients of determination (R2) are reported. ***: p < 0.001. 

 

4. Discussion 
For the first time, the effect of ovarian fluid on the post-thaw sperm motility parameters of 

Mediterranean brown trout S. cettii1 was tested, and it was compared both with an artificial 

fertilization medium (D-532) and ovarian fluid supplemented with 50% D-532. 

Our results showed that the activation solutions with ovarian fluid (OF 100% and OF 50%) 

significantly prolonged the duration of movement (longevity) compared with D-532 alone, 

confirming the on-field observation of the fertilization success obtained during the LIFE 

Nat.Sal.Mo. project (Di Iorio et al.,2023).  

It is possible that some chemical constituents of ovarian fluid influence ATP metabolism, such that 

the duration of energy production is increased (Turner et al.,2002). Total motility was also higher 

in OF 100% and OF 50%; however, significant differences were found only between OF 50% and 

D-532. On the contrary, when D-532 was used, the sperm velocity parameters underwent an overall 

 
1 Mediterranean brown trout is listed in Annex II of the Habitat Directive as Salmo macrostigma and currently reported 
as Salmo cettii in the Italian and European Red Lists and in the Member States’ conservation status assessments of the 
“habitats types and species of Community interest” (Art. 17). Recent studies suggest that Italian peninsular Mediterranean 
brown trout belong to a separate taxon named S. ghigii, limiting the name S. cettii to Sicilian trout (Lorenzoni et al., 2019; 
D’Agaro et al., 2022; Polgar et al., 2022). Although we agree with the recent observations, we still use the name S. cettii 
in the current paper, because Mediterranean brown trout populations are still protected by the Habitat Directive and 
subsequent updates on its conservation status. 
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increase at the potential expense of longevity. It is, in fact, possible that a higher swimming 

velocity required higher energy consumption by spermatozoa, thus leading to a lower movement 

duration, as suggested by Cosson et al., 2010. In addition, from these results, it is interesting to 

note the potential positive effect exercised by the combination of ovarian fluid and D-532 (OF 

50%) on the post-thaw sperm motility parameters. The presence of D-532 solution in the OF, in 

fact, significantly increased the velocity parameters compared with OF alone; at the same time, 

the presence of OF in D-532 solution significantly improved both the total motility and the duration 

of movement in comparison to the D-532 buffer alone. The prolongation of the duration of sperm 

movement obtained by adding 50% of ovarian fluid to the D-532 buffer is consistent with findings 

found by Dietrich et al. 2005 using fresh semen from rainbow trout (Oncorhynchus mykiss). The 

high standard deviation registered for some parameters is explained by differences between males 

(the random factor in our mixed model). Furthermore, we observed that the presence of ovarian 

fluid in the activation media increased the variability of results (Figure 1), which could be mainly 

explained by the inter-female variability and/or the male x female interaction effect 

(Supplementary Material: Figures S2–S4). The female effect is generally attributed to the intrinsic 

differences in the composition of ovarian fluid from individual females, such as affecting sperm 

motility characteristics differently (Wojtczak et al., 2007; Beirão et al., 2014; İnanan et al.,2015). 

At the same time, the male effect is due to the different intrinsic sperm qualities existing among 

individual males. In this regard, some authors (Dietrich et al., 2008; Galvano et al., 2013;) 

suggested that some males produce sperm with superior motility characteristics despite the 

variability in the motility-modulating activity of particular ovarian fluid. 

We found positive correlations for many of the sperm motility parameters (MOT, VCL, BCF, and 

DSM; Figure 2) among the solutions containing ovarian fluid (OF 100% and OF 50%) and the 

control solution, suggesting that sperm of good quality, once activated, moves with similar 

parameters regardless of the activation media. The correlations for MOT, VCL, BCF and DSM are 

all characterized by p < 0.001 and R2 around 0.3. For such kinetic parameters, the combination of 

high significance levels and low R2 suggests that the performances in OFs were significatively 

correlated with the control values (activation in C medium) registered for each male, but they do 

not explain a great part of the variability that most likely arises from females and/or male–female 

effects. Thus, these results show that the activation in the control solution is a good proxy for the 

swimming performance of post-thawed cryopreserved sperm in the fertilization environment. 

However, the limited or negative effect of ovarian fluid on spermatozoa performance is often 

associated with the presence of contaminants, such as vitellus from broken eggs, blood, water, 

feces, etc. (Dietrich  et al., 2017; Beirão et al., 2014; Hamano, S. et al., 1961; Nomura et al.,1964; 
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Billard  et al., 1977; Aegerter et al., 2004). In this regard, in order to counteract the negative effects 

of contamination, some authors recommend to discard ovarian fluid from salmonid eggs before 

fertilization and to use only isotonic diluents of pH 8.4–9.0 to enhance sperm motility (Wilcox et 

al., 1984; Billard et al., 1992; Goetz and Coffman, 2000; Dietrich et al., 2007; Hugunin et al.,2008; 

Hatef el al., 2009). Nevertheless, the composition of ovarian fluid that includes ions, proteins, 

amino acids and sugar is ideal to support and protect the eggs and, at the same time, extend the 

fertilization period both in the natural and artificial fertilization environment (Billard et al., 

1974,1983,1988; Lahnsteiner et al., 1995; Kholodnyy et al.,2020;). In light of this, we considered 

that leaving the ovarian fluid as natural sperm activation media during artificial reproduction 

practices carried out on the river- bank within our project was good practice. OF, as well as 

maintaining the advantage to maintain the artificial microenvironment of reproduction as similar 

as possible to that of natural spawning, allowed us to facilitate the management of field operations, 

avoiding the preparation, transport and the use of fertilization solutions. The use of D-532 alone 

would require the complete removal of ovarian fluid through a sieve; this time-consuming 

operation, in an external uncontrolled environment, exposes the eggs to possible freezing damage 

when temperatures are below zero; therefore, giving up the natural protection provided by the 

ovarian fluid. 

Based on our results, the addition of a portion of D-532 to the eggs in the presence of their ovarian 

fluid could be another possible solution in order to facilitate field operations. However, we believe 

that this step is not indispensable because, although it is known that velocity is positively correlated 

with fertilization rates (Gage et al., 2004), it may not be a key parameter for successful fertilization 

when cross-fertilization schemes are adopted within artificial reproduction practices. From an 

application point of view, these fertilization schemes consist of splitting the eggs from each native 

female into equal aliquots so each of them can be fertilized with a frozen semen dose from different 

males. Therefore, a controlled reproductive microenvironment is created (in the absence of male 

competition) that already favors the gametes encounter. Moreover, since it is known that the 

cryopreservation process causes cell damage and compromises sperm motility and longevity 

(Figueroa et al., 2019), obtaining a greater number of post-thaw motile sperm/eggs that move for 

a longer time could potentially enhance fertilization success. To corroborate the above, higher 

fertilization rates, ranging from 64% to 81%, were achieved when only ovarian fluid was used (Di 

Iorio et al., 2023) compared with those obtained in our previous papers (ranging from 53% to 65%) 

by also adding to eggs, the D-532 buffer (Rusco et al., 2020,2021).  
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5. Conclusions 
The use of cryobanks supporting the conservation of endangered native species could solve or 

mitigate the known problems affecting the supportive breeding and the management of 

broodstocks, contributing to maintain the wild genetic biodiversity and avoiding domestication. 

To extend the use of these practices, the definition of operational cryopreservation and fertilization 

protocols is crucial. In this regard, this study suggests that the presence of ovarian fluid alone or 

in combination with D-532 in the artificial microenvironment of reproduction represents a key 

factor to increase the success of fertilization when frozen semen of Mediterranean brown trout is 

used. Notably, OF 100% is a natural, viable media for simplifying and expediting the field 

operations that occur on riverbank. 

In the future, it will be interesting to characterize the ovarian fluid biochemistry from native 

Mediterranean trout in order to investigate the components that can impact the in vitro and in vivo 

performance of fresh and frozen semen and to standardize fertilization protocols in controlled 

reproduction. Finally, the obtained results could be useful not only for the conservation of the 

native Mediterranean trout, but also to stimulate further research on the use of pure or mixed 

ovarian fluid as fertilization medium in other species of aquaculture interest. 

Supplementary Materials: The following supporting information can be downloaded at: https://www. 

mdpi.com/article/10.3390/vetsci10030219/s1, Table S1: All sperm motility parameters (means ± SD) in C, D-532, OF 

50% and OF 100% and pairwise comparison among treatments; Figure S1: Correlation matrix among all the sperm 

motility traits; Figure S2: Barplots showing the additive male effect on total motility (MOT) and duration (DSM) 

grouping all treatments; Figure S3: The barplots show the additive female effect (mean of all male crosses) on total 

motility (MOT) and duration (DSM) grouping OF 50% and OF 100 %. Values registered in C and D.532 are shown; 

Figure S4: The barplot shows the interaction effect between male and female on total motility (MOT) grouped by 

male (each coloured bar) and female (each group of bars). Both females and male are sorted by their overall means. 
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Abstract: In external fertilizer fish, ovarian fluid (OF) seems to play a key role in fertilization suc-
cess, improving spermatozoa swimming performance. These OF/sperm interaction mechanisms are
frequently species-specific and/or population-specific and could decrease the risk of genetic introgres-
sion of wild populations from introduced or escaped zootechnical individuals. The Mediterranean
brown trout (Salmo cettii) is threatened by genetic introgression with strains of domestic brown trout
(Salmo trutta) that were introduced for recreational purposes. The aim of our study was to test if native
S. cettii females, rather than zootechnical S. trutta, produce OF with a greater ability to upregulate
the sperm motility of conspecific males. Thus, we compared the sperm swimming performances
of males inhabiting the Biferno River (Molise region—Southern Italy) activated in native S. cettii vs.
zootechnical S. trutta female’s OFs. In our study, native females’ OFs (20% diluted), compared to
spring water, has the ability to significantly boost the sperm performance of the autochthonous males,
while zootechnical S. trutta fails. These preliminary results suggest that OF-sperm interactions could
potentially influence or direct the hybridization mechanisms involving the native Mediterranean
trout inhabiting the Biferno River and the domestic lineage of brown trout introduced in the past.

Keywords: reproductive biology; local adaptation; sperm motility; hostile reproductive environment

Key Contribution: During natural reproduction, the aqueous environment becomes hostile, de-
creasing the chances of fertilization success. Ovarian fluid promotes close contact between gametes,
creating a stabilized fertilization microenvironment. Ovarian fluids of native S. cettii females improve
sperm swimming performance of conspecific males compared to spring water, whilst ovarian fluids
of zootechnical S. trutta fail.
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1.Introduction 
During natural reproduction, a common feature of all externally fertilizing freshwater fish is that they 

expel their gametes into the aqueous environment. Although the sperms need the water to activate 

their motility (Morisawa et al., 1985), the aqueous environment is hostile and decreases the chances 

of fertilization success, due to its peculiar physical (turbulent flow, temperature variation) and 

chemical properties (Billard et al.,1981; Petersen et al.,2001; Hoysak et al., 2001; Liao et al., 2018; 

Kholodnyy et al., 2020). Thus, specific mechanisms guiding sperm may have evolved to maximize 

the sperm–egg encounter under extreme environmental conditions (Kholodnyy et al., 2020; 

Lahnsteiner al., 2002; Elofsson al., 2006; Lehnert al., 2017). In particular, after sperm ejaculation, 

OF promotes close contact between gametes, reducing their dispersion and creating a stabilized 

fertilization microenvironment (Lahnsteiner et al., 2002; Rosengrave et al., 2009).  Several studies 

have shown that ovarian fluid could significantly affect the swimming performances of sperm  

(Rosengrave et al., 2009; Turner et al., 2002; Urbach et al., 2005; Dietrich et al., 2008; Diogo et al., 

2010; Galvano et al., 2013; Butts et al., 2012,2017; Poli et al., 2019; Rosengrave et al., 2008; Beirão 

et al., 2014) and could consequently influence the outcome of fertilization in terms of fertilized 

oocytes rate in different fish species (Chinook salmon, Pacific herring, Caspian brown trout, turbot, 

ocellated wrasse) (Lahnsteiner et al., 2002; Rosengrave et al., 2016; Cherr et al., 2008; Hatef et al., 

2009; Jia et al.,2015; Alonzo et al., 2016;) 

According to some authors, these ovarian fluid–sperm interaction mechanisms could be species-

specific and population-specific (Yeates et al.,2013; Beirão et al.,2015; Zadmajid et al.,2019). In 

addition to parental genotypes, the interactions can be influenced by environmental factors (i.e., 

density and physical–chemical water parameters) and dietary factors, as stated by Beirão et al.2014. 

These authors showed that sperm from wild males of Atlantic Cod was negatively affected by ovarian 

fluids of farmed females, suggesting possible relation to nutritional deficiencies of farmed 

individuals. Therefore, these phenomena could potentially play an important role in rivers inhabited 

by native salmonids where interspecific hybridization with allochthonous species/or strains represents 

a main threat to local populations. 

The Mediterranean brown trout (Salmo cettii1) is an endemic freshwater species of the Mediterranean 

area whose conservation status is currently considered “near threatened” at the European level and 

“critical endangered” in Italy, according to IUCN Red Lists, mainly due to habitat degradation (dam 

building, river straightening, local pollution) and to the genetic introgression with zootechnical 

species introduced for recreational purposes. The introduction of S. trutta began at the end of the 19th 

century and had a severe impact on native populations inhabiting the Italian Peninsula and the main 

Mediterranean Islands (Splendiani et al., 2016, 2017; Berrebi 2015; Sabatini et al., 2011;). This 
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phenomenon has led to the introgression of domestic genes into the native genome and, in many 

cases, to its complete replacement. Indeed, Splendiani et al. reported that about 60% of the native 

Apennine populations are severely introgressed or have been completely replaced by S. trutta, and 

only 10% are pure or show an introgression degree lower than 0.10 (Splendiani et al., 2016). 

In particular, native populations of Mediterranean brown trout inhabiting the Biferno and Volturno 

river basins (Molise region—Southern Italy) are currently the target of the conservation project LIFE 

Nat. Sal. Mo. This project aims to recover the genetic integrity of wild S. cettii populations through 

the creation of the first semen cryobank of Mediterranean trout in Europe, which is used to maximize 

the genetic variability of the offspring in a supportive breeding program (Di Iorio et al., 2019,2023; 

Rusco et al., 2019,2020,2021; Ferguson et al., 2019). The populations of the main courses of Molise, 

characterized by a distinctive migratory tactic, were the least introgressed of the entire project area 

despite the massive introduction of zootechnical Salmo trutta that occurred throughout the past 

decades (Palombo et al., 2021). We hypothesized that this protective effect is mainly due to the 

peculiar migation patterns of the native population and to adaptive selection. Similarly, Jurlina et al. 

2020 studied Adriatic streams of the Western Balkans and observed that migratory tactics and life-

history plasticity preserves the original genetic structure of locally adapted populations, suggesting 

that these features act as a stabilizing population mechanism that protects them from introgression by 

allochthonous S. trutta strains. 

Furthermore, in the study area, Palombo et al., 2021 found discordance between nuclear (LDH-C1*) 

and mitochondrial (16 s) markers, showing the frequencies of foreign (maternal) mtDNA locus to be 

lower than expected. These anomalies are frequently driven by sex-biased asymmetries and selective 

introgression or by genetic drift on mtDNA Toews et al., 2012. Considering the massive 

supplementation of domestic strains carrying continuously allochthonous matrilinear haplotypes, we 

can speculate about the higher reproductive success of native females rather than the introduced ones. 

In light of these considerations and previous research (Beirão, et al., 2014,2015; Yeates et al., 2013; 

Zadmajid et al.,2019), the rationale of this study is to evaluate the potential ability of native S. cettii 

rather than zootechnical S. trutta ovarian fluids to upregulate the sperm motility parameters of native 

males, contributing to a potential increased fertilization chances in a flowing and turbulent 

environment for native females. 

1Mediterranean brown trout is listed in Annex II of the Habitat Directive under the taxon Salmo macrostigma, but is currently reported 

as Salmo cettii in the Italian and European Red Lists and in the Member States’ conservation status assessments of the “habitats types 

and species of Community interest” (Art. 17). Recent genetic evidence suggests that Italian peninsular Mediterranean brown trout 

belong to a separate taxon named S. ghigii, limiting the name S. cettii to Sicilian trout (Lorenzoni et al.,2019; D′Agaro et al., 2022; 

Polgar et al., 2022). Although we agree with the recent observations, we still use the name S. cettii in the current paper, because 
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Mediterranean brown trout populations are still protected by the Habitat Directive and subsequent conservation status updates under 

this taxon.  

2. Materials and Methods 
2.1. Animals 

Breeders from the native Mediterranean brown trout (Salmo cettii) wild population were captured in 

the Biferno River (Molise region, Southern Italy—Adriatic basin) during the spawning season 

(January–February 2022) using electro-fishing and fixed traps. The fish were captured within LIFE 

Nat.Sal.Mo Project’s activities (LIFE17 NAT/IT/000547). The sampling sites coincide with a 

spawning area located close to the springs of the Biferno River at Bojano (CB) frequented by a native 

migrant population characterized by a mean introgression rate lower than 10%. We collected semen 

samples and OFs used in the experiment from ten wild males and five wild-tagged females genetically 

characterized as “native individuals” by Palombo et al. 2021 (Native admixture ancestry qi > 0.95). 

The males belonged to the 2+ and 3+ classes, with an average total length of 31.9 ± 3.2 cm (range = 

2.5 - 36.0 cm). The females were 3+ and 5+ years-old and characterized by an average total length of 

45.1 ± 4.7 cm (range = 39.0 - 53.5 cm). 

In addition, OFs were collected from five zootechnical brown trout (S. trutta) females reared in a 

commercial hatchery that breeds domestic strain of S. trutta. Zootechnical S. trutta females were 

reared at a growth rate similar to that of wild Mediterranean trout of the Biferno River used in the 

experiment. S. trutta females were 4+ years-old, with an average total length of 50.2 ± 1.7 cm (range 

= 48.0–53.0 cm). No brood stock was sedated prior to sampling eggs or semen. 

2.2. Ovarian Fluid and Sperm Collection and Analytical Measurements 

Eggs were collected by an abdominal massage from five native S. cettii and five zootechnical S. trutta 

females. OF was separated from each egg batch directly with a syringe after egg decantation. After 

collection, each individual OF sample was subjected to the pH measurement using a BasiC 20 pH-

meter (CRISON instruments, Barcelona, Spain). Then, OF samples were frozen because of the 

impossibility to collect all the sperm and ovarian fluid samples on the same day (Purchase et al., 

2020). Moreover, OF samples were individually stored in at least five 1.5 mL microtubes in order to 

avoid freeze–thaw cycles.  

In February, during the peak of the natural spawning season, semen samples were collected from ten 

native males by abdominal massage after careful cleaning of the urogenital papilla. Semen was stored 

on ice, transferred from the river to the laboratory and used within 4 h of collection. Sperm 

concentration was measured using a photometric method. Briefly, the optical density of the diluted 

semen in 0.9% NaCl with a ratio of 1:200 (v/v) was measured using a portable photometer DR 1900 
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(HACH Company, Loveland, CO, USA) at a wavelength of 530 nm. The value of the sperm 

concentration was extrapolated using a standard curve established previously by relating the optical 

density with the sperm concentration expressed as ́ 109 sperm/mL, following the procedure described 

by Nynca and Ciereszko 2009. Sperm viability was measured using the Muse® Cell Analyzer flow 

cytometer (Luminex corporation, 12212 Technology Blvd Suite 130, Austin, TX, USA) according to 

the manufacturer’s protocol. Semen samples were diluted in PBS to obtain concentrations in the range 

of 1´105 to 1´107 spermatozoa/mL. Subsequently, 20 µL of the diluted semen was mixed with 780 

µL (dilution factor 1:40) of Muse Count and Viability Reagent in an Eppendorf tube (Luminex 

corporation 12212 Technology Blvd Suite 130, Austin, TX, USA), then incubated for 5 min at room 

temperature and analysed with the flow cytometry.  

Nucleated cells were stained using a membrane-permeant DNA-staining dye in order to differentiate 

cells with a nucleus from debris and non-nucleated cells. A DNA binding Muse dye based on 7-

aminoactinomycin D (7-AAD) stains cells that have lost their membrane integrity, allowing the dye 

to stain the nucleus of dead and dying cells. This parameter differentiates viable (live cells that do not 

stain) from non-viable (dead or dying cells that stain) cells. Sperm pH was determined by an electrode 

using a Basic 20 pH-meter. 

2.3. Experimental Design 

Each semen sample (N = 10) was analysed individually in the presence of OFs from five native S. 

cettii (NOF) and five zootechnical S. trutta females (ZOF) in a full factorial design (10´10). OF 

samples were diluted at 20% (v/v) in spring water (SW; pH = 8.1). SW was sampled at a source of 

the Biferno River near the spawning sites. The sperm are likely to encounter different OF 

concentrations when moving towards the eggs in natural environments. The OF dilution in the 

surrounding environment determines the physical and chemical properties of the activation media 

that could affect the behaviour of the sperm (Zadmajid et al., 2019). Many authors, for salmonids, 

have used dilution ranging from 10 to 100% OF (Turner and Montgomerie et al., 2002; Rosengrave 

et al., 2008, 2016; Alonzo et al., 2016; Purchase et al., 2020). The choice of a 20% dilution rate was 

in accordance with Butts et al. 2012, which suggests that this OF dilution could represent the 

concentrations of OF during a natural spawning event of lake trout. Purchase and Rooke 2020 also 

used a dilution with an OF water ratio of 1:4 (20%), testing the utilization of frozen ovarian fluid to 

assess the OFs effect on sperm swimming performance of lake trout, brown trout and Atlantic salmon. 

Sperm motility parameters recorded in 20%NOF and 20%ZOF (hereafter simply referred to as NOF 

and ZOF) were compared with each other and with that obtained in SW alone in order to reveal the 

changes that occur in swimming patterns when spermatozoa are released into the water and move to 
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the eggs of both species. A saline activation medium (AM; pH = 8.85) consisting of 1 mM CaCl2, 20 

mM Tris, 30 mM glycine and 125 mM NaCl, at pH 9.0 (Billard 1992), supplemented with 0.5% 

bovine serum albumin, was used as a control solution, in order check if the semen samples were 

suitable for their use in the experiment on the basis of their initial quality The experiment was 

conducted on five different days over the period of two weeks, dividing each day into two work 

sessions (morning and afternoon), one for each semen sample, collected respectively in the early 

morning and early afternoon (5 days ´ 2 males). Each day one microtube of OF from each female 

was thawed at 4°C for 2 h and then kept on ice for the duration of the analysis. 

2.4. Sperm Motility Analysis 

Sperm motility analysis was performed using a Computer-Assisted Sperm Analysis (CASA) system 

coupled with a phase contrast microscope (Nikon model Ci-L negative contrast, Firenze, Italy) 

employing the Sperm Class Analyzer (SCA) software (VET Edition, Barcelona, Spain). An aliquot 

of 1 µL of semen from each male was activated in 300 µL of OF from each female in a randomized 

order, SW or AM (activation solutions), carrying out two replicate sperm-activations for each 

treatment combination (10 males ´ 12 activation solutions ´ 2 sperm-activations replicates = 240 

observations). After rapid mixing, 0.7 µL of each dilution was immediately placed into a well 

(diameter 5 mm) of a 12-well multi test glass slide (TEKDON Inc., Myakka City, FL, USA) and 

covered with a coverslip. Sperm motility parameters were analysed 10 s post-activation using a 25 

fps rate during recording. The following sperm traits were evaluated: motile spermatozoa (MOT, %), 

curvilinear velocity (VCL, µm/s), straight-line velocity (VSL, µm/s), average path velocity (VAP, 

µm/s), linearity (LIN, %), straightness (STR, %), beat cross frequency BCF, Hz) and amplitude of 

lateral displacement of the spermatozoon head (ALH, µm).  

The duration of sperm movement (DSM) was chronometer and calculated as the time from sperm 

activation until movement cessation of spermatozoa in the field of view. We consider spermatozoa 

vibration as a parameter to establish the cessation of movement. 

The measurements took place in a lab with temperatures set at 17–18°C. The loading of chambers 

and the recording of motility were both carried out by the same operator, taking care to standardize 

the operation timing from ice to observation. Although higher room temperature compared to the 

natural environment (10–12°C) may have reasonably affected the duration of motility and velocity of 

spermatozoa, as reviewed by Dadras et al. 2016. This bias will have affected all measurements 

equally. 
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2.5. Statistical Analysis 

All statistical analyses were performed using the statistical software R (Version 4.2.0, R Core Team, 

Vienna, Austraia), at significance levels of p £ 0.05. Replicates of each cross were treated as repeated 

measures, using its mean for statistical analysis to meet the independency of observations assumption. 

MOT (%) measurements were arcsine transformed prior to analysis. 

The differences among treatments for all tested sperm motility parameters were analysed using Mixed 

Model ANOVAs with the activation medium as a fixed factor and the male’s identity (ID) as a random 

factor, followed by Tukey’s post hoc test for multiple comparisons between the groups (lme4, lmerTest 

and multcomp packages). The AIC test was used to compare different models (with or without males’ 

random effect) and determine which one was the best fit for the data (lmerTest package). The outliers 

were detected using the boxplot()$out function. Normality and homoscedasticity were tested by visual 

inspection of the residuals’ graphs, Shapiro–Wilk test and Levene’s test (rstatix and car packages). 

After transformation for normality, the model with MOT showed no homogeneity of variance 

(Levene’s test: df = 2, F = 13.7, p < 0.05). Then, MOT was analysed through GLMMs setting the 

Gaussian family (lme4 package). 

Three-way ANOVAs were conducted, setting as fixed factors NOF vs. ZOF, males ID and females 

ID, to test the main effect of the males and females used in the experiment (stats package). 

To check if the individual addictive effect of males in OFs correlated with the VCL’s control values 

registered in AM, we tested the correlation using the cor.test() function, setting the Pearson’s method. 

The graphics were generated by the ggplot2 package. 

3. Results 
3.1. Analytical Measurements of Semen and Ovarian Fluid 

All sperm motility parameters recorded in AM to check the sperm’s initial quality are reported in the 

supplementary material (Table S1). The average sperm concentration and viability were 15.68 ± 7.19 

109 sperm/mL and 94.69 ± 2.67% respectively. The average semen pH measured was 7.91 ± 0.19, 

while for native and zootechnical OFs it was 8.36 ± 0.09 and 8.56 ± 0.19, respectively. The pH values 

of each semen and OF sample were reported in the supplementary material (Table S2). 
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3.2. Comparison between Spring Water, ZOF and NOF as Activation Media 

The random effect of males explained a significant proportion of variance for al tested parameters. 

Then, using Mixed Models with males’ random effect, we registered a significant increment of MOT, 

VCL, VAP, VSL and DSM in NOF compared to SW alone. In contrast, ZOF failed to significantly 

boost the swimming performances for the motility parameters reported above (Figure 1). For STR, 

LIN and ALH, we found significant differences among all groups. No significant difference between 

NOF and ZOF was found for BCF. 

 

3.3. Exploring the Effects of Specific Males and Females Used in the Experiment 

The three-way ANOVAs show significant differences between NOF and ZOF for each kinetic 

parameter (Table 1). All motility parameters except STR and LIN are higher (p < 0.05) in NOF than 

in ZOF. Further, the analysis shows a significant male effect on all sperm motility parameters, while 

the female effect was significant only for VCL, VAP and STR (Table 1). 

Figure 1. Barplots displaying the variability among treatments (spring water—SW; 20% native ovarian fluid—NOF; 20% 
zootechnical ovarian fluid—ZOF) for each sperm motility parameter, presented as Means ± SD (observations number in: SW= 
10; NOF = 50; ZOF = 50). Error bars represent standard deviation. Different letters show significant differences among 
treatments. 
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The individual addictive effect of males—and the related inter-male variability—was correlated to 

the values registered with activation in AM (Figure 2), in accordance with the use of our activation 

medium as a proxy for the evaluation of semen quality. According to these findings, inter-male 

variability and female origin represent the main effects that explain most of the observed variability 

in our data. 

Table 1. Significant levels of the fixed effects of male ID, female ID and the effect of belonging of female to the native or 
zootechnical group (N-Z group) for all sperm traits. 

 Male ID Female ID N-Z Group 

Sperm Trait Significance Significance Significance 

MOT (%) ***  * 
VCL (µm/s) *** ** *** 

VAP (µm/s) *** ** *** 

VSL (µm/s) ***  *** 

STR (%) *** * ** 

LIN (%) ***  ** 

ALH (µm) ***  *** 
BCF (Hz) ***  * 

DSM (s) ***  *** 
Significant levels: p < 0.05 *, p < 0.01 ** and p < 0.001 *** 

 

Figure 2. The VCL (curvilinear velocity) values registered in all OFs (native and zootechnical) are significantly 
correlated to those registered in AM (p < 0.05). The blue line represents the fitted linear regression and the dark 
shadow shows the 95% confidence interval band. 
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4. Discussion 
In this study, we showed that ovarian fluids of native S. cettii females have a significant enhancing 

effect on sperm swimming parameters of native wild males compared to SW alone, while 

zootechnical S. trutta OFs fail. 

Interestingly, the presence of NOF, rather than ZOF, induced a significant increase of VCL, VAP, VSL 

and ALH parameters and of DSM (longevity) compared to SW. The variation in sperm performances 

observed in our study within each group (NOF and ZOF) was mainly explained by the inter-male 

variability effect (male ID). Consistent with other similar studies (Urbach et al., 2005; Dietrich et al., 

2008; Galvano et al., 2013; Rosengrave et al., 2008) some males produce sperm with intrinsically 

superior motility features than others, resulting in better performances overall in the OFs. On the other 

hand, the effect of female ID was significant only for some parameters, such as VCL, VAP and STR, 

suggesting that some females produce OF with a higher capability to increase the sperm traits of 

males.  

The differences that were observed in sperm motility patterns between groups NOF and ZOF could 

affect the fertilization success in relation to the female origin. It is known that, in fish with external 

fertilization, the sperm reproductive success could be strongly influenced by hostile environmental 

conditions, i.e., turbulent aqueous medium (Petersen et al., 1992, 1998, 2001) and by the 

spermatozoa’s ability to rapidly find the micropyle within the short time available (Kima et al.,2001). 

The VCL seems to be an essential prerequisite for sperm to rapidly swim around the egg to find the 

micropylar canal and fertilize the eggs (Cherr et al., 2008; Kime et al., 2001; Yanagimachi et al., 

2017). Moreover, several authors reported the existence of a positive correlation between fertilization 

rate and some sperm motility parameters (VCL and longevity) in fish, including salmonids (Beirão et 

al., 2015; Kime et al., 2001; Lahnsteiner et al.,1998; Gage et al., 2004; Linhart et al., 2005). The 

native ovarian fluid ability to upregulate the curvilinear velocity and the duration of progressive 

movement could promote the encounter between gametes in such unfavourable environments, thus 

increasing the fertilization rate. The zootechnical S. trutta OFs inability to increase the swimming 

performance of sperm compared to SWcould lead to less efficient fertilization of the deposed eggs 

batch, potentially reducing the number of hybrid offspring. In conclusion, our results suggest that the 

native S. cettii females, rather than zootechnical S. trutta, have a superior ability to boost the sperm 

motility of Mediterranean trout males, as a potential fine-adapted mechanism to favour the egg-sperm 

encounter. However, to fully confirm the fertilization outcomes, it would be necessary to test the in 

vivo fertilization, reproducing the same critical natural conditions as the flowing water, turbulences 

and gamete’s expulsion dynamics. Conventional fertilization trials could easily lead to erroneous 

conclusions, suggesting that the static fertilization environment of artificial reproduction is very 
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different from the challenging, natural one. Furthermore, a full-factorial experimental design 

involving 10 females ´ 10 males ´ 2 replicates scheme (n. of observations = 200) allowed us to make 

our main result robust, but it completely consumes the limited volumes of semen and OFs collected 

from the breeders involved in the experiment. Thus, the samples were not sufficient to conduct further 

analyses on semen and OFs composition. That could explain the found differences between ZOF and 

NOF regarding their boosting ability. 

Therefore, in order to explore the nature of compatibility interaction between male and female 

gametes, we are planning to test how these interactions are affected by the chemicalphysical and 

biological parameters of both semen and OFs. Further ionic composition and proteomic analysis 

could help to resolve the nature of the gametes compatibility mechanisms observed in our study. 

5. Conclusions 
The main outcomes of this preliminary study showed that, compared to spring water, NOF enhanced 

the sperm swimming performance of native males, whilst ZOF failed. A potential ovarian fluid-driven 

recognition mechanism might have evolved to increase the fertilization success in native populations 

of Mediterranean brown trout. Further studies are planned to elucidate the causes behind it.  
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PREFACE 
The increasing demand for poultry products reflects a steady increase in production. In Europe, 

despite a slight contraction in 2022, poultry production in 2023 remained at levels similar to 2018, 

ensuring self-sufficiency with a self-sufficiency rate exceeding 100%. Poland remains the top 

European producer, followed by Romania and Turkey. Spain has also seen an increase in production 

in recent years, while Italy, despite ranking fifth, has recorded more modest growth due to a saturated 

domestic market. Regarding egg production, France remains the leading producer with a share of 

14% and production showing a growing trend, thanks to a 12% increase in laying hens raised in the 

last year. Germany, Spain, Italy, the Netherlands, and Poland follow suit (Isema 2023). At the same 

time, the industrialization of the poultry sector in many parts of the world has led to a greater 

prevalence of intensive farming systems. These systems rely exclusively on the use of high-yielding 

commercial hybrids to the exclusion of indigenous breeds (Delany, 2004). This trend has led to a 

significant reduction in the breeding of indigenous breeds. 

According to data from the Domestic Animal Diversity Information System (DAD-IS), managed by 

the Food and Agriculture Organisation of the United Nations (FAO), a significant percentage of the 

local chicken breeds examined globally are classified as vulnerable or critically endangered, with 

some breeds already extinct (FAO 2020). In Italy, many of the 53 identified native chicken breeds are 

endangered or already extinct. However, there has been a considerable increase in interest in native 

breeds, both by the scientific community and the general public. Currently, 22 of these breeds are 

included in the National Biodiversity Conservation Project (Castillo et al. 2022).  These breeds can 

offer an interesting alternative to commercial lines, providing high quality products of great interest 

for local and regional markets (De Marchi et al., 2005; Castellini et al., 2006). In fact, native chicken 

breeds offer significant advantages due to their adaptive characteristics to the geographical and 

environmental context, as well as their link with local traditions. These breeds require less human 

intervention and are suited to sustainable farming practices, with the ability to obtain food even in 

free-range systems. Furthermore, maintaining these breeds is crucial to preserving biodiversity and 

genetic diversity in the poultry sector, preparing it for future challenges (Bruijnis et al., 2015; 

Franzoni et al., 2021; Dal Bosco et al., 2021). The conservation of animal biodiversity is essential for 

maintaining ecological balance and ensuring vital ecosystem services. To achieve greater ecological 

stability, it is crucial to protect genetic resources and maintain high genetic variability that enables 

animals to adapt to climate change, respond to stress, and resist diseases. In Italy, the intensification 

of agriculture and the widespread use of commercial hybrids have led to a decline in native chicken 

breeds over the years. This has resulted in a significant loss of genetic variability, making animals 

less adaptable to rapid environmental changes and more susceptible to diseases (Zanon and Sabbioni, 
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2001; Castillo et al., 2021). The 2019 FAO report highlights a continuing decline in agricultural 

biodiversity, which poses risks to food production, livelihood sustainability, human health, and the 

environment. In response to this challenge, it becomes urgent to implement advanced conservation 

programs in poultry farming to protect the remaining biodiversity and provide the productive sector 

with genetic resources suitable for product diversification and the maintenance of evolving 

production systems, increasingly influenced by environmental and health issues. 

The conservation of local breeds supports the development of rural economies in marginal 

agricultural areas and niche markets for high-quality poultry products. 

In Italy, conservation projects aimed at safeguarding native poultry breeds have traditionally 

depended solely on the in situ technique, supported by regional and local public institutions. However, 

the TuBAvI project (www.pollitaliani.it) stands as a milestone, fostering coordinated conservation 

efforts at the national level. This initiative encompasses the establishment of the first Italian semen 

cryobank for autochthonous chicken and turkey breeds. The total semen doses stored within the 

Italian semen cryobank of autochthonous chicken and turkey breeds at the University of Molise and 

Milan amounted to 2298 (last update October 2023) 

The main objective of the cryobank is to support the management of populations conserved in vivo 

and to potentially reconstruct breeds in the event of extinction or a significant reduction in population 

size. Currently, the creation of cryobanks for chicken semen has been addressed by some countries 

outside Europe (America, Japan) and in some European countries (France, Spain, Hungary, the 

Netherlands, and Switzerland). In contrast, cryobank for turkey semen is only found in North America 

and Hungary. However, these breeds are characterised by small, locally fragmented, and territory-

bound populations, which are the main causes of the serious risk of genetic erosion. Consequently, as 

in other developed countries, the preservation of Italy's poultry biodiversity has become a matter of 

great concern.  

In light of these considerations, the research activities reported in this session include two studies 

aimed at safeguarding genetic biodiversity in poultry and turkey breeds. The first study focuses on 

the importance of semen cryobanks of native breeds and their crucial role in linking in situ and ex 

situ techniques to improve the efficiency of conservation programmes. The second study aims to 

identify the molecular basis involved in the cryopreservation process of turkey spermatozoa, using 

metabolic profiling analysis by NMR spectroscopy on fresh and frozen samples, in order to develop 

new strategies to preserve the quality of frozen semen and genetic biodiversity. 
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ABSTRACT
The creation of genetic resource cryobanks provides a crucial link between in situ and ex situ
techniques to improve the efficiency of conservation programs. Aim of the present review is to
describe all the activities developed for the implementation of the first Italian Semen Cryobank
of Autochthonous Chicken and Turkey Breeds. These activities can be classified into three main
topics: (1) identification of species-specific semen freezing/thawing reference procedures; (2)
drafting Standard Operative Procedures (SOP) for the implementation of the semen cryobank;
(3) storage of semen doses from Italian chicken and turkey breeds to establish the cryobank.
Several trials have been developed to identify a specie-specific semen cryopreservation protocol
for chickens and turkeys. The major results are reviewed and a final reference protocol
described. Taking into consideration the FAO guidelines for cryoconservation of animal genetic
resources, SOP were drafted with the aim to provide technical guidance and logistical support
on the choice of priority breeds, selection of birds for semen production, infrastructures and
storage sites, birds and semen management, cryopreservation process and doses traceability.
Lastly, the Italian Semen Cryobank was created. A total of 112 semen doses from 22 cockerels
of three breeds, and 74 doses from 12 turkey males of three breeds were stored in the
Cryobank. Breed specific semen quality parameters assessed before and after cryopreservation
are reported. The described activities provide information and tools useful for the implementa-
tion of semen cryobanking in avian species and might be transferred also to other species after
appropriate adaptations.

HIGHLIGHTS

! Implementation of the first Italian Semen Cryobank of Autochthonous Chicken and
Turkey Breeds

! Drafting Standard Operative Procedures provides technical guidance and logistical support
on the design and establishment of the cryobank

! Semen cryobank is a precious genetic reservoir and could be useful to safeguard genetic vari-
ability in small population in vivo conserved
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1. Introduction 
In the last few decades, in Italy as well as in the rest of the world, the poultry sector has suffered a 

significant loss in terms of animal genetic resources (AnGR) and a progressive erosion of many native 

genotypes due to the massive use of high-performing commer- cial hybrids (Delany 2004; Fulton 

2006). The evolution of intensive farming has threatened the survival of local chicken and turkey 

breeds; in fact, the popula- tions of the native breeds are reared in very small numbers and may suffer 

from inbreeding and loss in genetic diversity (Zanon and Sabbioni 2001; Castillo et al. 2021). 

Safeguarding poultry biodiversity is a key objective in every developed country; almost no data are 

available on the wide avian genetic resources. reared in Italy and the urgent need of specific 

conservation programs for Italian poultry breeds is well recognised (Bittante 2011; Ozdemir et al. 

2013). In this context, the project ‘Conservation of biodiversity in Italian poultry breeds – TuBAvI’ 

(www.pollitaliani.it) was developed from 2017 to 2020 with the financial support of Ministero delle 

Politiche Agricole Alimentari e Forestali (MIPAAF) and Fondo Europeo Agricolo per lo Sviluppo 

Rurale (FEASR). The TuBAvI project aimed to promote and support the conservation of the Italian 

poultry genetic resources providing new data and tools for the implementation of a wide 

comprehensive national conservation program. Conservation techniques can be divided into in situ 

and ex situ, and the latter can be further divided into in vivo and in vitro (FAO 2012; Leroy et al. 

2019). The in situ technique involves the maintenance of the living animals within the livestock 

production system in which they were developed, whilst the ex situ in vivo involves the maintenance 

of the living animals outside their original area. The ex situ in vitro technique involves the 

cryopreservation of genetic material in haploid form (semen and oocytes), diploid (embryos, somatic 

cells) or DNA sequences (FAO 2012; Mara et al. 2013). Cryopreserved material is usually stored in 

specific facilities defined as gene banks or cryobanks, which are generally maintained by universities, 

research centres, government or private companies (FAO 2012; Leroy et al. 2019). The in situ 

conservation technique has clear priority, even because the animals continue to evolve in their original 

habitat; however, this approach is often too expensive as it requires dedicated infrastructures and 

proper management (Patterson and Silversides 2003; Prentice and Anzar 2011). Therefore, the 

development of the ex situ in vitro technique to be used as a support of the in vivo one is ever-

increasing. The creation of genetic resource cryobanks would provide a crucial link between both 

techniques to improve the efficiency of conservation programs (Prentice and Anzar 2011). 

In birds, the ex situ in vitro technique can rely only on semen cryopreservation, being the most suitable 

reproductive technology currently available for long storage of genetic resources (Long 2006; 

Blesbois 2011; Ehling et al. 2012). The cryopreservation of intact oocytes or embryos is not possible 

because of the characteristics of the megalecithal eggs (Long 2006; Blesbois et al. 2007; Blesbois 
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2011; Ehling et al. 2012). Technologies for the cryopreservation of gonadic tissues and primordial 

germ cells have been also developed during the last decade (Silversides et al. 2012; Liptoi et al. 2013; 

Sztan et al. 2017). However, they are still very expensive and highly invasive compared to semen 

cryopreservation (Nakamura 2016; Nandi et al. 2016). 

In some European countries (France, Spain, The Netherlands, Hungary, Slovak Republic) and in 

United States of America, several conservation programs of AnGR have been developed and a 

national semen cryobank of local chicken breeds and/or specific genetic lines is currently being 

created (Szalay 2004; Woelders et al. 2006; Blesbois et al. 2007; Blackburn 2009; Santiago-Moreno 

et al. 2011). Meanwhile in Italy, conservation projects for the safeguard of native poultry breeds have 

been based only on the in situ technique and have been developed with the support of regional and 

local public institutions. For the first time, TuBAvI project allowed to develop common conservation 

activities cohordinated at national level, including the planning and implementation of the first Italian 

Semen Cryobank of Autochthonous Chicken and Turkey Breeds. The Cryobank is mainly aimed to 

support the management of populations in vivo con- served and the potential reconstruction of breeds 

in case of extinction or drastic reduction of their popula- tion size. The aim of the present report is to 

describe the activities developed and the rules adopted for the creation of the Cryobank: (1) 

identification of freezing/ thawing protocols for chicken and turkey semen; (2) drafting the Standard 

Operative Procedures (SOP) for the management of birds and semen from collection to storage; (3) 

storage in liquid nitrogen of semen doses in Italian chicken and turkey breeds. 

Identification of the semen cryopreservation protocol in the Gallus gallus and Meleagris 
gallopavo species 

The fundamental assumption for the realisation of a poultry semen Cryobank is the development of 

a suc- cessful freezing protocol. Even today, semen cryopreservation is still responsible for a severe 

loss in sperm integrity in the majority of domestic animals and the improvement of sperm 

cryosurvival and fertility after artificial insemination (AI) of frozen/thawed sperm is still the working 

focus in semen cryobanking for most mammalian and avian species. So far, the establishment of a 

sperm Cryobank for conservation of avian genetic resources has been usually associated with research 

trials to identify the most suitable freezing/thawing protocol able to preserve sperm integrity and 

fertilising ability (Woelders et al. 2006; Blesbois et   al. 2007; Santiago-Moreno et al .2011; Thélie et 

al. 2019). 

In order to identify a reference freezing/thawing protocol for chicken and turkey semen several trials 

have been developed to study the main factors involved in sperm cryosurvival: extenders, dilution 

rates, cryoprotectants (CPAs) and their concentration, freezing and thawing rates. 
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Although, chicken and turkey sperm share the same morphology i.e. both have peculiar physiological 

features such as a filiform shape, a long tail and a condensed nucleus, (Donoghue and Wishart 2000; 

Blesbois et al. 2005), however, the turkey sperm are generally recognised to be much more sensitive 

to freezing/thawing (Iaffaldano, et al. 2009; Di Iorio, Cerolini, et al. 2016; Iaffaldano, Di Iorio, 

Miranda, et al. 2016). 

Specie-specific in vitro processing conditions have been tested and different protocols were finally 

identified according to the species. 

Cryopreservation protocol for chicken semen - DiMethylacetamide (DM) is a permeant 

cryoprotectant successfully used for the cryopreservation of chicken semen packaged in pellets 

(Chalah et al. 1999; Tselutin et al. 1999; Zaniboni et al. 2014) and was also considered for straw 

packaging, according to FAO safety guidelines recommended in semen cryobanking (FAO 2012). 

Chicken semen packaged into straws was frozen in nitrogen vapours using very simple unexpensive 

floating racks, and the most suitable temperature gradient during freezing was studied. Rapid freezing 

obtained by exposure of straws to vapours 3 cm above the liquid nitrogen bath allowed to reach -

40°C within 1 min and was confirmed to be the most suitable gradient for freezing chicken semen 

packaged into straws (Madeddu et al. 2016). The cryoprotective action of DM was further improved 

in association with the non-permeant cryoprotectant trehalose, not with sucrose, playing a synergic 

action with DM able to improve sperm kinetic parameters and the recovery of progressive motile 

sperm from 15% to 24% after freez- ing/thawing (Mosca et al. 2016a). If combined with trehalose, 

DM concentration was reduced from 6% to 3% with no negative effect on sperm viability (32%), 

motility (24%) and progressive motility (1.4%) after freezing/thawing; however, trehalose alone did 

not provide an adequate cryoprotection and could not completely replace DM (Mosca et al. 2016b). 

The research activities developed during the TuBAvI project have been focussed on the action of the 

CPAs on both sperm integrity, assessed in vitro, and embryo viability, assessed in vivo. DM was 

compared with N- Methylacetamide (NM), a new permeant cryoprotectant for chicken semen used 

with excellent fertility (77–84%) and hatchability (90%) results in the Yakido rare breed (Sasaki et 

al. 2010). Different DM and NM concentrations, from 2% to 9%, were tested and compared in the 

same trials. Both cryoprotectants showed a similar cryoprotective action on sperm integrity and 

function according a clear concentration dependent positive effect within the range 2–6% final 

concentra- tion: sperm membrane integrity, motility and progres- sive motility recorded in 

frozen/thawed semen in presence of 6% CPA were 39%, 53% and 11% respectively (Zaniboni et al. 

2021). A further increase to 9% CPA concentration was associated with a further improvement in 

sperm membrane integrity with DM, not NM (Mosca et al. 2019, 2020). In contrast, semen 

cryopreserved with DM and NM provided different results after artificial insemination according to 
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the CPA. Despite similar fertility rates, the occurrence of embryo development was confirmed with 

NM-treated semen, not DMA, in following trials (Mosca et al. 2019; Zaniboni et al. 2021). In 

presence of NM, a negative relation between CPA concentration and fertility was found, being the 

highest fertility rate (9%) recorded with 2% NM, whereas the proportion of viable embryos/fertile 

eggs (recorded on day 7 of incubation) was not affected by CPA concentration and 49% over- all 

mean was recorded (Zaniboni et al. 2021). In contrast in presence of DM, fertility and embryo 

viability were positively affected by the CPA concentration and the highest proportion of fertile eggs 

(9%) and viable embryos (47% on fertile eggs) required the 6% DM (Zaniboni et al. 2021). The 

results suggest a higher protective action, or a higher permeability to sperm membrane, of NM 

compared to DM, being able to provide fertilisation and embryo development at lower concentration. 

The cryoprotective action of NM on sperm integrity and motility was also affected by the thawing 

temperature. Cold thawing, corresponding to 5°C for 100 s, was less harmful compared with warm 

thawing, corresponding to 38°C for 10 s, and the proportions of sperm with undamaged plasma 

membrane, motile and progressive motile sperm in frozen/thawed samples were 51%, 52% and 11% 

respectively (Mosca et al. 2020). 

The concentration of the insemination dose of cryopreserved chicken semen was also studied to 

identify the lowest dose able to provide fertile eggs and viable embryos in order to optimise the use 

of frozen/ thawed semen in artificial insemination protocols. A single insemination of 250, 500 and 

750 × 106 frozen/ thawed sperm provided a similar proportion of viable embryos (average 16% on 

egg set) from day 2 to day 4 after insemination, irrespective of the concentration dose. However, 

longer fertile period was recorded with 500 and 750 × 106 insemination dose of frozen/ thawed sperm 

(Cerolini et al. 2019). The insemination of 250 × 106 sperm/dose is suggested in artificial insemination 

protocols with cryopreserved semen in order to optimise semen management and obtain maximum 

fertility with the lowest dose. 

The following cryopreservation protocol was finally identified for in vitro processing of chicken 

semen: 

• Dilution to 1.5 × 109 sperm/mL with Modified pre- Freezing Lake (MFL) diluent (Mosca et al. 

2016a);  

• Cooling at 4°C for 20 min; 

• Dilution at 1.0 × 109 sperm/mL with MFL diluent added with NM 2% final concentration; 

• Equilibrium at 4 ◦C for 1 min; 

• Packaging into straws (0.25 mL): 250 × 10 sperm/straw; 

• Freezing by exposure of straws 3 cm above liquid nitrogen bath for 10 min; 
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• Transfer and storage of straws into liquid nitrogen cryotank; 

• Thawing in a thermostatically controlled bath at 5°C for 100 s. 

Cryopreservation protocol for turkey semen - A promising freezing protocol for turkey semen was 

identified by testing different critical steps of in vitro processing, such as the choice of the permeant 

CPA and its concentration, and the freezing and thawing rates. The best protocol identified involved 

the use of 10% DMSO, semen freezing by exposure of straws at 10 cm above a liquid nitrogen bath 

and thawing at 50°C for 10 s (Iaffaldano, Di Iorio, Miranda, et al. 2016). However, despite the 

protocol provided encouraging results, corresponding to 37% motility, 42% viability and 25% 

osmotic tolerance in frozen/thawed semen samples, further efforts were needed in order to further 

improve and standardise the cryopreservation protocol to be implemented in the Cryobank. 

The research activities developed within the TuBAvI project were aimed to study the action of two 

dilution rates (1:2 and 1:4) and the effects of three non-perme- ant-cryoprotectants (sucrose, trehalose 

and Ficoll 70) at four different concentrations in combination with DMSO on in vitro post-thaw semen 

quality (Di Iorio, Rusco, Iampietro, Colonna, et al. 2020). The rationale of this study was to test the 

beneficial effect of the combined use between permeant and non-permeant cryoprotectants, according 

to literature reports (Blanco et al. 2011; Iaffaldano, Di Iorio, Cerolini, et al. 2016; Mosca et al. 2016a; 

Miranda et al. 2018). Among all combinations tested the best results in terms of sperm cryosurvival 

(32.6% total motility; 3.5% progressive motility; 42.5% membrane integrity; 24.4% osmotic 

resistance and 97.9% DNA integrity) were recorded with the use of 1 mM Ficoll and the 1:4 dilution 

rate. In order to validate the most effective freezing protocol, identified by in vitro assessments of 

semen quality, frozen/thawed semen was also used for artificial insemination to assess in vivo fertility 

and hatchability (Di Iorio, et al. 2020). Different concentrations of the insemination dose were tested 

in female turkey breeders showing a clear effect on fertility and hatching rates.  

Hens were inseminated both using fresh and frozen semen twice every 7 days. The best results of 

fertility and hatchability (inseminating dose of 400´106 sperm/hen) were 87% and 71% respectively 

using frozen semen compared to 90.8 and 75.6% respectively using fresh semen (Di Iorio et al. 2020). 

The following cryopreservation protocol was finally identified for in vitro processing of turkey 

semen: 

• Pre-dilution to 6´109 sperm/mL with Lake diluent (Di Iorio et al., 2020); 

• Cooling to 4°C for 25 min; 

• Dilution 1:1 (v:v) at 3´109 sperm/mL with freezing Lake extender + 20% DMSO + 1mM Ficoll; 

• Packaging in straws (0.25 mL): 750´106 sperm/straw; 

• Equilibration at 4°C for 20 min; 
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• Freezing by exposure of straws 10 cm above liquid nitrogen bath for 10 min; 

• Transfer and storage of straws into liquid nitrogen cryotank; 

• Thawing in a thermostatically controlled bath at 50°C for 10 s. 

Standard Operative Procedures (SOP) for the implementation of the Semen Cryobank 

In order to realise the first Italian Semen Cryobank of autochthonous chicken and turkey breeds, 

Standard Operative Procedures have been discussed taking into consideration the FAO guidelines on 

the management of small populations and guidelines on animal genetic resources cryobanking (FAO 

2009, 2012). The main aspects dealt with were: choice of priority breeds, selection and management 

of semen donor males, semen management and cryopreservation processing, infrastructures and 

storage sites. 

The breed priority for ex situ in vitro conservation is based on the knowledge of the status of the 

breed or breeding population’s potentiality. However, very few data were available about genetic, 

breeding and farming characteristics of Italian poultry breeds. In order to fill this gap, TuBAvI project 

developed several activities for breed characterisation, including the census of Italian poultry breeds 

still reared in farming systems (Castillo et al. 2021; Franzoni et al. 2021) and the study of genetic 

diversity in the in vivo populations (Cendron et al. 2020; Soglia et al. 2021). 

The TuBAvI census confirmed the presence of 18 chicken breeds and 7 turkey breeds in the different 

Italian regions of the Country (Castillo et al. 2021), cor- responding to the large majority of the breeds 

included in the Poultry Breed Herd Book (www.anci- aia.it). However, the total population size was 

less than 500 birds in the majority of the breeds and was above 1000 birds in only 4 chicken breeds 

(Bionda piemontese, Livorno, Padovana, Polverara) (Castillo et al. 2021). In agreement with the 7 

FAO risk categories, established according the overall population size, the number of breeding 

females and the trend in population size (FAO 2003), most of the Italian chicken and turkey breeds 

can be classified in the critical category and a small number in the endangered category. Therefore, 

all Italian chicken and turkey breeds are considered as priorities for ex situ in vitro germ- plasm 

conservation. 

The study on genetic diversity between and within breeds revealed a large variation among breeds in 

the level of genomic inbreeding, investigated using Run of Homozygosity (ROH) data, and very few 

breeds showed a low level with FROH < 0.1 (Cendron et al. 2020). The average population molecular 

kinship was 53% and the mean inbreeding rate 56% with self- coancestry of 78% as a consequence 

of the reduced population size and genetic drift; the Livorno, Robusta Maculata, Robusta Lionata, 

Pepoi and Ermellinata di Rovigo breeds were recognised the most endangered populations (Soglia et 
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al. 2021). The need to implement the ex situ in vitro technique to support in vivo breed conservation 

was then confirmed. 

Semen donors will be selected according to different characteristics: (a) morphology; (b) genetic 

diversity; (c) health status; (d) semen quality. The morphological characterisation will be performed 

recording qualitative and quantitative traits, according to FAO guidelines for phenotypic 

characterisation (2012). Phenotypic traits has to refer to the breed standard, as reported in the Poultry 

Breed Herd Book, and birds carrying undesired traits will be discarded. In addition, male donors 

should have the lowest possible degree of kinship, assessed according pedigree records, if available. 

In breed populations where bird genotyping with microsatellite markers is planned to apply mating 

scheme, selection of birds with high individual genetic variability will be also considered. The health 

status of birds is of relevant importance in order to avoid the vertical transmission of diseases to the 

future generations. Semen donors have to be vaccinated against the most severe infective poultry dis- 

eases (Marek and Newcastle diseases) and tested to be free of the following diseases: mycoplasmosis 

(M. gallisepticum, M. synoviae, M. meleagridis), salmonellosis, pullorum disease/fowl typhoid (S. 

pullorum and gallinarum) and avian influenza. 

The plan to implement the Cryobank is mainly aimed to support the management of populations in 

vivo conserved. According to FAO guidelines n. 12 (2012), from 3 to 20 birds within breed will be 

selected and at least 20 semen doses per bird will be stored; the number of semen doses per bird could 

be modified according to the number of semen donors available in order to collect almost 400 semen 

doses per breed. Semen doses will be collected from the majority of the Italian chicken and turkey 

breeds during the lifetime of TuBAvI-2 project. 

Semen management is described in section ‘Creation of the semen Cryobank’; the protocol for 

cryopreservation of chicken and turkey semen and the concentration dose of frozen/thawed semen 

for artificial insemination are described in section ‘Introduction’. 

According to FAO guidelines (2012), the cryobank could be constructed in existing infrastructures, 

to carry out all of the activities, such as: (1) collection of the semen, (2) semen processing and freezing 

and (3) sperm dose storage. It is necessary to have different buildings suitable for carrying out these 

activities although, having all infrastructures in the same place is not strictly necessary. 

In most cases the facilities will belong to commercial organisations (AI centre, university, research 

centres, industry), but in specific cases they could be private facilities that belong to individual 

breeders or non-profit organisations (ERFP, 2003). 

The semen collection must be performed in an ani- mal holding facility while the semen evaluation 

and freezing occurs in a specific laboratory. 
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The infrastructure and expertise required for the creation of the Cryobank are provided by the 

University of Milan and the University of Molise, being both TuBAvI partners, and the same 

universities will be also the storage sites of semen doses. 

Creation of the semen Cryobank 

2. Materials and methods 
Data were processed according to descriptive statistics using the MS Excel software. Mean values 

and their variability (SD) are presented.  

Birds management and semen collection 

Birds from different breeds within the Gallus gallus and Meleagris gallopavo species have been used 

to start-up the Italian Semen Cryobank. The chicken breeds were: Bianca di Saluzzo (BS, n=18), 

Bionda Piemontese (BP, n=25), Mericanel della Brianza (MB, n=9); the turkey breeds were: 

Romagnolo (RO, n=6), Ermellinato di Rovigo (ER, n=2), Bronzato Comune (BC, n=5). Cockerels 

were housed indoor in individual cages (40 × 50 cm) in controlled environment at the Animal 

Production Centre, University of Milan (Lodi). Turkeys were raised in outdoor pens in a private 

breeding farm (Masseria Paglicci, Rignano Garganico, Foggia). All birds were fed ad libitum a 

standard commercial breeder diets (16% CP, 2800 kcal ME/kg) and drinking water. Birds were fasted 

before semen collection. 

Semen was routinely collected twice weekly with the consolidated technique of the abdominal 

massage (Burrows and Quinn 1935), after a training period ranging from 2 to 4 weeks. A first 

macroscopic assessment of semen quality was performed soon after collection and only ejaculates 

with homogeneous white opalescent appearance and high viscosity were kept for further analyses and 

in vitro processing. The handling of animals and semen collection was conducted in accordance with 

the Code of Ethics of the EU Directive 2010/63/EU.  

Semen quality assessment and cryopreservation  

The quality of the ejaculates was assessed soon after collection by the measurement of volume, 

concentration, sperm membrane integrity (SMI), total motility (TM) and progressive motility (PM). 

Volume was measured with calibrated micropipette. Sperm concentration was measured after 1:200 

dilution in 0.9% NaCl using a calibrated photometer (IMV, L’Aigle, France) at a wavelength of 535 

nm (Brillard and McDaniel 1985). In the turkey, sperm membrane integrity (SMI) was assessed by 

means of the Muse® Cell Analyzer (Luminex corporation, 12212 Technology Blvd Suite 130, Austin, 

TX 78727, United States) following the manufacturer’s protocol. Semen samples were extended in 

PBS to reach a concentration ranging from 1×105 to 1×107 spermatozoa/mL. Then, 20 μL of this 
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suspension was mixed with 780 μL (dilution factor 1:40) of Muse Count & Viability Kit® in an 

Eppendorf tube (Luminex corporation) and incubated for 5 min at room temperature in the dark. 

Subsequently, the sperm suspension was analyzed by flow cytometry. Then, the Software Module 

performed calculations and displayed data in two dot plots: 1. nucleated cells; a membrane-permeant 

DNA staining dye that stained all cells that had a nucleus. This plots function is to identify cells with 

a nucleus from debris and non-nucleated cells. 2. Viability; a DNA-binding dye stains cells that had 

lost their membrane integrity and allowed the dye to stain the nucleus of dead and dying cells. This 

parameter discriminates viable (live cells that do not stain) from non-viable (dead or dying cells that 

stain). In the chicken, sperm membrane integrity was measured using the SYBR14/PI (propidium 

iodide) dual staining procedure (LIVE/DEAD SpermViability Kit, Molecular Probes, Invitrogen), as 

described by Rosato and Iaffaldano (2011) with minor modifications (Mosca et al. 2020). Total sperm 

motility (TM) and progressive motility (PM) were assessed by means of a computer-aided sperm 

analysis system coupled to a phase contrast microscope (Nikon Eclipse model 50i; negative contrast) 

using the Sperm Class Analyzer (SCA) software (version 4.0, Microptic S.L., Barcelona, Spain). 

Semen samples were diluted with 0.9% NaCl to 100×106/mL concentration, incubated for 5 min at 

38°C (turkey semen) or 20 min at room temperature (chicken semen) and then a semen aliquot was 

analysed under the microscope at 100× total magnification to record the proportion of motile (%) and 

progressive motile sperm (%). 

After the quality assessment, ejaculates were processed for cryopreservation according to the protocol 

described in section 1. Sperm membrane integrity, motility and progressive motility were measured 

in frozen/thawed semen also. After at least 7 days storage, semen was thawed according the procedure 

described in section 1 and quality parameters assessed as previously described.  

An appropriate code system was adopted to guarantee the traceability of semen doses. The code 

system has originated as follows: each straw was given a code (ID) associated with male information 

(i.e. breed, age, origin, etc.); straws from each male were collected in the same cryo-goblet marked 

with the semen donor ID and the date of freezing. An excel database was created to organize all the 

data related to the stored semen doses. 

3. Results 
Training to semen collection was rather difficult in cockerels and ejaculation was absent or very poor 

in many birds. The males selected for semen production were only 7 (28% total males) in the BP 

breed, 6 (33% total males) in the BS breed and 6 (67% total males) in the MB breed. In contrast, toms 

were easily trained to semen collection and almost all birds have been used for semen production. 
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Semen quality parameters recorded in fresh semen of all breeds are reported in Table 1. In chicken 

breeds, mean ejaculate volumes and concentrations were within the standard range peculiar of the 

species (Marzoni 2008), with the exception of a low ejaculate volume in the MB breed, probably 

related to the small size of the birds, having a mean body weight of 900 g. TM, PM and SMI showed 

higher mean values in the ejaculates of BP and MB breeds compared to the ejaculates of BS breed. 

In turkey breeds, ejaculate volume was within the standard range values peculiar of the species, 

whereas lower sperm concentration was recorded (Marzoni 2008). Higher values of semen volume 

were found in the RO breed, whilst a higher sperm concentration was recorded in the ER breed. TM 

values were very similar in ejaculates of all turkeys. Similar values of PM and SMI were found in 

ejaculates of RO and BC breeds that resulted as lower in ER breed. 

As expected, the semen cryopreservation process caused a significant deterioration in sperm quality, 

in agreement with our previous studies both in chickens (Madeddu et al. 2016; Mosca et al. 2016a, 

2019) and turkeys (Iaffaldano et al. 2016b, Di Iorio et al. 2020 a,b). In chickens, quality parameters 

recorded in frozen/thawed semen of BS and BP breeds were similar, even if the quality of fresh semen 

was different between breeds, whereas higher values in semen quality parameters were recorded in 

the MB breed (Table 2). Severe loss in SMI, TM and PM was observed in all chicken breeds and the 

most severe damage, corresponding to the loss of almost 90%, was recorded in the proportion of PM. 

In turkeys, a general loss of 70 % of TM and over 90 % of PM was observed (Table 2).  

The census of the semen Cryobank, started within the TuBAvI project is shown in Table 3. 

Table 1. Quality of fresh semen (means ± SD) in chicken and turkey Italian breeds: Romagnolo (RO), Bronzato 

Comune (BC), Ermellinato di Rovigo (ER), Bianca di Saluzzo (BS), Bionda Piemontese (BP), Mericanel della 

Brianza (MB). 

Breed Semen parameters* 

 Vol Conc TM PM SMI 

Gallus gallus 

BS 330 ± 110 2.89 ± 0.62 62.75 ± 17.18 13.45 ± 0.07 65.77  ± 1.05 
BP 250 ± 170 3.77 ± 0.76 86.07 ± 12.17 19.05 ± 5.73 84.21  ± 11.56 
MB 106  ± 13 2.54 ± 0.49 87.60  ± 7.19 26.60 ± 10.02 96.01 ± 2.62 

Meleagris gallopavo 

RO 190 ± 88 5.81 ± 1.31 76.64 ± 6.24 21.47 ± 7.04 95.90 ± 1.03 
BC 150 ± 50 5.51 ± 1.08 76.20 ± 8.10 22.31 ± 7.23 93.40 ± 1.42 
ER 112 ± 18 6.27 ± 0.74 73.81 ± 0.52 15.35 ± 1.34 88.73 ± 3.31 

* Vol: volume (µL); Conc: concentration (× 109/mL), TM: total motile sperm (%); PM: progressive motile sperm (%); 

SMI: sperm membrane integrity (%). 
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Table 2. Quality of frozen/thawed semen (means ± SD) in chicken and turkey Italian breeds: Romagnolo (RO), 

Bronzato Comune (BC), Ermellinato di Rovigo (ER), Bianca di Saluzzo (BS), Bionda Piemontese (BP), 

Mericanel della Brianza (MB). 

Breed Semen parameters* 

TM PM SMI 

Gallus gallus 

BS 17.45 ± 7.37 0.83 ± 1.83 15.55 ± 5.61 
BP 16.98 ± 5.21 1.50 ± 1.83 17.24 ± 5.61 
MB 30.70 ± 13.81 4.97 ± 2.38 33.55 ± 13.52 

Meleagris gallopavo 

RO 22.38 ± 0.10 2.57 ± 1.38 51.50 ± 7.40 
BC 23.72 ± 3.10 1.88 ± 0.68 44.33 ± 1.42 
ER 14.64 ± 1.28 0.89 ± 0.31 37.38 ± 4.46 

*TM: total motile sperm (%); PM: progressive motile sperm (%); SMI: sperm membrane integrity (%).

Table 3. Semen doses stored within the Italian Semen Cryobank of autochthonous chicken 

and turkey breeds at the University of Molise and Milan 

Species Breeds N° of donors N° of doses 

Gallus gallus Bianca di Saluzzo 6 32 

Bionda Piemontese 7 67 

Mericanel della Brianza 9 13 

Meleagris gallopavo Romagnolo 5 50 

Bronzato 2 13 

Ermellinato di Rovigo 5 11 

4. Discussion
In recent years, the interest in the conservation of animal biodiversity has intensified due to the risk

of extinction of many native breeds, including in particular avian species. The awareness of the

importance in conserving AnGR is demonstrated by the increasing numbers of conservation

programmes developed in recent decades in Europe and worldwide (FAO 2015).

Gene banks represent the primary tool for conservation of AnGR according the in vitro technique. It

has been estimated at global level that at least 128 countries have or are starting gene banks for

preserving livestock genetic resources (FAO 2015). Paiva et al. (2016) reported that the global

collection of AnGR probably exceeds 67,000 animals and about 4 million types of germplasm/tissue,

and among these a consistent proportion is represented by semen cryobanks.
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Semen cryobanking is aimed to several relevant purposes: a) reconstruction of breeds in case of 

extinction because of catastrophic events (i.e. disease, climatic adversities), b) as a back-up to quickly 

modify the selection process of populations and/or in case of genetic problems in the in vivo conserved 

populations, c) to increase effective population size and reduce genetic drift, d) research 

investigations (Gandini and Oldenbroek 2007).  

Moreover, semen cryobanks can also supply high quality and safe semen as reservoir of genetic traits 

of interest (performance, resistance to diseases and/or parasites, behavioural traits related to 

adaptability and welfare) to be introduced in commercial productions or reintroduced after their loss 

during selective procedures in hybrids’ creation. 

The semen cryobank realised within our project is yet in the embryonic phase, however we aim to 

obtain an open cryobank that could serve as a service for breeders by providing them with semen 

doses from males with a high genetic value and at the same time contributing to the control of 

inbreeding on farms.  

In accordance to FAO guidelines (FAO 2012), when the realization of a semen Cryobank is 

approached the following three principles should be considered: 1) to conserve small amounts of 

germplasm from many donor animals rather than large amounts from few donors; 2) to choose donors 

that are as genetically and phenotypically different in order to represent the genetic diversity of the 

population as much as possible; 3) to store the breeds as pure lines rather than gene pools to allow 

the use of the unique combinations of traits and the flexibility of stock combination. The Italian 

Semen Cryobank of autochthonous chicken and turkey breeds is going to be a precious genetic tank 

to support the management of in vivo conserved populations. Integrated live and cryopreserved 

schemes are aimed to re-establish the populations in case of physical disaster or genetic problems and 

are highly recommended if the effective population size does not exceed 50 (Meuwissen 2017). 

Conservation programs of Italian poultry populations, characterized by high risk status, will take 

advantage of the potential application of integrated live and cryopreserved schemes. 

Semen cryobanks result as more convenient in the long-term than in vivo conservation programmes. 

In the late 1990s, it was announced that gene banking was more expensive than maintaining in vivo 

populations (FAO 1998). However, it has been proven  over a 20-years’ time horizon that gene banks 

reduce the conservation costs of an avian population by over 90% compared to in vivo conservation 

(Silversides et al. 2012). 

The main challenge for the creation of a sperm Cryobank was the identification of an effective 

cryopreservation protocol that is able to guarantee both at least 25-30% of live/motile spermatozoa 

after the freezing/thawing process and sperm fertilization followed by embryo development. The 

identification of an effective freezing protocol for avian semen is particularly difficult because avian 
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sperm are more sensitive to freezing damages than mammalian sperm, as a consequence of their 

unique morphological features. In fact, avian sperm are characterized by a filiform shape due to the 

cylindrical head not much wider than the tail, a more condensed nucleus, almost no cytoplasmic 

volume and a very long tail approximately eight times the head length (Donoghue and Wishart 2000; 

Long 2006). In birds, semen cryopreservation is not a standardized procedure and its success is still 

greatly variable and dependent on the species, the genetic types/breeds within the species and the in 

vitro processing. 

Cryopreservation in vitro processing involves several steps and each one affects sperm structure and 

functions (Garner et al. 1999; Bailey et al. 2003; Iaffaldano et al. 2016a,b). Deleterious effects are 

the result of osmotic stress and temperature changes produced during cooling, freezing and 

rewarming, being ice crystal formation the main biophysical mechanism responsible for cell death 

(Swain and Smith 2010). 

The specie-specific freezing/thawing protocols identified for the implementation of the Italian Semen 

Cryobank have been developed according to the results of several investigations aimed to study the 

effect on sperm quality and fertilizing ability of many steps involved in in vitro processing: mainly 

the extender composition (Cerolini et al. 2007; Di Iorio et al. 2020b), the type and concentration of 

the permeant CPA (Iaffaldano et al. 2016b; Mosca et al. 2019; Zaniboni et al. 2021) and the addition 

of non-permeant CPA (Mosca et al. 2016a,b; Di Iorio et al. 2020a), the freezing and thawing rates 

(Iaffaldano et al. 2016b; Madeddu et al. 2016; Mosca et al. 2020). In the chicken, despite a high 

proportion of viable and motile sperm recovered after thawing (Mosca et al. 2020), a low proportion 

of fertile eggs and viable embryos were recorded after AI of thawed semen (Mosca et al. 2019; 

Zaniboni et al. 2021). Fertility of chicken sperm cryopreserved in presence of NM is highly variable 

and the range 0-100% is reported according to the breed/line (Sasaky et al. 2010; Lee et al. 2012; 

Kim et al. 2014; Shannungan et al. 2018; Pranay Kumar et al. 2018). The storage of germplasm from 

many different chicken breeds within the Italian Cryobank is of great scientific interest allowing a 

wide investigation on the relation between breeds and sperm sensitivity to cryopreservation that might 

provide new strategies to improve integrity and fertilizing ability of frozen/thawed semen. In the 

turkey, high proportions of viable and motile sperm were recorded after thawing (Iaffaldano et al. 

2016b; Di Iorio et al. 2020a) and also high proportions of fertile eggs and hatched birds after AI of 

thawed semen (Di Iorio et al. 2020b). For the first time, a successful cryopreservation protocol is 

proposed for semen cyobanking in the Meleagris gallopavo species and the positive results are 

expected to be confirmed in the Italian breeds. Very few data on fertility rate of frozen/thawed turkey 

semen packaged into straws were previously reported and reviewed (Çiftci and Aygun 2018). 
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The draw up of SOP provided technical guidance and logistical support for the establishment of the 

Cryobank. The guidelines represents an handbook for the implementation of the semen Cryobank of 

Italian chicken and turkey breeds and the final official document will be published in the TuBAvI 

project website (www.pollitaliani.it). The SOP have been prepared following recommendations of 

the FAO Guidelines ‘Cryoconservation of AnGR’ (2012) that have been supplemented according the 

activities and results developed within TuBAvI project. The SOP identified for the Italian Semen 

Cryobank might provide interesting hints and support the development of semen cryobanking for 

poultry breeds by other universities, research centres or private companies.  

A critical point emerged from the beginning of semen cryobanking was the limited number of birds 

available within breed populations. The results of the recent TuBAvI census showed that most of the 

Italian chicken breeds (n = 10) and all Italian turkey breeds (n = 7) have a total population of less than 

500 birds (Castillo et al. 2021), and the size of the populations could be also more critical when 

referred only to breeding birds. The very small population size of Italian poultry breeds inevitably 

reduces the amount of genetic resources available for the selection of male breeder semen donors and, 

as a consequence, for semen storage in the Cryobank. Furthermore, the proportion of birds 

successfully trained to the handling required for semen collection was rather low in BS (33%) and 

BP (28%) chicken breeds, less critical in MB chicken breed and unexpectedly successful in turkey 

breeds. FAO guidelines (FAO 2012) suggests to collect semen from a minimum of 25 donors per 

breed and the required number of straws for the reconstitution process (five generations backcross) 

of a chicken breed was calculated to correspond to 513 (FAO 2012). However, in critical conditions 

due to very small populations and/or limited budget, the recommendation is to collect as much 

germplasm as possible and collecting germplasm from fewer than 25 animals from each available 

breed may be preferred over collecting germplasm from 25 animals from a lower number of breeds.  

According to FAO recommendations and the general high risk of biodiversity erosion in Italian 

poultry breed populations, the Italian Semen Cryobank of autochthonous chicken and turkey breeds 

will be developed storing germplasm of as much as possible breeds even if the number of birds within 

breed will be limited. The storage of semen doses from 15 chicken breeds and 4 turkey breeds, 

representing the large majority of the breeds included in the Italian Herd Book, has been planned in 

the next three years and birds will be preferably selected within the populations maintained within 

Public Poultry Conservation Centers.  

5. Conclusions 
The establishment of the first Italian Semen Cryobank of autochthonous chicken and turkey breeds 

represents a precious tool for the safeguard and conservation of biodiversity in the Italian poultry 

http://www.pollitaliani.it/
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breed populations still present in farming systems. The Italian Semen Cryobank will allow the 

application of integrated in vivo and cryopreserved schemes to overcome genetic problems and 

prevent the extinction of breeds. The conservation of local breeds support the development of rural 

economies in marginal agricultural areas and niche markets for high-quality poultry products.  

Efforts have been already planned to fully implement the Cryobank and store genetic resources from 

several different breeds. The plan includes the storage of semen doses from 15 chicken breeds and 4 

turkey breeds representing the large majority of the breeds included in the Italian Poultry Herd Book. 

The activities reported in the present paper for the establishment of the Italian avian Semen Cryobank 

represent general guidelines that might be transferred to similar initiatives in birds and/or in different 

domestic animals.  
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Simple Summary: Semen cryobanking is a valuable tool for preserving the genetic resources of a 
wide range of species, providing the opportunituy to preserve representative samples and reconstruct 
the population or diversity. However, in avian species, the freezing–thawing process results in 
a sharp reduction in sperm quality and consequently fertility. This is mainly due to the lack of 
knowledge about the molecular basis of the cryopreservation process, especially in more sensitive 
species such as turkey. Thus, in this study, we took advantage of NMR technology to assess the 
changes in metabolic profile occurring in turkey sperm cryopreservation, which were correlated 
with sperm qualitative parameters measured in both fresh and frozen–thawed samples. Hence, the 
results reported here depict a clearer scenario about the changes in the levels of amino acids, other 
water-soluble compounds, and lipids resulting from the freezing–thawing process. Moreover, a wide 
discussion about the possible pathway affected by cryopreservation is provided. Therefore, this study 
allows us to: (i) identify biological markers related to the sperm freezability of male turkey donators;
(ii) suggest a supplementation of specific metabolites in the diet or in the freezing medium in order to 
obtain spermatozoa abler to withstand the freezing process.

Abstract: Semen cryopreservation represents the main tool for preservation of biodiversity; however, 
in avian species, the freezing–thawing process results in a sharp reduction in sperm quality and 
consequently fertility. Thus, to gain a first insight into the molecular basis of the cryopreservation 
of turkey sperm, the NMR-assessed metabolite profiles of fresh and frozen–thawed samples were 
herein investigated and compared with sperm qualitative parameters. Cryopreservation decreased 
the sperm viability, mobility, and osmotic tolerance of frozen–thawed samples. This decrease in 
sperm quality was associated with the variation in the levels of some metabolites in both aqueous 
and lipid sperm extracts, as investigated by NMR analysis. Higher amounts of the amino acids 
Ala, Ile, Leu, Phe, Tyr, and Val were found in fresh than in frozen–thawed sperm; on the contrary, 
Gly content increased after cryopreservation. A positive correlation (p < 0.01) between the amino 
acid levels and all qualitative parameters was found, except in the case of Gly, the levels of which 
were negatively correlated (p < 0.01) with sperm quality. Other water-soluble compounds, namely 
formate, lactate, AMP, creatine, and carnitine, turned out to be present at higher concentrations in 
fresh sperm, whereas cryopreserved samples showed increased levels of citrate and acetyl-carnitine. 
Frozen–thawed sperm also showed decreases in cholesterol and polyunsaturated fatty acids, whereas 
saturated fatty acids were found to be higher in cryopreserved than in fresh sperm. Interestingly, 
lactate, carnitine (p < 0.01), AMP, creatine, cholesterol, and phosphatidylcholine (p < 0.05) levels were 
positively correlated with all sperm quality parameters, whereas citrate (p < 0.01), fumarate, acetyl-
carnitine, and saturated fatty acids (p < 0.05) showed negative correlations. A detailed discussion 
aimed at explaining these correlations in the sperm cell context is provided, returning a clearer 
scenario of metabolic changes occurring in turkey sperm cryopreservation.

Biology 2022, 11, 642. https://doi.org/10.3390/biology11050642 https://www.mdpi.com/journal/biology
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1. Introduction 
Conservation of genetic variability in domestic animal species is a task for the sustainable production 

of human food resources, as well as for land management and, more importantly, the preservation of 

biodiversity (Blesbois et al., 2007; Partyka and Niżański 2022). Currently, despite the development 

of other innovative strategies, such as gonadal tissue allotransplantation (Liptoi et al.,2020) and 

diploid primordial germ cell methodologies (Santiago-Moreno and Blesbois 2011), semen 

cryopreservation still remains the most effective method to store reproductive cells for the ex situ 

management of genetic diversity in birds (Blesbois 2011; Kowalczyk and Łukaszewicz 2015; Thélie 

et al.,2019). Thus, the growth of this ex situ in vitro strategy, as a support to the in vivo strategy, is 

becoming more advanced. In this regard, the constitution of cryobanks for genetic resources would 

offer a crucial link between both strategies, leading to the improvement of conservation programs 

efficiency (Prentice et al., 2011; Iaffaldano et al., 2021). 

However, the main challenge for the creation of a poultry semen cryobank is the achievement of a 

successful freezing protocol (Iaffaldano et al., 2021). In relation to this, it is known that the semen 

cryopreservation process causes a loss of sperm membrane integrity in poultry (Partyka and Niżański 

2022; Blesbois 2011; Iaffaldano et al., 2016). Thus, the improvement of sperm cryosurvival and 

increased fertility in artificial insemination (AI) with frozen–thawed sperm continues to be the focus 

in semen cryobanking in avian species. This is even more evident in turkey species, the semen of 

which has been proven to be more sensitive to cooling and freezing–thawing damages than chicken 

sperm (Blanco et al., 2000, 2008; Blesbois 2007; Iaffaldano et al., 2011, 2016a,2016b; Izanloo et al., 

2021). Though chicken and turkey sperm share the same morphology (as a filiform shape, a long tail 

and a condensed nucleus (Blesbois et al., 2005), turkey sperm presents a high 

cholesterol/phospholipid ratio, resulting in low membrane fluidity and permeability (Blesbois et al., 

2005); moreover, it has a low osmotic resistance at hypo-osmotic conditions (Blanco et al., 2008).  

For these reasons, over the last few decades, several studies have been performed, in which different 

factors involved in sperm cryosurvivability were taken into consideration, to identify an efficient 

freezing procedure for both chicken and turkey semen (Iaffaldano et al., 2009,2011; Di Iorio et al., 

2020a,2020b; Mosca et al., 2016, 2019,2020; Zaniboni et al.,2006). However, despite the encouraging 

results obtained so far, there is still a gap of knowledge about the biological bases involved in the 

cryopreservation process. This limits the development of a freezing procedure that results in 

fertilization rates closer to those obtained with fresh semen. In addition, more efficient semen 

cryopreservation, besides ensuring the conservation of genetic resources in a gene bank, could 

provide practical advantages to the turkey industry, since commercial farms are completely dependent 

on AI to obtain fertile eggs (Iaffaldano et al., 201). The avian sperm membrane contains more 
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polyunsaturated fatty acids (PUFAs) than that of mammals, and it has lower protein content, a lower 

cholesterol/phospholipid ratio, and greater overall fluidity at physiological temperatures (Parks et al., 

1992; Cerolini et al., 2006). 

Specific biological and biophysical factors, such as membrane permeability, lipid composition, and 

membrane fluidity, can affect the ability of poultry spermatozoa to limit damages caused by the 

cryopreservation procedure (Blesbois et al., 2008; Long et al.,2014).  

In this regard, it was reported that the freezing–thawing procedure for avian spermatozoa induces a 

membrane rigidifying process that is accompanied by a dramatic and proportional decrease in the 

cholesterol/phospholipid ratio. Moreover, this effect is different from species to species; thus, it could 

behave as an indicator of between-species freezability (Blesbois et al., 2005,2008). Accordingly, it 

was also observed that the ratio of lipids in the sperm membrane determines the overall fluidity of 

the membrane and impacts the ability of sperm to remain viable during the cryopreservation process 

in chicken (Blesbois et al., 2005; Mussa et al., 2021) as well as in mammals (Mandal et al., 2014). 

This is consistent with previous findings in turkey showing that lipids are involved in vital aspects of 

sperm metabolism and functions (Zaniboni et al., 2009).  

Besides lipids, other factors contribute to defining membrane fluidity in poultry (Long 2006), such 

as the nature and the level of insertion of the proteins in the membrane lipid bilayer (Shinitzky et al., 

1982). In addition, amino acids could play a role in avian sperm function as shown for mammals: 

some amino acids participate in many metabolic processes involved in motility, acrosome reaction, 

and capacitation of human and other mammalian spermatozoa (Vickram et al., 2012; Cheah and Yang 

2011). Amino acids also have antioxidant properties able to protect sperm cells from cold shock 

(Atessahin et al., 2008; Ugur et al., 2020); consistently, plasma amino acids seem to play a role in 

chicken sperm cryoresistance (Santiago-Moreno et al., 2019). In mammals, it has been demonstrated 

that amino acids act at the extracellular level and improve sperm motility, acrosome integrity, and 

fertilizing potential after the freezing–thawing process (Renard et al.,1996; Li et al.,2003; Khlifaoui 

et al., 2005; Bucak et al., 2009; Moradi et al., 2022). It has also been reported that L-carnitine is 

involved in sperm energy metabolism, promoting sperm motility and maturation and the 

spermatogenic process (Jeulin C. et al., 1996; Agarwal et al., 2004). Thus, its supplementation was 

proposed to increase both kinetics and morphological characteristics of sperm (Stradaioli et al., 2004). 

On the contrary, less information is known about these aspects in avian species, especially in turkey. 

The sperm metabolite profile, which includes lipids, amino acids, and other watersoluble 

compounds, appears to be the main factor that affects sperm resilience the cryopreservation process, 

which in turn determines the fertilizing ability of sperm (Yu et al.,2022)  
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Even now, there is a complete lack of knowledge about the turkey sperm metabolite profile. The only 

investigation on metabolite profile of fresh turkey sperm reported in literature was our previous study, 

in which changes in metabolite levels occurring in male reproductive ageing were measured by using 

nuclear magnetic resonance (NMR) (Iaffaldano et al., 2018). Currently, there is still no scientific 

evidence in the literature about the metabolite profile changes during the semen cryopreservation 

process. Thus, by detecting and simultaneously quantifying a wide range of metabolites with a high 

analytical precision, NMR represents a valuable tool for better understanding the biological bases of 

the turkey semen cryopreservation process. 

In this study, deeper insight into the metabolite profile changes occurring in turkey sperm 

cryopreservation was obtained by assessing via NMR a relevant number of metabolites in both fresh 

and frozen–thawed samples. The changes in metabolite levels were further correlated to sperm quality 

variations after thawing and are herein discussed from a metabolic point of view. 

2. Materials and Methods 

2.1. Chemicals 

The fluorescent dyes SYBR-14 and propidium iodide (PI) used were those provided in the 

LIVE/DEAD Sperm Viability kit (InvitrogenTM by Thermo Fisher Scientific, Waltham, MA, USA). 

All the other chemicals used in this study were purchased from Sigma Chemical Co. (St. Louis, MO, 

USA). 

2.2. Animals and Semen Treatment 

Hybrid Large White turkey males from a private breeding group (Agricola Santo Stefano of 

Amadori’s group, Canzano, TE, Italy) were used. Animals were housed there when they were 32 

weeks old. They were maintained under standard management conditions and photostimulated on a 

daily basis with a 14L:10D photoperiod. The toms were kept in groups of 8–10 in floor pens. Feed 

and water were provided ad libitum. Toms were trained for semen collection by abdominal massage 

two times a week. 

Semen was collected from 32 weeks of age males by abdominal massage. Ejaculates were pooled, 

with each pool originating from a minimum of 9 to a maximum of 12 males, 

and thoroughly mixed in order to reach at least 4 mL of semen/pool. In total, 5 pools of semen were 

used in this study. 

2.3. Cryopreservation Process 

Semen was cryopreserved by the pellet method Iaffaldano et al., 2011. In brief, semen samples were 

diluted (1:4) in Tselutin extender (Tselutin et al., 1995). The diluted semen was cooled at 4°C for 60 
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min, and then 8% (v/v; 0.860 M) of dimethylacetamide (DMA) was added as cryoprotectant. The 

semen was gently inverted and equilibrated for 5 min at 4°C. Volumes of 80 μL of semen were 

plunged drop by drop directly into liquid nitrogen to form spheres of frozen semen (pellets). The 

pellets were rapidly placed in 2 mL polypropylene cryovials (Cryo.sTM; Greiner Bio-One, Monroe, 

NC, USA) previously cooled by immersion in liquid nitrogen (3–4 pellets/cryovial) and then stored 

in a liquid nitrogen tank until analysis. After two weeks, the pellets were warmed by immersing the 

cryovials in a water bath at 75°C for 12 s. 

2.4. Semen Quality Evaluation 

Mobility, viability and sperm osmotic tolerance were assessed on both freshly diluted and frozen–

thawed samples. To this end, each sperm sample was divided in two aliquots: one to be immediately 

assessed (fresh), and the other to be subjected to freezing–thawing process. 

Sperm mobility was evaluated using the Sperm Motility Test (SMT) according to the Accudenz® 

procedure (Accurate Chemical & Scientific Corp., Westbury, NY, USA) following the procedure 

described by Iaffaldano et al. 2011, 2018. This procedure is based on the ability of the spermatozoa 

with a forward progressive motility to penetrate a 4% Accudenz® layer. Semen was diluted to 1.0 

x109 as previously described Iaffaldano et al. 2018. A drop of 60 μL from each sperm suspension was 

superimposed onto 600 μL of 4% (w/v) Accudenz® solution in a semimicro polystyrene disposable 

cuvette. Cuvettes were incubated for 5 min in a 41°C water bath, and absorbance was measured in a 

spectrophotometer at 550 nm after 60 s. The sperm motility was expressed by values of optical density 

(O.D.). 

Sperm viability was measured using the InvitrogenTM LIVE/DEAD sperm viability kit according to 

the procedure set up by Iaffaldano et al 2011. Aliquots of 5 μL semen were diluted in 39 μL of Tselutin 

diluent containing 1 μL of SYBR-14 (diluted 1:100 into dimethylsulfoxide). Samples were incubated 

for 10 min at 38°C. Then, 5 μL of propidium iodide (PI; dissolved 1:100 in PBS) was added, and the 

samples were further incubated at 38°C for 5 min. The assessment of viable/nonviable spermatozoa 

was performed using fluorescence microscopy (blue excitation filter λ = 488 nm; ×100 oil immersion 

objective; magnification × 400). Viable sperm cells were stained green by SYBR-14, whereas dead 

cells were stained in red by PI. A minimum of 200 spermatozoa for each sample were counted. 

Percentages of viable spermatozoa were determined as the ratio: green cells/(green cells + red cells) 

×100. 

Sperm osmotic tolerance (SOT) was assessed using a hypo-osmotic swelling test (HOST) (Iaffaldano 

2011,2016). Five microliters of semen were added to 80 μL of distilled H2O and then stained with 

SYBR-14/PI and read as described above for sperm viability. 
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This test is effective for assessing the percentage of viable spermatozoa that are capable of 

withstanding hypo-osmotic stress in vitro. Under hypo-osmotic conditions, viable thawed 

spermatozoa with intact membranes fluoresce green (SYBR) and exclude PI. Conversely, damaged 

membranes permit the passage of PI, staining spermatozoa that have lost their functional integrity 

red. 

2.5. NMR Measurements 

2.5.1. Sample Preparation 

The Bligh–Dyer (Bligh and Dyer 1959) method was used to extract and separate water-soluble and 

liposoluble metabolites from semen samples following the procedure previously reported (Ingallina 

et al., 2020a).  

Before NMR analysis, fresh and frozen semen was diluted at the same concentration and then 

centrifuged at 1500 rpm for 15 min to remove both diluent and seminal plasma. A 

chloroform/methanol (2:1, v/v) mixture was added to the sperm pellets, and the samples were 

homogenized with a vortex mixer for 60 s before adding distilled water in the proportion of 1:18:4 

(spermatozoa–chloroform/methanol–water). The homogenate was centrifuged at a speed of 4000 rpm 

for 20 min at 5°C. The liquid chloroform and water/methanol phases were separated and dried under 

vacuum in a rotary evaporator. The dried residues were dissolved into 0.75 mL of CDCl3/CD3OD 

(2:3 v/v) or 0.75 mL of D2O phosphate buffer (400 mM, pD = 7). 

2.5.2. NMR Spectra 

The NMR spectra of aqueous and organic extracts were recorded at 27°C on a Bruker AVANCE 600 

NMR spectrometer operating at the proton frequency of 600.13 MHz and equipped with a Bruker 

multinuclear z-gradient inverse probe head capable of producing gradients in the z-direction with a 

strength of 55 G/cm. 1H spectra were referenced to methyl group signals of 3-(trimethylsilyl)-

propionic-2,2,3,3-d4 acid sodium salt (TSP,= δ 0.00 ppm) in D2O and to the residual CHD2 signal 

of methanol (set to 3.31 ppm) in CDCl3/CD3OD mixture (Ingallina et al., 2020b). 1H spectra of 

aqueous extracts were acquired by coadding 512 transients with a recycle delay of 3 s. The residual 

HDO signal was suppressed using a standard Bruker presaturation sequence zgpr. The experiment 

was carried out by using a 45° pulse of 7.25 μs and 32,000 data points. 1H spectra of CDCl3/CD3OD 

extracts were obtained using the following parameters: 256 transients, 32,000 data points, a recycle 

delay of 3 s, and a 90° pulse of 10 μs. The 1H spectra were Fourier transformed using an exponential 

multiplication function with a line broadening factor of 0.3 Hz, and manual phase correction and 

baseline correction were applied. 
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2.5.3. Measurement of the Metabolic Content in Aqueous Extract 

The intensity of 211H resonances due to water-soluble assigned metabolites (see Table 1) was 

measured with respect to the intensity of a TSP signal used as internal standard and normalized to 

100. 

2.5.4. Measurement of the Metabolic Content in Organic Extracts 

The integrals of 8 1H resonances due to assigned liposoluble metabolites were measured and used to 

obtain the normalized integrals, see Table 1. All the integrals were normalized with respect to the 

integrals of a-CH2 groups of all fatty acid chains at 2.31 ppm set to 100%. The molar percentages of 

lipids were calculated taking into account the number of equivalent protons corresponding to a 

specific resonance. The resonances due to the CH3 of cholesterol (0.74 ppm), all allylic protons (2.08 

ppm), a-CH2 groups of all fatty acid (2.31 ppm), CH2 diallylic protons of DUFA, (2.81 ppm), CH2 

diallylic protons of PUFA (2.88 ppm), CH2N of PE (3.21 ppm), (CH3)3N+ of PC (3.28 ppm), and CH 

(double bond) proton of SMN (5.76 ppm) were integrated. The molar percentage of all saturated fatty 

chains (SFA) was calculated as 100 UFA, where UFA was calculated using the all-allylic-protons 

signal at 2.08 ppm. 

2.6. Statistical analysis  

Sperm qualitative parameters and metabolite levels determined by NMR analysis measured in fresh 

and frozen–thawed sperm were compared by paired-samples t-test (threshold at p < 0.05). 

Correlations between sperm variables and NMR-identified metabolites were assessed through 

Pearson’s correlation coefficients, setting significance thresholds at the p < 0.05 level (one-tailed) 

and p < 0.01 levels (two-tailed). All statistical tests were performed using the software package SPSS 

v23.0 (SPSS, Chicago, IL, USA). 

 
TABLE 1- Metabolites identified and quantified by NMR in fresh and frozen sperm of turkey males at 32 weeks of age. 
 

Metabolite, 
 1H chemical shift (ppm) fresh frozen  

 Water extract  
p-value Amino acids mol % (n = 5) mol % (n = 5) 

Ala (1.48) 0.178 ± 0.007 a 0.113 ± 0.007 b 0.001 
Asp (2.83) 0.239 ± 0.022 a 0,221 ± 0.005 a 0.466 
Gln (2.45) 1.614 ± 0.314 a 1.468 ± 0.197 a 0.412 
Glu (2.07) 66.547 ± 0.391 a 66.956 ± 0.761 a 0.725 
Gly (3.57) 4.648 ± 0.043 a 4.951 ± 0.073 b 0.001 
Ile (1.02) 0.015 ± 0.001 b 0.009 ± 0.001 b 0.009 

Leu (0.96) 0.054 ± 0.003 a 0.026 ± 0.001 b 0.003 
Phe (7.43) 0.022 ± 0.001 a 0.017 ± 0.001 b 0.030 
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Tyr (6.92) 0.048 ± 0.002 a 0.020 ± 0.002 b 0.001 
Val (0.99) 0.038 ± 0.002 a 0.019 ± 0.002 b 0.002 

Organic acids    
Acetate (1.93) 0.486 ± 0.064 a 0.353 ± 0.087 a 0.403 
Citrate (2.57) 0.089 ± 0.006 b 0.125 ± 0.006 a 0.039 

Formate (8.46) 0.039 ± 0.003 a 0.019 ± 0.004 b 0.002 
Fumarate (6.53) 0.032 ± 0.003 a 0.040 ± 0.002 a 0.072 
Lactate (1.33) 1.362 ± 0.072 a 0.884 ± 0.059 b 0.001 

Other compounds    
Ac-carnitine (3.20) 0.037 ± 0.002 a 0.045 ± 0.002 b 0.006 

AMP (8.28) 0.146 ± 0.007 a 0.115 ± 0.008 b 0.005 
Carnitine (3.24) 0.080 ± 0.005 a 0.037 ± 0.002 b 0.002 
Creatine (3.94) 1.828 ± 0.136 a 1.431 ± 0.071 b 0.028 

Glucose (3.26 and 5.25)* 16.445 ± 0.437 a 17.085 ± 0.592 a 0.504 
Myo-inositol (3.65) 6.054 ± 0.039 a 6.067 ± 0.205 a 0.949 

Lipid Extract    
 mol % (n = 3) mol % (n = 3)  

CHO (0.74) 9.587 ± 0.348 a 6.944 ± 0.533 b 0.036 
SFA 38.001 ± 1.430 b 43.088 ± 1.032 a 0.006 

DUFA (2.81) 4.200 ± 0.136 a 3.857 ± 0.356 a 0.293 
UFA (2.08) 62.000 ± 1.430 a 56.912 ± 1.032 b 0.006 

PUFA (2.86) 36.793 ± 0.561 a 34.665 ± 0.633 b 0.027 
PC (3.28) 24.703 ± 0.760 a 19.667 ± 0.612 a 0.081 
PE (3.21) 14.107 ± 0.152 a 11.989 ± 0.611 a 0.072 

SMN (5.76) 6.990 ± 0.239 a 6.200 ± 0.577 a 0.167 
a,b Different superscript letters within the same row indicate significant differences (p < 0.05). Abbreviations: Accarnitine: 
acylcarnitine; AMP: adenosine monophosphate; CHO: cholesterol; SFA: total content of saturated fatty acids; DUFA: diunsaturated 
fatty acids; UFA: total content of unsaturated fatty acids; PUFA: polyunsaturated fatty acid; PC: phosphatidylcholine; PE: 
phosphatidylethanolamine; SMN: sphingomyelin. 

3. Results 

3.1. Sperm quality 

The sperm quality parameters recorded in freshly collected and frozen–thawed sperm samples are 

provided in Figure 1. The cryopreservation process severely affected all of the measured qualitative 

parameters. A significant reduction was found in sperm viability, as assessed by fluorescence 

microscopy (inset Figure 1a); these values, in fact, were lower by about 50% in frozen-thawed than 

in fresh samples (Figure 1a). A similarly remarkable decrease was observed in the sperm mobility of 

cryopreserved sperm (Figure 1b). The sperm osmotic tolerance also suffered from a dramatic 

decrease, with the values measured in cryopreserved sperm 40% lower than those measured in fresh 

samples (Figure 1c). 
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3.2. NMR Analysis 

To obtain a picture of the metabolite changes due to cryopreservation, water and lipid soluble 

components in turkey sperm were identified in NMR spectra using the same NMR 

Figure 1. Effect of the cryopreservation process on the (a) viability, (b) mobility, and (c) osmotic tolerance of 
turkey sperm. Mean values ± SE (n = 5) of sperm qualitative parameters recorded for either fresh or frozen–thawed 
turkey sperm were reported. (a) Viability values, expressed as %, were measured by means of a dual staining technique 
(as shown in inset) using the stains SYBR-14 (green, viable cells) and PI (red, dead cells). (b) Mobility values, expressed 
as Abs 550 nm, were measured by the sperm motility test. (c) Sperm osmotic tolerance (SOT) was assessed by the 
hypo-osmotic H2O test. For further details, see Methods section. * = p < 0.05. 
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experimental conditions and assignments from our previous study (Iaffaldano et al., 2018). All 

identified metabolites quantified for both fresh and cryopreserved samples are reported in Table 

1. The identified water-soluble metabolites were the amino acids alanine (Ala), isoleucine (Ile), 

phenylalanine (Phe), leucine (Leu), valine (Val), aspartic acid (Asp), glycine (Gly), tyrosine 

(Tyr), glutamate (Glu) and glutamine (Gln) and other water-soluble metabolites such as lactate, 

acetate, citrate, creatine, acetyl-carnitine (ac-carnitine), carnitine, glucose, myo-inositol, 

fumaric acid, formic acid, and adenosine monophosphate (AMP).Compared with fresh 

samples, frozen–thawed sperm showed decreased content of Ala, Ile, Leu, Tyr, Val (p < 0.01), 

and Phe (p < 0.05), whereas Gly levels proved to increase in cryopreserved samples. No 

statistically significant differences were found for Asp, Glu, or Gln. 

Moreover, significant decreases (p < 0.01) in formate, lactate, AMP, carnitine, and creatine 

levels were found in frozen–thawed sperm, which also showed increased values of citrate (p < 

0.05) and ac-carnitine (p < 0.01). No significant differences were observed between fresh and 

frozen sperm for acetate, fumarate, glucose, or myo-inositol content. 

In lipid extract, cholesterol (CHO), the total content of all unsaturated fatty acids (UFA), 

diunsaturated fatty acids (DUFA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

sphingomyelin (SMN), polyunsaturated fatty acids (PUFA), and the total content of saturated 

fatty acids (SFA) were identified. Significantly higher values of CHO, PUFA (p < 0.05), and 

UFA (0.01) were recorded in fresh than in frozen–thawed sperm, whereas a higher value of 

SFA was observed in the latter samples (p < 0.01). No significant differences between fresh and 

frozen–thawed samples were scored for other lipids identified. 

3.3. Correlation 

In order to study the correlations between sperm quality parameters and the amounts of the different 

metabolites, Pearson correlation coefficients were calculated (Table 2). 
Table 2 - Pearson correlations between sperm qualitative parameters and metabolites identified in fresh and frozen-thawed 

sperm of turkey males at 32 weeks of age. 

Metabolite Sperm variables 
 Mobility Viability Osmotic tolerance 

Ala 0.867** 0,930** 0.902** 
Gly -0.770** -0.771 -0.802** 
Ile 0.818** 0.861** 0.908** 
Leu 0.915** 0.942** 0.962** 
Phe 0.683* 0.784** 0.781** 
Tyr 0.915** 0.969** 0.972** 
Val 0.871** 0.937** 0.947** 

Citrate -0.874** -0.833** -0.815** 
Formate 0.764* 0.854** 0.811** 
Fumarate  -0.723*  -0.659* 
Lactate  0.806** 0.887** 0.830** 

Ac-carnitine -0.740* -0.695* -0.689* 
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AMP 0.653* 0.728* 0.708* 
Carnitine 0.923** 0.925** 0.957** 
Creatine  0.673* 0.697* 

CHO 0.907* 0.884* 0.876* 
SFA -0.865*  -0.868* 
UFA 0.865*  0.868* 
PC 0.969** 0.882* 0.884* 
PE 0.851* 0.870*  

Pearson correlation coefficients were calculated for the sperm qualitative parameters (Figure 1) versus metabolites detected by NMR 
(Table 1). Only significant correlation values * at the 0.05 level and ** at the 0.01 level are reported. Abbreviations:Ac-

carnitine: acylcarnitine; AMP: adenosine monophosphate; CHO: cholesterol; SFA: total content of saturated fatty acids; UFA: 
total content of unsaturated fatty acids; PC: phosphatidylcholine; PE: phosphatidylethanolamine. 

 
Sperm mobility, viability, and osmotic tolerance were positively correlated with Ala, Ile, Leu, Phe, 

Tyr, Val, formate, lactate, carnitine (p < 0.01), AMP, CHO, and PC (p < 0.05). The content of 

creatine was found to be positively correlated with sperm vitality and osmotic tolerance (p < 0.05). 

UFA levels correlated positively with sperm motility and osmotic tolerance (p < 0.05), and PE 

content showed positive correlations with sperm motility and sperm viability (p < 0.05). On the 

contrary, negative correlations with all qualitative parameters were found for Gly, citrate (p < 

0.01), and ac-carnitine (p < 0.05), and both fumarate and SFA (p < 0.05) were negatively correlated 

with sperm motility and sperm osmotic tolerance. 

4. Discussion 
Results obtained by sperm quality analysis showed that the freezing–thawing process caused 

significant reductions in sperm motility, viability, and osmotic tolerance. These findings were in 

accordance with previous reports on avian sperm (Iaffaldano et al., 2011, 2016; Blesbois et al., 2005; 

Lemoine et al., 2011). In particular, the post-thaw semen quality measured in this study was 

similar to that observed in a previous paper (Iaffaldano et al.,2011): after thawing, in fact, the 

returned recovery rates (value found in cryopreserved semen/value found in the fresh semen × 100) 

were about 40%, 48%, and 37% for sperm viability, mobility, and osmotic tolerance, respectively.  

It is well known that the semen cryopreservation process imposes numerous stresses not only on 

the physical features of sperm but on its chemical composition, which in turn is essential for 

sperm function, as in the case of energy metabolism, which is known to be absolutely crucial in 

supporting sperm motility. Thus, the high sensitivity of turkey sperm to the cryopreservation 

process is assumed to be a consequence of the sperm metabolic profile of this bird (also see 

Iaffaldano et al., 2016). In particular, the first pieces of evidence about changes in lipid content, 

cholesterol/phospholipid ratios, and glycoconjugate and ATP content as a result of semen 

cryopreservation process have been already reported (Blesbois et al., 2005; Long et al., 2006; 

Słowińska et al., 2018). However, a more exhaustive picture of the sperm metabolic profile before 
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and after cryopreservation is still lacking. Therefore, in this study, by taking advantage of NMR 

technique, a relevant number of metabolites were assessed in both fresh and frozen–thawed 

spermatozoa in order to correlate their levels to sperm quality variations. 

Data obtained by NMR analysis are discussed separately for each class of compounds. Amino Acids. 

We observed a general decrease in amino acid levels in frozen–thawed sperm, with statistically 

significant differences for Ala, Ile, Leu, Phe, Tyr, and Val. Hence, we hypothesize that the 

reduction in the levels of these amino acids could play a key role in the reduced quality of post-

thaw sperm. This notion is substantiated by the positive correlations detected here between 

sperm viability, mobility, and osmotic tolerance and these amino acids. Thus, it could be 

hypothesized that increasing the sperm content of these amino acids could improve the 

freezability of turkey semen and, consequently, the post-thaw sperm quality. This is also 

consistent with previous research involving both human (Renard et al.,1996) and other mammalian 

species (Kundu et al., 2011; Sánchez-Partida et al., 1998; Koskinen et al.,1989; Sangeeta et al., 

2015; Ahme et al., 2020; Beheshti et al., 2011) in which the supplementation of amino acids was 

successfully used to improve post-thawing sperm quality. More recently, amino acid 

supplementation was successfully checked in chicken (Thananurak et al., 2020; Bernal et al., 2020; 

Khiabani et al., 2017; Partyka et al., 2017). 

To date, the mechanism by which amino acids could provide cryoprotection is not fully 

understood and remains unclear (Sangeeta et al., 2015). However, some authors have proposed that 

amino acids could form a layer over the sperm surface via the electrostatic interaction with the 

phosphate group of the sperm plasma membrane phospholipids, acting as a cushion for damage 

against ice crystal formation and therefore preventing thermal shock (Kundu et al., 2001). Thus, 

amino acids could also interact with phospholipid bilayers during freezing, allowing stabi- lization 

of the cell membrane (Partyka and Niżański 2022). 

In addition, the supplementation of amino acids to semen diluents can lead to a reduction in the 

concentration of toxic solutes to levels associated with lesser toxicity; moreover, some amino acids 

can protect sperm cells against the denaturing effects of hyperosmolality during cryopreservation 

process (Partyka and Niżański 2022; Heber et al., 1971). In accordance with our results, in a recent 

study, the supplementation of valine to chicken freezing extenders resulted in a decrease in DNA 

fragmentation and a positive effect on the fertilizing ability of frozen–thawed sperm, with a 

better response in a breed that is considered to have the lowest semen freezability (Bernal et al., 

2020).  

In addition to the cryoprotective role played by exogenous amino acids as extender 

supplementation, putative effects of endogenous amino acids in specific sperm function should be 



 
 

156 

taken in consideration. It was shown, in fact, that seminal plasma levels of Leu were higher in high- 

than in low-fertility bulls (Kumar et al., 2015); this was proposed to be due to the action of Leu in 

modulating active Ca2+ transport across sperm membrane, which would result in a delay in Ca2+ 

uptake in ejaculated sperm. Leu was also proposed to be one of the fertility biomarkers in bovine 

species (Kumar et al., 2015). 

Accordingly, free Leu content in chicken seminal plasma was positively correlated with sperm 

viability as well as DNA integrity (Santiago-Moreno and Blesbois 2020). 

Contrary to levels of the majority of detected amino acids, Gly levels increased in frozen–thawed 

samples, and a significant negative correlation between its levels and sperm osmotic tolerance 

(SOT) was found. This resembles what was already observed in a previous study, in which a 

decrease in SOT was associated with increased levels of Gly in sperm of ageing turkey males 

(Iaffaldano et al.,2018). Surprisingly enough, Gly content was also found to be negatively correlated 

with sperm motility. This seems to be in contrast with other reports showing that the addition of Gly 

to the diluent prevented significant changes in chicken sperm motility during the freezing–thawing 

procedure (Cerolini et al.,2007). However, this dissonant result could be due to differences in 

metabolism between the two avian species (Iaffaldano et al., 2013) as well as a different mechanism 

of action for Gly as a function of its concentration (Cerolini et al.,2007). Nonetheless, further 

investigation into the role of amino acids in turkey sperm metabolism should be carried out in future 

studies. 

Other water-soluble metabolites. Similarly to what was observed for most amino acids, significant 

reductions in carnitine, lactate, formate, creatine, and AMP content were found in cryopreserved 

sperm. 

Furthermore, positive correlations between the aforementioned metabolites and sperm quality 

parameters were found, suggesting that these metabolites could somehow be involved in the 

decrease in sperm quality occurring in cryopreservation. 

It is not surprising that a reduced post-thawed semen quality could be related to low content of 

carnitine. It is known, in fact, that carnitine plays a key role in sperm metabolism by providing 

readily available energy, thus affecting sperm motility and maturation and the spermatogenic 

process ( Agarwal and Said 2004). This should be more evident in turkey sperm, which presents a 

highly oxidative metabolism (Iaffaldano et al., 2004,2013). Moreover, carnitine has a protective 

action against reactive oxygen species (ROS) by exerting antioxidant properties (Vessey et al., 2021; 

Vicari and Calogero2001). The results therein were consistent with previous studies reporting that 

the addition of L- carnitine in the extender enhanced chicken sperm motility in vitro during liquid 

storage and frozen state (Partyka and Niżański 2022; Partyka et al., 2017; Tabatabaei and Aghaei 
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2012) and that supplementation of L-carnitine in the diet could improve drake semen quality 

(Aldaraji and Tahir 2014). Accordingly, L-carnitine supplementation to freezing extender improved 

human sperm motility and vitality and reduced sperm DNA oxidation during cryopreservation 

(Banihani et al., 2014). 

The reduction in free carnitine levels observed in frozen–thawed sperm could also be due to 

the slight, but significant, increase in ac-carnitine levels observed in these sam- ples, which was 

correlated with a sperm quality decrease. Since ac-carnitine seems to be involved in buffering or 

trapping the excessive production of acetyl-CoA (Jeulin and Lewin 1996), it could be speculated 

that as a result of cryopreservation process, overproduction of acetyl-CoA could occur, which in 

turn could increase ac-carnitine levels in sperm. In agreement with this hypothesis, cryopreserved 

samples also showed an increase in citrate, which derives from the condensation between 

oxaloacetate and acetyl-CoA. Thus, in frozen–thawed sperm, the increases in the amounts of both 

ac-carnitine and citrate, together with the unvaried levels of other Krebs cycle compounds such as 

fumarate, may suggest a reduced capability of mitochondria to utilize acetyl-CoA through this 

pathway and/or a reduced capability of the mitochondrial respiratory chain (linked to the Krebs 

cycle by its products NADH and FADH2) to support sperm energy requirement. In this regard, it 

must be noted that among avian species, turkey presents a high oxidative metabolism (Iaffaldano et 

al., 2016). The high aerobic metabolism for this species, in fact, was already reported 

(Wishart 1972) and further highlighted by a previous study in which it was found that the 

stimulation of the cytochrome c oxidase (complex IV of the respiratory chain) by He–Ne laser light 

increased post-thaw sperm motility in turkey, but not in chicken or pheasant (Iaffaldano et al., 

2013).    

In addition to mitochondrial oxidative phosphorylation, glycolysis constitutes the other energy 

source in sperm. In this regard, it was recently reported that water-soluble extract of quail cloacal 

gland secretion contained glucose as an energy source for the intrinsic sperm mobility after 

transportation to female vagina (Sasanami et al., 2015). However, in partial agreement with the 

hypothesis of a cryopreservation-dependent reduction in mitochondrial activity, here we found no 

differences in the levels of glucose between fresh and cryopreserved samples. Thus, in our case, a 

reduced sperm cell capability of glucose uptake due to putative impairment of glucose carriers 

should be ruled out. Contrarily, in other species such as boars, it was found that the cryopreservation 

process impaired glucose uptake by affecting the distribution of glucose transporters, especially 

GLUT-3 (Sancho et al., 2007), a GLUT family member that is also present in avians, as shown 

by proteomic and peptidomic analyses of chicken sperm (Labas et al.,2015). On the other hand, 

the impairment of the glycolytic pathway as a result of cryopreservation also seems unlikely in light 
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of the supposed increased acetyl-CoA production discussed above. 

Despite unaltered glucose levels, in cryopreserved samples, a significant reduction in lactate 

content was found, which was correlated with the decreased sperm quality in these samples. 

This positive corelation is not surprising, since L-lactate was found to play an active role in 

sperm bioenergetics because of its mitochondrial metabolism (Paventi et al.,2015; Darr et 

al.,2016). In particular, because of the occurrence of a mitochondrial L-lactate dehydrogenase 

(Passarella et al., 2008, 2014; Paventi et al., 2017), mitochondria are able to actively metabolize this 

substrate for energy purposes (Paventi et al., 2015). For this reason, a reduction in sperm energy fuel 

such as L-lactate in cryopreserved sperm could be responsible for a decreased sperm quality. Therefore, 

further investigation of possible changes occurring in cryopreservation in cytosolic and mitochondrial 

L-lactate dehydrogenase (both protein levels and enzyme activities) represents a task to be addressed in 

future studies. 

Myo-inositol levels were also investigated, since it has been reported that its addition to sperm could 

improve sperm motility (Condorelli et al., 2012) and mitochondrial membrane potential (Condorelli et 

al., 2011) (also see Vazquez-Levin and Verón 2020). However, as for glucose, no significant variation 

between fresh and frozen– thawed sample was found. Thus, myo-inositol should not play a role in the 

sperm quality decrease during turkey semen cryopreservation, at least in our experimental conditions. 

Another interesting result obtained by analyzing the water-soluble fraction of frozen– thawed sperm was 

the decreased AMP content in these samples. This low AMP content could also partially explain the 

observed increase in citrate levels, since the Krebs cycle rate is extremely sensitive to AMP 

concentration (Martínez-Reyes and Chandel N.S. 2020). It is known, in fact, that AMP acts as a cell 

energy sensor via the AMP/ATP ratio; its increase is a signal of cell energy deficiency and leads to 

activation of the AMP-activated protein kinase (AMPK) (Hardie 2007), a mechanism well reported also 

in avian sperm (Nguyen et al., 2019). Thus, the observed reduction in the levels of AMP in 

cryopreserved samples is quite surprising, especially in light of the 40-fold decrease in ATP levels that 

was already found as a result of the freezing–thawing process of turkey sperm (Słowińska et al.,2018). 

In this regard, it must be noted that cell levels of AMP, ADP, and ATP give rise to the adenylate energy 

charge; moreover, these compounds are closely related to each other by the activity of the enzyme 

adenylate kinase (AK), which catalyzes the following equilibrium reaction: 2ADP = ATP + AMP. The 

activity of this enzyme was reported to allow ADP to partially support sperm motility (Vadnais et al., 

2014), at least under energetic stress conditions (Xie et al., 2020). Since this scenario seems to occur in 

turkey sperm cryopreservation, as evidenced by the dramatic ATP decrease, it could be speculated that 

a reduction in AK activity could play a role in the sperm quality decrease. Thus, further investigation 

into this aspect (i.e., the occurrence and activity of AK in turkey sperm and its variation during the 

freezing–thawing procedure), as well as the detection of ADP levels in sperm before and after 
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cryopreservation, appears to be mandatory in further studies. 

Lipids. It is widely accepted that lipids are the main component of sperm membrane and that they 

are responsible for the fluidity of membrane bilayers (Sanocka and Kurpisz 2004), which in turn 

influences the spermatozoa freezability of different animal species (Yu et al., 2022; Iaffaldano et 

al., 2018). Accordingly, one study showed that the freezing–thawing process resulted in a 

rigidifying effect on the sperm membrane and suggested that sperm adaptability to freezing–

thawing-induced stress could be dependent on its initial membrane fluidity (Giraud et al., 2000). 

The same authors argued that the initial membrane fluidity had practical implications for predicting 

the response of spermatozoa following freezing and thawing and for improving the recovery of 

viable spermatozoa.  

Thus, by turning our attention to lipid extract, in this study, we observed significant reductions in 

CHO, UFA, PUFA and an increase in SFA in frozen compared with fresh sperm. In addition, 

cholesterol was positively correlated with sperm viability, motility, and osmotic tolerance. This 

outcome leads us to assume that the reduction in sperm quality after freezing–thawing could be due 

to increased spermatozoon membrane rigidity accompanied by the decrease in the 

cholesterol/phospholipid ratio. This would be consistent with previous studies in human (Giraud et 

al., 2000).  and in turkey (Blesbois et al., 2005, Partyka and Niżański 2021) reporting that semen 

storage and, more importantly, the freezing–thawing procedure induced a rigidifying process in the 

sperm membrane followed by a dramatic decrease in the cholesterol/phospholipid ratio. 

Moreover, besides the cholesterol content, membrane fluidity depends on the degree of saturation 

of fatty acids in membrane phospholipids (Ladha 1998), since saturated fatty acids are rigidifying 

components of the mammalian sperm membranes. The avian sperm membrane contains more 

polyunsaturated fatty acids (PUFAs) than mammal sperm and has a lower protein content, a lower 

cholesterol/phospholipid ratio, and greater overall fluidity at physiological temperatures (Partyka 

and Niżański 2021). Here, we found an increase in the SFA/UFA ratio occurring in 

cryopreservation, since it was 0.62 and 0.75 in fresh and frozen–thawed sperm, respectively. Thus, 

we can conclude that, distinctly from semen liquid storage, in which SFA/UFA ratio was not 

affected (Douard et al., 2000), more drastic storage conditions such as cryopreservation strongly 

affect the lipid composition, and consequently the fluidity, of turkey sperm membrane. In this 

regard, previous studies showed that the lipid composition of avian spermatozoa could be modified 

by the diet with subsequent effects on membrane fluidity ( Zaniboni et al., 2006, 2009, Bongalhardo 

et al., 2009). Thus, a diet inducing a lower SFA/UFA ratio in turkey sperm could be tried out in the 

future as a putative way to increase the freezability of avian sperm. At the same time, it must be 

taken in consideration that sperm cryopreservation strongly increases ROS production (Ansari et 
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al., 2021, Zhang et al., 2021), resulting in lipid peroxidation. Therefore, the reduction in sperm 

quality could also be due to a membrane destabilization deriving from PUFA peroxidation (Partyka 

and Niżański 2021). Thus, a higher UFA content in the sperm membrane may not necessarily be 

the best way to improve sperm freezability. However, proper knowledge of the relationship between 

metabolic profile and the freezability of the spermatozoa remains very interesting in light of the 

possibility of modifying the sperm metabolic profile via various factors such as diet manipulation, 

strain, and ageing (Zaniboni et al., 2006, 2009; Long 2006; Iaffaldano et al., 2018). 

5.Conclusions 
We are confident that the findings reported here provide a valid contribution to the scientific 

community, since they returned a clearer scenario of metabolic changes occurring in turkey sperm 

cryopreservation. Semen cryopreservation is an important biotechno- logical strategy used to both 

preserve and protect genetic resources, which are subject to increasingly serious reductions in some 

species, as well as to enhance animal biodiversity in the case of inbreeding risks. The knowledge 

of metabolites responsible for the post- thawing sperm quality decrease allows (i) identifying 

several biological markers related to the sperm freezability of male turkey donators and (ii) 

suggesting a supplementation of specific metabolites in the diet or in the freezing medium in order 

to obtain spermatozoa abler to withstand the freezing process. 

In addition, the analytic approach used here, which resorted to the NMR technique to determine the 

metabolites involved in semen cryopreservation, constitutes an important tool that can be applied 

also to other species, including humans. 
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The current doctoral thesis constitutes a notable contribution to the conservation and restoration of 

genetic biodiversity in aquatic and avian species with a specific focus on investigating the impact of 

ovarian fluid on fertilization success in native Mediterranean trout. The research activities of my 

doctoral thesis were conducted within two funded projects (TuBAvI-2 and LIFE Nat.Sal.Mo) with a 

shared objective of preserving and enhancing the targeted species. This entailed maintaining genetic 

resources within a germplasm cryobank and improving artificial reproduction techniques to increase 

genetic variability.  

In the context of Mediterranean trout, the utilization of cryobanks to support the conservation of 

endangered native species has the potential to alleviate or resolve the known issues affecting 

supportive breeding and broodstock management. This contributes significantly to preserving wild 

genetic biodiversity and preventing domestication. To further advance the adoption of these practices, 

the establishment of operational cryopreservation and fertilization protocols is paramount. In this 

regard, our study proposes that the presence of ovarian fluid, either alone or in conjunction with D-

532, within the artificial microenvironment of reproduction is a crucial factor in enhancing the success 

of fertilization when utilizing frozen semen from Mediterranean brown trout. However, it is important 

to note that OF 100% serves as a natural and viable medium. Maintaining ovarian fluid within a 

reproductive microenvironment provides the advantage of shielding the eggs from potentially 

harmful external factors and streamlining field operations conducted along riverbanks, particularly in 

relation to the removal process when D-532 is used alone.  

This research opens up new avenues for future exploration. For instance, it suggests the 

characterization of ovarian fluid biochemistry from native Mediterranean trout to delve into the 

components that could influence the in vitro and in vivo performance of both fresh and frozen semen. 

Furthermore, there's a potential to standardize fertilization protocols in controlled reproduction 

settings. Additionally, this research could serve as a catalyst for further investigations into the use of 

pure or mixed ovarian fluid as a fertilization medium in other species of aquaculture interest. 

Also, intriguing findings emerged in other study that compared native ovarian fluid to spring water. 

Specifically, native males exhibited enhanced sperm swimming performance in the presence of native 

ovarian fluid, whereas ovarian fluid from non-native trout (zootechnical origin) yielded no such 

effect. This suggests the potential evolution of an ovarian fluid-driven recognition mechanism aimed 

at augmenting fertilization success in native populations of Mediterranean brown trout. 

Our results indicate that native S. cettii females exhibit a superior ability to enhance the sperm motility 

of native Mediterranean trout males compared to zootechnical S. trutta. This suggests a potential 

finely-tuned mechanism favoring egg-sperm encounters. However, to conclusively confirm these 

fertilization outcomes, it would be imperative to conduct in vivo fertilization tests, replicating the 
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critical natural conditions such as flowing water, turbulences, and dynamics of gamete expulsion. 

These findings have significant implications for genetic biodiversity conservation, contributing to 

protecting species threatened by genetic introgression with domestic strains. 

Lastly, two additional studies were undertaken to conserve the genetic resources of chicken and 

turkey breeds, emphasizing the importance of cryobanks and delving into the molecular mechanisms 

underlying sperm cryopreservation to enhance the process. The activities outlined in the paper 

"Italian semen cryobank of autochthonous chicken and turkey breeds: a tool for preserving genetic 

biodiversity" are instrumental in establishing the Italian avian semen cryobank and serve as general 

guidelines applicable to similar initiatives in birds or other domestic animals. The establishment of 

the first Italian semen cryobank for native chicken and turkey breeds represents a valuable tool for 

safeguarding and conserving biodiversity within Italian poultry populations still present in farming 

systems. The creation of an accessible cryobank can provide breeders with semen doses from males 

of high genetic value while simultaneously aiding in the mitigation of inbreeding within farms.  

The integration of emerging technologies, including genomics, molecular biology, and NMR, holds 

the potential to significantly enhance our understanding of conservation and preservation practices 

concerning animal genetic resources. These advancements enable a deeper comprehension of genetic 

diversity and evolutionary connections both within and among species. 

In our research “The Effect of Semen Cryopreservation Process on Metabolomic Profiles of Turkey 

Sperm as Assessed by NMR Analysis”, we utilized NMR techniques among emerging technologies as 

a valuable tool to enhance comprehension of the biological foundations of turkey semen 

cryopreservation. We identified biological markers associated with the sperm freezability of male 

turkey donors, suggesting a potential supplementation of specific metabolites in either the diet or the 

freezing medium to bolster the resilience of spermatozoa during the freezing process. This discovery 

offers a significant contribution to the scientific community given the pivotal role of semen 

cryopreservation in preserving and safeguarding genetic resources, particularly amid the escalating 

threat of decreasing populations in certain breeds/species and the imperative to counteract inbreeding 

risks to enhance animal biodiversity. Moreover, the analytical methodology employed herein, 

exploiting NMR techniques to delineate the metabolites implicated in semen cryopreservation, 

represents a crucial tool that holds applicability across various species, including humans. 

Our research aligns perfectly with the objectives of the National Regional Strategic Plan (PSRN) as 

it contributes to the preservation of the Italian avian genetic heritage, promoting biodiversity and 

innovation in the livestock sector. Furthermore, it aims to enhance native breeds in sustainable 

farming systems, agritourism, and social agriculture.  
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In conclusion, the future of genetic biodiversity conservation depends on continued commitment to 

research and the implementation of innovative practices. By leveraging acquired knowledge and 

adopting a multidisciplinary approach, we can hope to ensure the survival and prosperity of threatened 

species/breeds for future generations. 
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